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Abstract Industrial production of low-charge

microfibrillated cellulose (MFC) typically results in

wide fibril size distributions. This polydispersity

influences viscosity, overall colloidal stability, and

rheological properties of MFC suspensions and gels in

aqueous systems. In this work, a systematic rheolog-

ical analysis is performed for industrially prepared

MFC and fractions of different size distributions. Gel

formation and flow characteristics (e.g., shear-thin-

ning) of each fraction are examined under neutral and

acidic conditions and compared with the unfraction-

ated MFC suspension. The effects of size, aspect ratio,

and surface charge on the rheology of semi-dilute

MFC suspensions are discussed. The results

demonstrate that particle size and aspect ratio distri-

bution control the viscoelasticity and shear-thinning

properties of MFC suspensions. An increased fraction

of small diameter nanofibrils, by ex situ addition of the

fine particles with high aspect ratio or removal of the

coarsest particles (with lower aspect ratio) by frac-

tionation, significantly enhances the storage modulus

and the yield stress of the complex mixture, compared

to the properties of the coarser fractions. New insights

are also reported on the tailoring of the rheology of

highly polydisperse fibrillar mixtures, where the

rheological contributions of each fraction are

discussed.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10570-020-03438-6) con-
tains supplementary material, which is available to authorized
users.

G. Cinar Ciftci (&) � P. A. Larsson �
A. V. Riazanova � L. Wågberg � L. A. Berglund
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Introduction

Plants are sustainable sources of advanced materials,

with the ability to provide us greener alternatives to

today’s commercially available petrochemical-based

products. Cellulosic materials with their exceptional

physical and mechanical properties have been used for

textiles, construction materials, and papermaking for

centuries (Hon 1994). The disintegration of cellulose

fibres, with different combinations of pre- and post-

treatment, has led to the development of cellulose

nanomaterials, such as cellulose nanofibrils (CNF;

also called nanofibrillated cellulose, NFC) and

microfibrillated cellulose (MFC). These cellulose

nanomaterials have a large specific surface area,

semi-crystalline order, and a variety of functionalities

(Kargarzadeh et al. 2018). Cellulose nanomaterials

and their composites show promise in applications

such as fibre reinforced composites, adhesives and

coatings, emulsions and cosmetics, packaging, elec-

tronics, and sensors (Thomas et al. 2018). These

diverse applications have roots in the structural

properties of differently produced MFC and CNF.

Properties such as size, length, aspect ratio, and

surface charge depend on the source of the cellulose

raw material and manufacturing conditions (Siqueira

et al. 2010; Nechyporchuk et al. 2016a). In general,

MFC consists of coarser particles and bundles of

cellulose nanofibrils, having a relatively low charge,

and a broad size distribution ranging from micro- to

nanometres in diameter (Osong et al. 2016; Dimic-

Misic et al. 2018; Larsson et al. 2019) in contrast to the

more homogeneous CNF produced from fibres that are

chemically pre-treated to control charge properties

(Isogai 2013; Fall et al. 2011).

MFC and CNF can form highly entangled fibrillar

networks in water, with a predominantly elastic

response, i.e., the storage modulus (G0) exceeds the

loss modulus (G00), even at low solids contents

(Pääkkö et al. 2007). The mechanism of fibrillar

network formation was first proposed by Mason

(1954) based on a mechanical entanglement model

in which the contact points between the fibres

contribute to the network strength of a wet fibrous

system. This phenomenon has been thoroughly exam-

ined with the definition of an entanglement threshold

or crowding factor (N), which depends on the

concentration and aspect ratio of the monodisperse

particles (Kerekes and Schell 1992). The concept has

also been expanded by introducing connectivity and

rigidity thresholds based on percolation and effective

medium theories (Celzard et al. 2008, 2009) and was

recently used to characterize the gelation mechanism

and flow properties of highly charged CNF in aqueous

suspensions (Geng et al. 2018). The viscosity and
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storage moduli of the CNF suspensions decreased with

increasing charge density due to lower aggregation

tendency and crowding factor at the same concentra-

tion (Geng et al. 2018). In addition to this, it has been

shown that the gel strength and network formation

propensity could be increased by the electrostatic

screening or neutralization of the surface charges,

either by increased ionic strength or a reduced pH of

semi-dilute CNF suspensions (Fall et al. 2013; Saito

et al. 2011; Fall et al. 2011).

