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Abstract We have investigated the steady-shear and

viscoelastic properties of composite dispersions of

cellulose nanofibrils (CNFs) with medium or high

charge density and two different nanoclays, viz. rod-

like sepiolite or plate-like bentonite. Aqueous disper-

sions of CNFs with medium charge density displayed

significantly lower steady-state viscosity and storage

modulus but higher gelation threshold compared with

CNFs with high charge density. Dynamic light scat-

tering (DLS) results showed that the apparent hydro-

dynamic radius of bentonite particles increased when

CNFs were added, implying that CNFs adsorbed onto

the amphoteric edges of the plate-like bentonite

particles. The sepiolite network in CNF–sepiolite

dispersions was relatively unaffected by addition of

small amounts of CNFs, and DLS showed that the

hydrodynamic radius of sepiolite did not change when

CNFs were added. Addition of CNFs at concentrations

above the gelation threshold resulted in drastic

decrease of the steady-shear viscosity of the sepiolite

dispersion, suggesting that the sepiolite network

disintegrates and the rod-like clay particles are aligned

also at low shear rate. The relative change in the

rheological properties of the clay-based dispersions

was always greater on addition of CNFs with high

compared with medium charge density. This study

provides insight into how the rheology of CNF–

nanoclay dispersions depends on both the nanoclay

morphology and the interactions between the nanoclay

and nanocellulose particles, being of relevance to

processing of nanocellulose–clay composites.

Keywords Cellulose nanofibrils � Nanocellulose
dispersions � Bentonite � Sepiolite � Viscoelasticity

Introduction

Cellulose nanofibrils (CNFs), extracted from wood,

marine animals, and bacteria, are a sustainable nano-

material that combines high specific stiffness, high

surface area, low density, optical transparency, and

flexible surface chemistry (Klemm et al. 2011; Moon

et al. 2011; Usov et al. 2015). Among a variety of

mechanical and chemical approaches (Moon et al.

2011; Pääkkö et al. 2007), 2,2,6,6-tetramethyl-1-

piperidinyl-1-oxyl (TEMPO)-mediated oxidation is a

recently developed and already widely used route to

prepare colloidally stable CNFs (Isogai et al. 2011;

Saito et al. 2006). CNFs and other forms of
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nanocellulose are of interest for use in a wide range of

applications, e.g., as additives in food, cosmetics, and

paints, and as rheology modifiers (Klemm et al. 2011).

CNFs can also be used to produce strong and

transparent nanopapers (Henriksson et al. 2008),

flexible filaments (Hakansson et al. 2014; Iwamoto

et al. 2011), lightweight foams (Gordeyeva et al.

2016; Wicklein et al. 2016), and hydrogels (Klemm

et al. 2011; Munier et al. 2016).

It is clear that successful production of CNF-based

composite materials relies on the ability to process and

assemble CNF-based aqueous dispersions (Abdul

Khalil et al. 2012; Siró and Plackett 2010). Previous

work has shown that aqueous dispersions of slender

and kinked CNFs display non-Newtonian rheological

behavior characterized by shear thinning and pro-

nounced viscoelastic behavior at concentrations above

the gelation threshold (deKort et al. 2016; Jowkarderis

and van de Ven 2015; Martoia et al. 2016). Recent

studies have investigated the effects of pulp source

(Tanaka et al. 2016), fibril dimension and concentra-

tion (Agoda-Tandjawa et al. 2010), mechanical treat-

ments (Pääkkö et al. 2007), ionic strength (Dong et al.

2013), pH (Fall et al. 2013), as well as addition of

amphiphilic molecules (Quennouz et al. 2016) on the

rheology of CNF dispersions. Additionally, CNFs can

also assist in preparation of homogeneous dispersions

of a variety of fillers and pigments, such as carbon

nanotubes (Hamedi et al. 2014), reduced graphene

oxide (Duan et al. 2016), TiO2 (Schütz et al. 2012),

and CaCO3 (Lourenço et al. 2016) nanoparticles.

Nanoclays (Bailey et al. 2015) are commonly used

as an additive in CNF-based composite materials to

improve, e.g., their mechanical properties (Gabr et al.

2013; Wang et al. 2014) or fire retardancy (Liu et al.

2011; Wicklein et al. 2015), and to tailor the selectiv-

ity and flux of membranes (Zheng et al. 2014).