Flow characteristics of MFC and CNF suspensions,

and the shear-induced organization of the network

have also been investigated for processing and rheol-

ogy modification (Hubbe et al. 2017). In particular, the

anisotropic nature of MFC and CNF contributes to

hydrodynamic alignment and disentanglement of the

components when subjected to shear forces. Reorga-

nization of the fibrous network leads to a decreased

viscosity with increasing shear rate and results in a

shear-thinning effect. Moreover, the addition of MFC

as a rheology modifier enhances shear-thinning flow

behaviour and colloidal stability of aqueous systems.

For example, MFC-containing adhesive was more

uniformly distributed in the particle board due to the

shear-thinning nature of the mixture (Mahrdt et al.

2016). In addition, the presence of MFC in coloured

coating formulations resulted in less flocculation of

the dye particles (Dimic-Misic et al. 2013; Oh et al.

2017). The intrinsic viscoelastic properties and flow

characteristics of MFC suspensions widen their use as

rheology modifiers, ultimately increasing the number

of commercial applications (Nechyporchuk et al.

2016a).

The demand for MFC in industrial applications has

paved the way for production in a more substantial,

commercial scale. Such materials consist of both

micro- and nanofibrillated particles with brush-like

fibril morphology (Holtan et al. 2019; Larsson et al.

2019). It is also likely that commercially available

MFC grades, at least low-charged ones, show a more

heterogeneous architecture in terms of size distribu-

tion than laboratory-made grades. This represents

challenges not only to fundamental structural charac-

terizations but also to rheological fingerprinting of the

material for processing (Larsson et al. 2019; Des-

maisons et al. 2017). Structural polydispersity can be

tuned, either by controlling the degree of fibrillation or

by optimizing the size distribution via addition or

separation of the constituents after the processing. One

distinct approach for controlling the state of suspen-

sion is to alter the number of homogenization/

microfluidization steps, in order to control the degree

of fibrillation and resultant rheological properties

(Taheri and Samyn 2016). In a recent study by

Schenker et al. (2019), mixtures of different fibres

and fibrils with broad size distributions were exam-

ined. It was shown that the coexistence of macro-scale

residual fibre and nanofibrillated particles had a

significant impact on the rheological behaviour of

polydisperse MFC suspensions.

In this work, an important objective was to find

conditions and characterization protocols that can be

used to analyse the impact of MFC fractions on the

resulting rheological properties. Such methodologies

could then be used for quality control of industrial

MFC grades. Furthermore, in many applications of

MFC, only low-concentration (i.e., lower than

0.5 wt%) mixtures are used (coatings, paints, adhe-

sives, or personal care products), where performance

is dictated by suspension rheology. Hence, a funda-

mental understanding of how MFC polydispersity

influences rheology is therefore essential in the

development of new MFC products.

No studies on the rheology of different MFC

fractions could be found in previous literature. The

first part of the present work was devoted to charac-

terizing the gel network and flow properties of a

commercial MFC, and fractions containing microfib-

rils of different sizes. Self-recovery of the polydis-

perse MFC gel was also examined to relate these

properties to the rheology of more monodisperse CNF

gels. Gel formation and shear-thinning phenomena

were also analysed at different solid contents. To

reveal the impact of structural polydispersity on the

rheology, the commercial MFC was fractionated, and

the fractionated suspensions were prepared slightly

above the gel formation threshold (i.e., when G0 [
G00). A systematic analysis of the suspensions from

each fraction was used to establish a basic under-

standing of the effects of size, aspect ratio, and surface

charge distribution of the individual particles. Finally,

a tuning of rheological properties was accomplished

by controlling fraction sizes in the polydisperse MFC

mixture.
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Materials and methods

Materials

In this study, a commercial 1.9 wt% MFC, produced

by Borregaard AS (Sarpsborg, Norway) from a

bleached sulphite pulp, was used without any further

chemical modification or treatment after it was

received. For the preparation of more dilute MFC

suspensions, the stock grade was diluted using deion-

ized water, and homogenized by a mixer.

Fractionation of the MFC

A volume of 0.5 l of the MFC suspension (0.2 wt%)

was fractionated into four different size fractions

according to a recently developed protocol (Larsson

et al. 2019), that combines sequential filtrations with a

final centrifugation step. For the separation of the two

coarsest fractions (F1 and F2), a screen with a 20 lm
pore size (Paper Research Material Inc., U.S.) and a

Twilled Dutch 325 9 2300 metal mesh with a nom-

inal filter rating of 1–2 lm (G. Bopp&CoAG, Zürich,

Switzerland) were used as the screens in a Britt

Dynamic Drainage Jar. The filtrate passing the fine

mesh was then separated into two fractions (F3 and

F4) by centrifugation at 4500 rpm for 1 h. The

colloidally stable supernatant F4 and the sedimented

F3 were collected separately.

After the fractionation, the concentrations of F1,

F2, F3, and F4 suspensions were determined gravi-

metrically to be 0.14, 0.08, 0.39, and 0.01 wt %,

respectively. The F1, F2, and F4 fractions were

concentrated to 0.4 wt%, i.e., the same consistency

as F3, via sedimentation (for F1 and F2) or rotary

evaporation at 70 �C under vacuum (for F4). F1/F4,

F2/F4 and F3/F4 suspensions were prepared bymixing

F4 suspension (at 0.4 wt%) with F1, F2 or F3

suspensions (at 0.4 wt%) to have a 50:50 weight

mixing ratios. In addition, the first step of the

fractionation was performed using a screen with a

20 lm pore size to obtain the mixture of F2/F3/F4

suspension, and the concentration of the filtrate (F2/

F3/F4) was adjusted to 0.4 wt%.

Characterization of MFC morphology and surface

charge

Morphology was studied using a Hitachi S-4800 field-

emission Scanning Electron Microscope (SEM) for

high-resolution imaging, and a Hitachi TM-1000

Tabletop SEM for low magnification. Samples were

prepared by vacuum filtration of very dilute MFC

fractions through a nanoporous aluminium oxide

membrane (FlexiPor 20 nm; SmartMembranes

GmbH, Halle, Germany), and were coated with a thin

layer of platinum–palladium to prevent charging

artifacts during the imaging. For each MFC fraction,

seven to nine different SEM micrographs were

analysed to determine the length, width and aspect

ratio distributions (Fig. S3).

The surface charge of each sample was determined

by polyelectrolyte titration with the aid of a Stabino

particle charge titrator (Particle Metrix Gmbh, Meer-

busch, Germany), using 400–500 kDa poly(dial-

lyldimethylammonium chloride) (PDADMAC) as a

titrant, with different concentrations corresponding to

a charge of 0.347 lmol/ml for the unfractionated

MFC, and 0.0267 lmol/ml for the fractionated

samples.

Rheological characterizations

The rheological analysis of the samples was carried

out in a DHR-2 rheometer (TA Instruments, New

Castle, DE, USA) equipped with a plate–plate geom-

etry with a diameter of 25 mm (1 mm gap distance)

and a Peltier system for temperature control the

temperature at 25 �C, and a solvent trap to prevent

evaporation. Each sample was allowed to equilibrate

for 10 min before the analysis. To characterize the

linear viscoelastic (LVE) regime of the MFC

(1.9 wt%), strain (c) and frequency (x) sweep anal-

yses were conducted in the strain range of 0.06–100%

and frequency range of 1–100 rad/s, respectively.

Time sweep tests were performed at constant strain

(0.1%) and frequency (10 rad/s) to determine the

equilibrium elastic moduli of the samples in the LVE

regime. Flow analysis were performed between 0.01

and 1000 s-1 for the MFC suspensions at different

concentrations (1.9, 1, 0.5, 0.4, 0.2 and 0.1 wt%) and

the suspensions of each fraction at 0.4 wt%. Flow

curves were obtained with automated acquisition time
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mode and shear-rate control provided by the DHR-2

rheometer to prevent flow-instabilities.

To characterize linear viscoelastic and flow prop-

erties of the MFC and the suspensions of each fraction

(0.4 wt%) under acidic conditions (pH * 2), a small

amount of concentrated HCl was injected into the

sample through a syringe (Fall et al. 2013). After the

injection, time-sweep analysis at constant strain

(0.1%) and frequency (10 rad/s) were immediately

initiated and continued for 1 h to reach equilibrium

conditions. Then, the flow analysis of the samples was

performed between 0.01 and 1000 s-1, and the yield

stresses were estimated using the Herschel–Bulkley

equation above 20 s-1 (Eq. 1) (Karppinen et al. 2011).

The rheological properties of the mixtures of

different MFC fractions were analysed under the same

experimental conditions. First, the equilibrium moduli

of the mixtures (0.4 wt%) were determined at 0.1%

strain and 10 rad/s frequency, then, flow analysis was

performed between 0.1 and 1000 s-1 to examine

shear-thinning behaviour and estimate yield stresses of

the mixtures. All rheological measurements were

performed at least in triplicates. The results were

given as an average of the independent measurements

with standard deviations.