Notably, it has been shown that CNF–bentonite

dispersions display properties suitable for use as

drilling fluids (Li et al. 2015). However, comprehen-

sive studies on the steady-shear and viscoelastic

properties of such CNF–nanoclay dispersions are rare,

and previous rheological studies have mainly focused

on dispersions of plate-like nanoclays and moderately

charged or uncharged nanocellulose particles (Abend

and Lagaly 2000; Li et al. 2015; Ming et al. 2016;

Nechyporchuk et al. 2014).

In this study, we evaluated the steady-shear and

viscoelastic properties of aqueous dispersions of plate-

like bentonite or rod-like sepiolite clay nanoparticles

together with CNFs with moderate or high charge

density. The effect of the CNF content on the viscosity

under shear and the storage modulus at quiescent

conditions of the nanoclay dispersions is found to be

related to the interactions between the CNFs and the

different types of clay particle.

Experimental procedures

Materials

Never-dried sulfite softwood pulp (Domsjö dissolving

pulp, 60/40 spruce/pine, Sweden) was the cellulose

source. Sodium hypochlorite (Alfa Aesar), 2,2,6,6-

tetramethyl-1-piperidinyloxy free radical (TEMPO,

C98 %, Alfa Aesar), sodium hydroxide (C99.2 %,

VWR Chemicals), sodium bromide (BioUltra,

C99.5 %, SigmaAldrich), (3-aminopropyl)triethoxysi-

lane (Sigma Aldrich, 99 %), sodium bentonite, and

sepiolite (Sigma Aldrich) were used as received.

Preparation of CNF dispersions

Cellulose nanofibrils were prepared using the method

developed by Saito et al. (2006). Oxidized pulp was

washed with deionized water (DI) water until the

conductivity of the filtrate was below 5 lS. After

diluting to 1.0 wt%, the pulp dispersion was disinte-

grated using a high-pressure (1600 bar) microfluidizer

(M-110EH, Microfluidics) with 200- and 100-lm-

wide chambers connected in series for eight times. The

charge density (carboxyl groups per gram of pulp) was

characterized by conductometric titration (Fall et al.

2011) with relative error below 5 %. CNFs with

medium (649 ± 34 lmol/g, MCNFs) and high charge

density (1030 ± 38 lmol/g, HCNFs) were prepared.

Aqueous dispersions with CNF concentration of

0.1, 0.25, 0.5, 0.75, and 1.0 wt% were prepared by

dilution of stock dispersion, agitated using an

ULTRA-TURRAX (IKA), and degassed by vacuum

before each measurement.

Preparation of CNF–nanoclay dispersions

Sodium bentonite and sepiolite were purified by

dialysis in flowing DI water for 3 days until the pH

stabilized at around 6.8. Aqueous clay dispersions
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with concentration of 4.0 wt% were prepared by

mixing purified clay with DI water, followed by

10 days of continuous agitation at 500 rpm using an

IKA magnetic stirrer. Composite dispersions were

prepared by mixing CNF and nanoclay dispersions to

obtain dispersions with nanoclay concentration of

2.0 wt% (with respect to the aqueous phase) and CNF

concentration of 0.1, 0.25, and 0.5 wt% (also with

respect to the aqueous phase). The solid contents of the

CNF–nanoclay dispersions are summarized in

Table S1. The composite dispersions (at pH 6.8) were

agitated using an ULTRA-TURRAX (IKA T25) and

degassed by vacuum before measurements.

Characterization

The diameter and length distribution of the CNFs were

characterized by atomic force microscopy (AFM,

tapping mode, VeecoMultimode V, USA). CNFswere

deposited on mica substrates coated with (3-amino-

propyl)triethoxysilane. The morphology of sepiolite

and bentonite was also characterized by AFM. The

dimensions (height and length) of the CNFs were

determined by analysis of AFM images of approxi-

mate 300 fibrils using NanoScope Analysis and

ImageJ software. The average and distribution of

fibril length were calculated using a previously

reported method (Tanaka et al. 2014).

The optical transparency of the CNF aqueous

dispersions was characterized using an ultraviolet/

visible/near infrared (UV/VIS/NIR) spectrophotome-

ter (Lambda 19, PerkinElmer) in quartz cuvettes.

Rheological measurements were performed at

25 �C using a Physica MCR 301 rheometer (Anton

Paar) equipped with a smooth cone-on-plate geometry

(CP25-2-SN7617, diameter 25 mm, 2� nominal angle,

gap height 0.5 mm). To minimize evaporation during

measurements, we used an evaporation blocker and a

thin layer of low-density mineral oil spread on the

periphery of the samples. Steady-shear measurements

were performed from 0.1 to 1000 s-1. Oscillatory

frequency sweeps were performed at angular fre-

quency from 0.1 to 60 rad s-1 with 5 % strain, which

is within the linear viscoelastic regime.