Results and discussion

Structural properties of commercial MFC

The rheology of MFC suspensions is expected to

depend on MFC morphology such as size, shape, and

aspect ratio of the constitutes. Recently, we developed

a fractionation approach to characterize size and

surface charge distribution in commercial MFC grades

(Larsson et al. 2019). In this approach, the coarsest

(F1) and coarse (F2) fractions were collected by

sequential filtration, and then centrifugation was

carried out to separate fine (F3), and finest (F4)

constituents (Fig. S1). The fibril length and width

distributions of polydisperse MFC were quantified

from SEM micrographs and the use of image process-

ing (ImageJ) to estimate the average particle aspect

ratios in each fraction (Table S1 and Fig. S3). As seen

in Fig. 1 and Table 1, the coarsest fraction (F1),

constituting 7.3% of the total mass, consists of low-

aspect-ratio (& 11) micrometre-sized fibre fragments.

Higher aspect-ratio branched fibrils with a gradually

decreasing width were observed in the finer fractions

(F2 to F4). These fibrils have not been fully fibrillated,

and this is the reason for the branched structure.

In addition to structural assessment, the surface

charge was determined using polyelectrolyte titration

since surface charge plays a critical role in network

formation and rheological characteristics of the cellu-

losic suspensions. As listed in Table 1, the surface

charge increased with decreasing MFC fibril size.

Although the present MFC grade has a highly complex

and polydisperse architecture (Fig. 1), the mass frac-

tion distribution in the system was dominated by the

two finer and more highly charged nanofibrillated

fractions: F3 and F4. Note that the ‘‘missing’’ fraction

of 17%, termed ‘‘Lost material’’ at the bottom of

Table 1, is dominated by a fine fraction of nanofibrils

(Larsson et al. 2019). Consequently, as much as 38%

of the total MFC population (F4 ? Lost material)

could be in the form of fine fibrils with a diameter of

less than 100 nm.

Viscoelasticity and flow properties

Rheological properties of the unfractionated, non-

diluted MFC suspension at 1.9 wt% (Fig. 2a) were

studied to determine the LVE regime at different

amplitudes and frequencies (Fig. S2). The critical

strain (cc) of the network was determined about 3% at

10 rad/s from the intersection of the two lines plotted

in Fig. S2 which show the onset for the destruction of

the network (Swerin et al. 1992), and the commercial

MFCwas less sensitive to the frequency changes in the

range of 1–100 rad/s at constant strain (0.1%)

(Fig. S2). In the LVE regime, the polydisperse MFC

formed a fibrillar gel network (i.e., when G0 [G00),
and the equilibrium modulus was determined to

be * 1.7 kPa (Fig. 2b). This value is of the same

magnitude as a 2 wt% CNF gel (G0 & 103 Pa) with a

particle width in the 5–20 nm range (Pääkkö et al.

2007).

When the flow properties were examined by

continuous shearing in the range of low to high shear

rates (0.01–1000 s-1), a shear-thinning flow profile

was observed (Fig. 2c), which is typical for aniso-

tropic CNF gels (Nechyporchuk et al. 2016b). Under

low shear rate, the material displayed high viscosity,

owing to a physically entangled fibrillar network. In

contrast, an increased shear rate resulted in a signif-

icantly decreased viscosity due to the structural
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reorganization and disentanglement of the MFC

particles.

The self-recovery properties of the 1.9 wt% MFC

gel were also examined by cyclic transitions from the

linear small-strain region to the non-linear large-strain

viscoelastic regime (c[ cc). The MFC network

returned to its original gel state repetitively whenever

the strain amplitude was reduced (c\ cc) (Fig. 2d). It

is therefore suggested that there is a dynamic network

formation within the MFC system as a result of

reversible non-covalent interactions between the MFC

components. It is also expected that branched physical

entanglements are important for the remarkable elastic

recovery, even at large deformation. Despite the

highly polydisperse structural properties of the MFC

(Table 1), the observed self-recovery of the 1.9 wt%

Fig. 1 SEM micrographs of the MFC fractions F1, F2, F3 and F4 used for the rheological analysis

Table 1 Structural properties of the MFC fractions and the commercial, unfractionated MFC

Particle width Aspect ratio Surface charge (lmol/g) Mass fraction (%)a

F1 (coarsest) 5–50 lm 11 ± 7 N.A.b 7.3 ± 0.6

F2 (coarse) 200 nm–1 lm 44 ± 24 3.4 ± 0.2 13.3 ± 2.5

F3 (fine) 100–300 nm 51 ± 23 17.1 ± 0.7 42.6 ± 2.9

F4 (finest) 20–100 nm 78 ± 18 43.5 ± 1.9 21.0 ± 1.3

MFC (unfractionated) 20 nm–50 lm 39.5 ± 2.2

aLost material was determined as 17 ± 0.4% of the total mass after fractionation and consisted mainly of F3 and F4 fractions

(Larsson et al. 2019)
bThe surface charge was too low to be measured by polyelectrolyte titration
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MFC gel was comparable to that of a 1 wt% TEMPO-

oxidised monodisperse CNF gel (Mendoza et al.

2018). It is hence likely that the finest fractions, such

as F4 in this work, are important for the self-recovery

of the gel network.

In the work of Hill (2008), low and high concen-

tration gels of MFCwere studied in the LVE regime. It

was shown that bulk elastic moduli were independent

of the structural polydispersity when MFC network

components have a large enough aspect ratio to form

an interconnected fibrous network. From Table 1, it is

clear that the high-aspect-ratio fibrils in the finer

fractions can readily form a highly entangled network,

and this occurs even in the presence of coarser, low-

aspect-ratio fibrils. Since we aim to explore the effect

of MFC dimensions/aspect ratio on rheology, concen-

trations as high as 1.9% would not be very sensitive to

effects from different fractions.

The effects of MFC concentration on network

formation and flow characteristics were investigated

in order to find the critical concentration for gelation

where storage modulus is higher than loss modulus. As

shown in Fig. 3a, the MFC suspension showed gel-

like behaviour above 0.1 wt% (G0 [G00). Above this
consistency, G’ increased exponentially as a function

of concentration (Fig. 3b). Fitting a power-law rela-

tion to the storage moduli data (G0* ca) yielded

a = 4.1, which is in the range between 3.7 and 7, as

proposed by Hill (2008) for MFC networks at low and

high volume fractions, respectively (Fig. 3b).

The shear viscosity profiles of MFC suspensions

were also analysed as a function of concentration and

shear rate. Higher viscosities were observed at low

shear rates (Fig. 4a), and at higher shear rates, the

MFC fibrils started to orient along the direction of

shear, leading to decreased viscosity. However, with

increasing MFC concentration, the viscosity

decreased more strongly with increasing shear rate,

and large deviations from a Newtonian flow behaviour

were observed above 0.1 wt% (Fig. 4a).

The concentration-dependent flow properties were

quantified by fitting the results to the power-law

Fig. 2 a Photo and schematic representation of an unfraction-

ated MFC at a solids content of 1.9 wt% showing b gel-like

properties (G0 [G0 0), with typical flow behaviour such as

c shear thinning and d self-recovery of gel properties at 0.1%

strain after large-strain deformation at 50%
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relationship (viscosity * cb). The shear viscosity

values were found to scale exponentially with the

concentration to the power of 2.7, at a shear rate of

0.1 s-1 (Fig. 4b). In this work, the fitted exponent was

slightly higher than the values reported by Naderi et al.

(2014), but this is most likely related to differences in

MFC fibrillar structure and properties, and experi-

mental conditions (Lasseuguette et al. 2008). More-

over, the present storage modulus was much more

sensitive to concentration changes than the shear

viscosity, resulting in a higher exponent (compare

Figs. 3b, 4b).

Viscoelastic properties of different MFC fractions

Suspensions of the fractionated MFC were prepared at

0.4 wt% because this is a suitable semi-dilute con-

centration for gel network formation (Fig. 3), showing

shear-thinning flow behaviour in a broad range of

shear rates (Fig. 4). At this concentration, it is also

expected that small differences in MFC fibril shape,

size, and charge would affect the rheological

behaviour.