Digital photographs of tilted dispersions in glass

vials (diameter 12 mm, height 32 mm) were taken

after 180 s. The dispersions were allowed to equili-

brate in nontilted position overnight prior to the

measurements.

Dynamic light scattering measurements were per-

formed using a Zetasizer Nano ZS (Malvern Instru-

ments Ltd., UK), equipped with a 530-nm laser and

backscatter detector (at angle of 173�). Normalized

Fig. 1 AFM images of

a MCNFs and b HCNFs

Fig. 2 Digital photographs of 90� tilted vials of CNF aqueous

dispersions (MCNFs and HCNFs with charge density of

649 ± 34 and 1030 ± 38 lmol/g, respectively) at concentra-

tion of 0.1, 0.25, 0.5, 0.75, and 1.0 wt%
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intensity correlation curves and particle size data were

averaged from 10 to 20 measurements. The dynamic

light scattering measurements were performed on

CNF–nanoclay and nanoclay dispersions that had been

diluted 20 times from the dispersions used in rheology

tests.

The zeta potential of nanoclays in aqueous disper-

sion at different pH was determined from an average

of 10 measurements of 30 runs each, also with a

Zetasizer Nano ZS (Malvern Instruments Ltd., UK).

Results and discussion

We prepared CNFs with medium and high charge

density by TEMPO-mediated oxidation and high-

pressure homogenization, and characterized their

dimensions by atomic force microscopy (AFM)

(Fig. 1). The CNFs displayed well-defined fibril

diameter of 2.35 ± 0.77 and 2.30 ± 0.65 nm for

MCNFs and HCNFs, respectively, in correspondence

with previous studies (Gordeyeva et al. 2016). The

average and distribution of the length of both types of

fibril are summarized in Fig. S1 and Table S2.

Figure 2 shows that dispersions of HCNFs at

concentrations above 0.25 wt% could form self-

standing hydrogels that did not flow when tilted by

90�, while the critical gelation concentration was

0.5 wt% for the MCNFs with lower charge density.

Hence, the gelation threshold (where the material

changes from a solution to a hydrogel) of the aqueous

CNF dispersions depends on both the charge density of

Fig. 3 Steady-shear and viscoelastic measurements of CNF

dispersions with concentration of 0.1, 0.25, 0.5, 0.75, and 1.0

wt%: viscosity as function of shear rate for a MCNF and

b HCNF dispersions, and frequency sweep (at 5 % strain) for

c MCNF and d HCNF dispersions (storage modulus G0, loss
modulus G00)
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the fibrils and their concentration. UV/VIS measure-

ments (Fig. S2) showed that the HCNF dispersions

had higher optical transparency than the MCNF

dispersions at the same concentration, suggesting that

the formed contained fewer light-scattering aggre-

gates and were more defibrillated. Strong repulsion

between the electric double layers of the HCNFs thus

promotes homogeneous distribution of the nanofibrils

with low gelation threshold.

Figure 3 displays the typical shear-thinning behav-

ior of CNF dispersions. The dispersions showed a

constant level of the degree of shear thinning,

characterized by the slope of the log–log shear curves,

over a shear rate range spanning at least two decades,

when the CNF concentration was equal to or above the

gelation threshold, i.e., 0.5 wt% for MCNFs or

0.25 wt% for HCNFs, whereas the shear thinning

seemed to be discontinuous at low concentration

(0.1 wt%). We found that the HCNF dispersions

always displayed substantially higher viscosity than

the MCNF dispersions; the viscosity at 10 s-1 was

about 2.5 times higher for HCNF compared with

MCNF dispersion at concentration of 0.5 wt%. This

effect is probably related to the higher effective

volume of the CNFs with high compared with medium

charge density (Blakeney 1966; Johansson et al. 2011;

Mazeau 2011). The more pronounced shear-thinning

behavior of MCNF compared with HCNF dispersions

Fig. 4 Characterization of bentonite and sepiolite: a zeta potential and b steady-shear curves of aqueous clay dispersions (2.0 wt%) at

pH 6.8

Fig. 5 Digital photographs of HCNF–nanoclay dispersions 10 days after preparation (2.0 wt% nanoclay with 0.1, 0.25, or 0.5 wt%

HCNFs)

Cellulose (2017) 24:1815–1824 1819

123



could originate from shear-induced breakup of floc-

culated fibrils. Indeed, the lower optical transmittance

ofMCNF compared with HCNF dispersions in Fig. S2

corroborates that a fraction of the MCNFs may be

slightly flocculated.