Time sweep analyses were carried out at constant

strain (0.1%) and frequency (10 rad/s) in the range of

linear viscoelastic regime (Fig. S4). As shown in

Fig. 5, all fractions showed a gel-like viscoelastic

response (G0 [G00), and G0 was strongly increased as

the fibril dimensions were decreased. The F4 network,

constituted of high-aspect-ratio nanofibrils, showed

the highest values for G0 (Fig. 5). On the other hand,

the F1 suspension with low aspect-ratio fibre frag-

ments had the lowest storage modulus, even lower

than G0 for the unfractionated commercial MFC grade

(Fig. 5). This data shows that the viscoelasticity of the

Fig. 3 Concentration-dependency for a the equilibrium storage and loss moduli of unfractionated MFC suspensions at constant strain

(0.1%) and frequency (10 rad/s), b the power-law fit to the storage moduli of the suspensions

Fig. 4 a Viscosity profiles of the unfractionated MFC suspensions at different concentrations over a shear rate ranging from 0.1 to

1000 s-1, and b concentration-dependent viscosities at a constant shear rate of 0.1 s-1
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polydisperse MFC network is strongly influenced by

the size and aspect ratio of the microfibrils.

Flow properties and yield stress of the different

MFC fractions

The shear-thinning behaviour of the fractions was

investigated at a concentration of 0.4%, i.e., in a region

where they all form gels. Although all fractions

exhibited shear-thinning, the coarsest F1 fraction

displayed a deviating behaviour where no further

shear-thinning was observed at shear rates greater than

20 s-1 (Fig. 6a). Interestingly, the viscosities of the

F2, F3, and unfractionated MFC suspensions were of

the same order of magnitude at high shear rates

([ 20 s-1), whereas the finest fraction (F4) had a

slightly higher viscosity. The significantly lower

aspect ratio of F1 is probably the reason for the

distinct viscosity profile, as also suggested by Tanaka

et al. (2015). The intrinsic viscosity of nanocellulose

suspensions is likely to correlate with the aspect ratio

of the constituting fibrils. Besides, an increased aspect

ratio results in higher viscosity, due to stronger

hydrodynamic interactions between the fibrils (Tanaka

et al. 2015; Switzer and Klingenberg 2003). To

investigate this relationship, the viscosities of the

fractions were plotted as a function of the average

aspect ratios of each fraction (Table 1). As shown in

Fig. 6b, the viscosities increased proportionally with

the fibril aspect ratio.

The typical flow curve of an MFC suspension

consists of a transition region (i.e., between 0.1 and

10 s-1) before the high shear zone in which the

viscosity profile follows a power-law relation (Schen-

ker et al. 2018). The transition region in the viscosity

profile was suggested to occur due to the structural

reorganization and physical entanglements of the

network components, which resulted in temporary

inhomogeneities in the flow characteristics (Karp-

pinen et al. 2012). As seen in Fig. 4a, this transition

behaviour was highly dependent on the solid contents

(Schenker et al. 2018), and also structural properties of

the MFC fractions (Fig. 6a). Interestingly, the transi-

tion in the viscosity profile of F1 was much more

apparent compared to the viscosity profiles of the finer

fractions (F2–F4) between 0.1 and 10 s-1 (indicated

by an arrow in Fig. 6a). This phenomenon can be in-

depth investigated using imaging techniques such as

optical coherence tomography (Lauri et al. 2017;

Koponen et al. 2018) to visualize and quantify

apparent fluctuations in rheological properties of the

MFC fractions under flow.

Increased network interactions for flexible, high-

aspect-ratio fibrils may also be in the form of physical

entanglements. The yield stress of the MFC network

should then increase which under certain conditions

would make MFC fibrils good stabilizers for disper-

sions or emulsions. In complex industrial products

such as paints and coatings, this may hinder the

sedimentation of large additives in particle form. For

estimation of the apparent yield stress (s0) of each

fraction, the shear stress (s) versus shear rate ( _c) data
above 20 s-1 (Fig. 6c) were fitted to the Herschel–

Bulkley equation (Eq. 1) (Karppinen et al. 2011),

where k is a consistency index, and n is a flow

behaviour index (n\ 1 for shear-thinning fluids,

n = 1 for Newtonian fluids, and n[ 1 for shear-

thickening fluids).

s ¼ s0 þ k c�ð Þn ð1Þ

The Herschel–Bulkey model, a simple power-law

relation given in Eq. 1, describes the flow behaviour of

non-Newtonian fluids (Mullineux 2008), and it has

been successfully used for the calculations of the

apparent yield stress of different MFC suspensions

(Koponen 2020; Mohtaschemi et al. 2014; Kumar

et al. 2016; Song et al. 2019). On the other hand, the

Herschel-Bulkley model does not apply very well to

the transition region of the flow curves, which was

apparent at shear rates between 0.1 and 10 s-1

(Figs. 6a, 7c and 9a). For this reason, the yield stresses

Fig. 5 Equilibrium storage (G0) and loss moduli (G0 0) of

0.4 wt% MFC fractions and unfractionated MFC at constant

frequency (10 rad/s) and strain (0.1%)
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were estimated using the model above 20 s-1, fol-

lowing the same approach described by the previous

studies (Karppinen et al. 2011; Taheri and Samyn

2016; Dimic-Misic et al. 2013). It is important to note

that yield stress of MFC suspensions can also be

determined by viscoelastic measurements (Swerin

et al. 1992; Hubbe et al. 2017), and the obtained

values can be dependent on the fitted model, method-

ology and measuring geometry. Therefore, the yield

stresses of the fraction suspensions were comparable

rather than their absolute material characteristics

(Karppinen et al. 2011).

As shown in Table 2, the yield stresses of the

suspensions were significantly increased by a

decreased MFC fibril size, from the low-aspect-ratio

F1 to the finer fractions F2, F3, F4 containing higher-

aspect-ratio fibrils. Also, the viscosity profile of F1 at

high shear-rates (Fig. 6a) was significantly different

from the other three high aspect ratio fractions

(Tanaka et al. 2015). The flow index of the F1 fraction

was greater than unity above 20 s-1.

Effect of surface charges and pH on the rheology

of the different MFC fractions

The fibrils in the coarsest fraction (F1) have a very low

surface charge, whereas the finer fractions have higher

surface charge, ranging from * 3.4 to * 43.5 lmol/

g (Table 1). Rheological measurements were also

conducted to assess the influence of charge on the gel

formation and flow characteristics of each fraction by

reducing the pH (Fall et al. 2013). In contrast to a

neutral or higher pH where the MFC particles will be

charged, a decreased pH results in protonation of

carboxyl groups. This protonation eliminates the

repulsive Coulombic interactions and contributes to

the formation of a purely physically entangled gel

network (Fall et al. 2013).

Fig. 6 Flow properties of the 0.4 wt% MFC fractions and

unfractionated MFC; a viscosity as a function of shear rate (the

dashed lines between 0.1 and 20 s-1 indicate the transition

region) b viscosity at 0.1 s-1 as a function of aspect ratio, and

c shear stress as a function of shear rate with the Herschel–

Bulkley model fits
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The storage modulus of all samples increased as a

function of time after acid injection due to larger fibril

entanglements once the repulsive interactions between

the fibrils were removed (Fig. 7a, b). It could also be

detected that the highly charged suspensions, i.e., F3

and F4, responded more rapidly to the pH change and

showed a faster increase in storage modulus over the

first 10 min (Fig. 7a). On the other hand, the

behaviour of the unfractionated MFC is interesting.

Although the surface charge (* 39.5 lmol/g) is close

to that of the finest fraction F4 (* 43.5 lmol/g), the

increase in G0 was significantly slower than for the

finer fractions. Indeed, the two coarsest fractions do

only represent * 20% of the total MFC mass, these

fractions likely control the viscoelastic properties of

unfractionated MFC, leading to a slower response to

the injection of acid.

Under acidic conditions, all samples displayed a

shear-thinning viscosity profile between 0.01 and

20 s-1 (Fig. 7c). On the other hand, the shear-thinning

of the suspensions became less pronounced above

20 s-1 compared to the viscosity profile at neutral pH

(Fig. 6a). This result might be explained by increasing

fibril–fibril interactions and more extensive entangle-

ments at acidic pH (as also noticed as G’ increase),

Fig. 7 Linear viscoelastic and flow properties of 0.4 wt%

suspensions of fractionated and unfractionated MFC at pH 2;

a storage modulus as a function of time after injection of acid,

b comparison of storage and loss moduli with those under

neutral conditions, c viscosity and d shear stress as a function of

shear rate with the Herschel–Bulkley model fits

Table 2 Calculated yield stress and flow index (n) at neutral

pH according to the Herschel–Bulkley model

Yield stress (Pa) n R2

F1 (coarsest) 0.2 ± 0.1 1.4 0.99

F2 (coarse) 0.6 ± 0.1 0.7 0.99

F3 (fine) 0.8 ± 0.2 0.7 0.99

F4 (finest) 1.7 ± 0.3 0.9 0.99

MFC (unfractionated) 0.4 ± 0.1 0.8 0.99
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resulting in reduce fibril orientation and a lowered

shear-thinning under high shear rates.