The shear stresswas always larger than the estimated

yield stress (Dimic-Misic et al. 2013) above shear rate

of 0.02 s-1 (Fig. S3), which suggests that wall slip was

insignificant. Oscillatory viscoelastic measurements

showed that both HCNF and MCNF dispersions were

viscoelastic above the gelation threshold (Nechy-

porchuk et al. 2015; Quennouz et al. 2016).

We characterized the pH-dependent electrokinetic

properties of bentonite and sepiolite, as shown in

Fig. 4a. Bentonite was more negatively charged than

sepiolite, with zeta potential at pH 6.8 of -28 and

-18 mV, respectively. The negative surface charge of

both bentonite and sepiolite originates primarily from

isomorphic substitutions of Si4?. Such substitution in

bentonite is commonly by Al3? and Fe3?, while

substitution and slow leaching of Mg2? is responsible

for the negative charge of sepiolite (Cinar et al. 2009;

Luckham and Rossi 1999; Sabah et al. 2007). Ben-

tonite is a plate-like clay with negatively charged faces

and amphoteric edges dominated by Al–OH groups

(Bailey et al. 2015; Ruiz-Hitzky et al. 2013). Fig-

ure S4 displays the morphology and particle size of

both bentonite and sepiolite. Figure 4b shows that the

Fig. 6 Steady-shear and viscoelastic properties of HCNF–clay

dispersions with different HCNF concentrations (0.1, 0.25, and

0.5 wt%): viscosity as function of shear rate for composite

dispersions of HCNFs and a bentonite, b sepiolite; frequency

sweep (5 % strain) of HCNFs and c bentonite and d sepiolite

composite dispersions, all at constant nanoclay concentration of

2.0 wt%
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viscosity of aqueous dispersions of plate-like ben-

tonite was lower compared with dispersions of rod-

like sepiolite. The difference in the rheological

properties is related to both the morphology and

colloidal stability. The stronger shear-thinning prop-

erties of sepiolite compared with bentonite dispersions

suggests that the more weakly charged rod-like

sepiolite particles form a stronger three-dimensional

(3D) network compared with the more highly charged,

plate-like bentonite particles.

Figure 5 shows that addition of HCNFs could

substantially delay the sedimentation of both bentonite

and sepiolite, thus resulting in composite dispersions

with long-term stability. As shown in Fig. 6, both

HCNF–bentonite and HCNF–sepiolite dispersions

displayed pseudoplastic behavior over the investigated

shear rate range. Figure 6a, c shows that the viscosity

and G0 value of the HCNF–bentonite dispersions

increased with the HCNF concentration. In contrast,

Fig. 6b, d shows that the viscosity of the HCNF–

sepiolite dispersions was substantially higher at HCNF

content of only 0.1 wt% (8.6 Pa.s) compared with

0.25 wt% (1.3 Pa.s) or 0.5 wt% (4.1 Pa.s) at 10 s-1,

and G0 decreased from 1105 to 133 Pa when the

HCNF content was increased from 0.1 to 0.25 wt%.

The HCNF-based composite dispersions always dis-

played higher viscosity and G0 value than the MCNF-

based composite dispersions (Figs. S5, S6), similar to

the CNF dispersions.

The relative viscosity (normalized to the viscosity

of the continuous medium, i.e., water) of nanoclay

dispersions and the corresponding viscosity ratio of

the HCNF–nanoclay dispersions (normalized to the

viscosity of the HCNF dispersions) are presented in

Table 1. The relative viscosity of the nanoclay

dispersions at high shear was 3.4 and 7.9 for the

2 wt% bentonite and sepiolite dispersions, respec-

tively. The viscosity ratio of the HCNF–bentonite

dispersions (3.2–3.6) was very similar to the relative

viscosity (3.4) of the bentonite dispersions at high

shear rate. The relative viscosity at high shear rate was

significantly higher for the rod-like sepiolite (7.9). The

viscosity ratio of the HCNF–bentonite dispersions at

HCNF concentration of 0.25 wt% and above was

between 1 and 4 at shear rate of 1 s-1 or above.