Yield stress and flow index of the suspensions at

acidic pH were also estimated using the Herschel–

Bulkley model. The shear stress versus shear rate data

(Fig. 7d) was fitted to this relation (Eq. 1). As shown

in Table 3, the yield stress of the fractions increased as

the size of the fractions decreased at acidic pH. When

the flow indices of the suspensions were compared,

only the low-charged F2 fraction had the flow index

lower than unity above 20 s-1 (n = 0.6) and was

relatively insensitive to the lowering in pH (Tables 2

and 3).

Tailoring of the viscoelastic and flow properties

by controlling the MFC composition

The structural polydispersity can be tuned, either by

controlling the degree of fibrillation or by optimizing

the size distribution via addition or separation of the

constituents after processing. Mixtures of MFC frac-

tions (1:1 w/w) were prepared by the addition of the

finest fraction (F4) to modulate the gel and flow

properties of coarser suspensions (Table S2). As

shown in Fig. 8a, the addition of F4 resulted in higher

storage moduli for F1/F4, F2/F4, and F3/F4 suspen-

sions compared to the neat F1, F2, and F3 networks, all

at the same consistency. Although the F4 fraction has a

much higher surface charge which could lead to higher

repulsion between the components and less physical

entanglement in the network, the results suggest that

the decrease in average fibril size is more determinant

on the viscoelastic property of polydisperse MFC

mixtures at neutral condition (Fig. 8a).

Another route towards optimized MFC fibril dis-

tribution is to remove the low-aspect-ratio coarsest

particles. To achieve this, only the first step of the

fractionation protocol was carried out, and the filtrate

was collected as a mixture of finer fractions (F2/F3/

F4). It is important to note that ‘‘Lost material’’

(Table 1), remained in the mixture for this procedure.

Similarly to the addition of F4 fibrils, the removal of

F1 increased the storage modulus significantly

(Fig. 8b). For instance, G’ increased from * 5 Pa

for MFC to * 30 MPa for F2/F3/F4.

The flow characteristics of the fraction mixtures

were also examined at a concentration of 0.4 wt%, and

all suspensions displayed shear-thinning viscosity

profiles (Fig. 9a). As shown in Fig. 9 and Table 4,

the viscosity and yield stress of the MFC compositions

can be increased either through the addition of finer

fibrils to coarser fractions or through the removal of

the coarser particles from a polydisperse MFC grade.

Conclusions

The rheological properties of a commercial MFC were

systematically analysed to understand the structure-

viscoelasticity relationship of polydisperse networks.

Furthermore, it was shown how control over the

microfibril size distribution could be used to modulate

the rheological performance of a MFC suspension.

Despite the notable heterogeneity, the MFC exhibited

remarkable viscoelastic properties and interesting gel

recovery behaviour similar to that of monodisperse

CNF gels. Power-law relationships were fitted to the

concentration-dependent viscoelastic and flow prop-

erties, and the exponents for both storage modulus and

viscosity were found to be in the same range as those

of comparable nanocellulose gels.

The distinct behavior of fractions with different

microfibril size distribution is important for tailoring

of the rheological properties. Storage modulus, vis-

cosity and yield stress all increased substantially as the

average microfibril size was decreased. As charge

interaction was removed by lowered pH, physical

entanglements became more important, and the stor-

age modulus rapidly increased for the two finest

fractions with higher surface charges.

The presence of coarser, low-aspect-ratio particles

(in this study, the coarsest particles constituted 7.3%

of the total mass) significantly affected the rheological

performance of the MFC, and removal of this fraction

resulted in much higher storage modulus and yield

stress. Alternatively, finer fractions could be added to

the MFC system to achieve a similar effect. This result

Table 3 Yield stress and flow index based on the Herschel-

Bulkley model at acidic pH

Yield stress (Pa) n R2

F2 (coarse) 0.2 ± 0.1 0.6 0.98

F3 (fine) 0.8 ± 0.2 1.3 0.99

F4 (finest) 0.9 ± 0.2 1.2 0.99

MFC (unfractionated) 0.4 ± 0.1 1.4 0.99
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demonstrates the possibility to systematically opti-

mize and tailor rheological properties by mixing MFC

fractions, or MFC grades, with different morphology,

size, and surface charge. The significance for system-

atic product development is substantial and of

relevance for adhesives, paints, coatings, personal

care products, biocomposites, packaging, etc.
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Herschel–Bulkley model fits
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