Table 1 Relative viscosity of 2.0 wt% nanoclay dispersions

and viscosity ratio of HCNF–nanoclay dispersions and nan-

oclay dispersions

Shear rate (s-1) 0.1 1 10 500

Relative viscosity

Bentonite 1200 68 11 3.4

Sepiolite 9200 1100 190 7.9

Viscosity ratio

Bentonite–HCNF(0.1) 38 13 19 3.6

Bentonite–HCNF(0.25) 15 4.4 2.1 3.2

Bentonite–HCNF(0.5) 4.5 2.1 1.0 3.2

Sepiolite–HCNF(0.1) 480 240 270 9.0

Sepiolite–HCNF(0.25) 12 2.7 1.6 2.9

Sepiolite–HCNF(0.5) 2.2 1.3 1.0 2.2

Fig. 7 Normalized autocorrelation function curves for diluted sepiolite (a) and bentonite (b) dispersions with varying HCNF

concentrations
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The viscosity ratio of the HCNF–sepiolite disper-

sion was more than 100 times higher on addition of

0.1 wt% HCNFs compared with addition of 0.25 or

0.5 wt% CNFs. In fact, the viscosity ratio of the

HCNF–sepiolite (0.1 wt%) dispersion was slightly

higher than the relative viscosity of the sepiolite

dispersion at shear rate of 10 s-1, which suggests that

the sepiolite network in the dispersion was relatively

unaffected by addition of this low content of HCNFs.

The significant decrease of the viscosity ratio when

adding more HCNFs (0.25 or 0.5 wt%) into the

sepiolite dispersion indicates that addition of HCNFs

at concentrations above the gelation threshold can

promote breakup of the sepiolite network and assist in

alignment of the rod-like clay particles under shear.

We also measured the time–intensity correlation

function (TCF) of nanoclay dispersions with and

without HCNFs. Figure 7 shows that the TCF curve

for sepiolite was unaffected by addition of HCNFs,

whereas the TCF curve for the bentonite dispersion

shifted to longer decay times after addition of HCNFs.

The TCF is related to the apparent hydrodynamic

radius (particle diffusivity), which suggests that

HCNFs adsorb onto the bentonite particles (Ferse

et al. 2008). Indeed, previous work has shown that

cellulose nanoparticles and cellulose-based polymers

can be used to disperse clays in water (Ming et al.

2016; Sjöberg et al. 1999).

Figure 8 shows a schematic illustration of the

interactions and shear-dependent microstructure of

composite dispersions of CNF and bentonite or

sepiolite.

Conclusions

Composite dispersions of CNFs and two different

nanoclays, i.e., plate-like bentonite and rod-like sepi-

olite, displayed complex rheological behavior that

depended on both the morphology of the clay particles

and the interactions between the nanoclay and CNF

particles at quiescent conditions and under shear.

Dispersions of CNF displayed a gelation threshold and

rheological properties that depended on the charge

density. The lower gelation threshold, higher viscos-

ity, and higher storage modulus of aqueous dispersions

of CNFs with high compared with medium charge

density were found to be related to the larger effective

volume fraction and higher degree of defibrillation or

dispersion. The more pronounced shear-thinning

behavior of 2 wt% aqueous dispersions of sepiolite

compared with bentonite suggests that the more

weakly charged rod-like sepiolite particles form a

stronger 3D network compared with the more highly

charged, plate-like bentonite particles. Rheological

studies on composite dispersions of CNFs and nan-

oclays suggested that the sepiolite network was

relatively unaffected by addition of small amounts of

CNFs, but addition of CNFs at concentrations above

the gelation threshold promoted breakup of the

sepiolite network and assisted in alignment of the

rod-like clay particles also at low shear rate. The

rheological properties of CNF–bentonite dispersions

was less affected by addition of increasing amounts of

CNFs compared with CNF–sepiolite dispersions.

Dynamic light scattering (DLS) results showed that

Fig. 8 Schematic of microstructure of CNF–nanoclay aqueous dispersions at quiescent conditions and under shear (scale bar in AFM

images is 500 nm)
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the CNFs adsorbs onto bentonite, resulting in an

increase of the apparent hydrodynamic radius, while

the DLS response of sepiolite was unaffected by

addition of CNFs. We have shown that the complex

rheological properties of CNF–nanoclay dispersions

are influenced by the surface charge of the CNFs, the

morphology of the clay, and the interactions between

the CNFs and nanoclay.
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