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Abstract The rheological properties of fluids such

as paints, coatings, and cosmetics play an important

role in determining the effectiveness and desirability

of these materials. Typically, these fluids must be

relatively viscous and must exhibit shear-thinning

characteristics. Previous work has shown that a variety

of fibrous cellulosic materials, particularly nanocellu-

losic products, can impart shear-thinning characteris-

tics to fluids to which they are added. In the work

reported here, highly refined micro/nanofibrillated

cellulose (MNFC) was assessed for its potential to

impart desirable rheological properties to aqueous

systems.When endoglucanases were assessed for their

ability to influence the rheological properties of

MNFC suspensions it was apparent that significant

changes in the viscosity and shear-thinning properties

of MNFC could be achieved using very low enzyme

loadings (\ 0.5 mg/g cellulose) within a relatively

short timeframe (\ 30 min). It is likely that the

observed reductions in viscosity arise not just from

reductions in the aspect ratio of the cellulosic fibrils,

but also through disentanglement of interfibril

interactions resulting from enzymatic smoothing of

the fibre surfaces.
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Introduction

Cellulosic materials can be used to enhance the

rheological characteristics of a number of commercial

products, including paints, coatings, and cosmetics. In

recent years, a number of new nanocellulosic materials

have been developed, including nanocrystalline cel-

lulose, nanofibrillated cellulose, and a wide range of

intermediate fibrillated materials containing both

nanoscale and microscale particles, referred to as

micro/nanofibrillated cellulose (MNFC) (Klemm et al.

2011; Abitbol et al. 2016). These materials have been

shown to exhibit desirable properties for use as

rheology modifiers, including viscosity enhancement,

gel formation, imparting shear-thinning characteris-

tics, and, for some materials, optical transparency

(Siró and Plackett 2010).

However, each of the various applications requires

a different set of optimal rheological properties, with

some applications, such as certain cosmetics, requir-

ing exceptionally high viscosities, while other appli-

cations, such as in some paints and coatings, requiring

much lower viscosities. Additionally, optimal shear-
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thinning profiles (i.e. the extent of reduction in

viscosity at increasing shear rates) of these materials

varies between applications (Eley 2005). While it is

possible to reduce the viscosity-enhancing properties

of nanocellulosic materials by simply reducing the

amount of cellulose added to the system (Tatsumi et al.

2002; Wu et al. 2014), this can result in undesirable

changes to the shear-thinning profile. These include

reductions in the gel-forming ability of the system,

weakening of the network structure of the suspension

(Chen et al. 2012), loss of potential crack-bridging

effects (especially in paints and coatings) (Low et al.

2007), and undesirable textural changes in the material

impacting application such as cosmetics (Zheng and

Loh 2016).

One way to maintain adequate nanocellulose load-

ings without producing solutions that are too viscous is

to optimise the intrinsic properties of the nanocellu-

losic materials so that the rheological properties can be

adjusted while maintaining a constant concentration of

cellulose within the system. This is typically achieved

by the targeted reduction of the aspect ratio of the

cellulose fibrils, i.e. the relationship between the

fibrils’ width and length, using either chemical or

enzymatic processes (Wu et al. 2014). Chemical

processes, such as those used to produce small aspect

ratio nanocrystalline cellulose products, generally

utilize a strong acid treatment. A chemical approach

typically requires significant chemical and water

inputs, as well as acid-resistant equipment. An alter-

native enzymatic approach would involve the use of

cellulases, particularly endoglucanases. Endoglu-

canases have been shown to preferentially attack the

disordered regions (sometimes termed dislocations)

along the fibre (Ander et al. 2008; Thygesen et al.

2011) resulting in a reduction in the aspect ratio of the

fibre. Previous work by Yarbrough et al. has also

shown that different enzyme systems can be used

during the production of nanocellulose to produce

material with uniform aspect (Yarbrough et al. 2017).

In contrast to acid treatments, enzyme-mediated

processes can be carried out under mild conditions,

using low enzyme loadings, making it a potentially

more attractive way to modify the aspect ratio of

fibrillated celluloses.

As well as providing insights into the relationship

between the relative aspect ratios of enzyme-treated

micro/nanofibrillated cellulose (MNFC) and the rhe-

ological properties of the various products, the work

reported here describes how an enzymatic approach

can be used to specifically modify pulp properties,

resulting in enhanced rheological characteristics for a

number of different applications.

Materials and methods

Enzymatic hydrolysis

Micro/nanofibrillated cellulose (MNFC) of 70%mois-

ture content was obtained from FPInnovations (Van-

couver, Canada). The FPInnovations pilot plant

utilizes multiple passes of a northern bleached

softwood kraft pulp through a refiner at high consis-

tency (* 30 wt% solids). The material was removed

from the refiner once at least 50 wt% of the material

was present as fibrils (defined as having widths of less

than 1 lm). The MNFC produced in this way thus

consists of* 50 wt% larger fibers (i.e. with diameters

of 20–30 lm), and 50 wt% micro/nano-fibrillated

material (with widths below one micrometer). Enzy-

matic hydrolysis was carried out using the endoglu-

canase preparation Novozym 476 (protein content

9.53 mg/ml), generously supplied by Novozymes

(Davis, CA). All of the enzymatic reactions were

carried out at 2 wt% MNFC concentration using

various enzyme loadings at pH * 4.8 in 50 mM

sodium acetate buffer.

A typical experimental procedure for enzymatic

hydrolysis utilised weighed amounts of MNFC, water

and buffer, blended in a Waring blender for 30 s to

produce a homogeneous 2% suspension. Under these

blending conditionswe confirmed, using an optical fiber

analyzer (Fiber Quality Analyzer; OpTest, Hawkes-

bury, ON), that fiber degradation was negligible. One

hundred grams of this material was then transferred to a

250-ml Erlenmeyer flask and the required amount of

enzyme added by pipetting. The flask was then

stoppered and incubated at 50 �C, at 180 rpm in an

orbital shaker for 0.5–24 h. Hydrolysis was terminated

by heating in a water bath at 95 �C for 30 min. Samples

were then stored at 4 �C until analysis.

Sedimentation, gel point and aspect ratio

The relative aspect ratios of the MNFC samples were

calculated from gel point concentrations, as deter-

mined via sedimentation experiments. Due to the
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exceptionally high aspect ratio and flexibility of the

MNFC fibers studied, this technique was used to

derive aspect ratio values that were used for relative

comparisons between MNFC samples. An additional

assumption was that the MNFC material had a similar

density to traditional cellulose fibers. From 2 wt%

MNFC samples, suspensions of 0.1, 0.08, 0.06, 0.04

and 0.02% (1, 0.8, 0.6, 0.4 and 0.2 kg/m3) were

produced and 2 ml of each sample was allowed to

settle in glass vials for two days. Photographs of these

vials were taken after sedimentation and subsequently

analyzed, using ImageJ software, to determine the

ratio of the heights of settled fibre sediment to the

heights of the total suspension (Fig. 1). The fibre

concentration versus sediment ratio was plotted and

fitted with linear equations and the intercept set to 0, in

the form y = bx. The linear coefficient of this

equation (b) is the gel point concentration. The aspect

ratio was calculated using the equation below, derived

from the work of Martinez et al. (Martinez et al. 2001;

Zhang et al. 2012), which describes the gel point and

aspect ratio of cellulose pulp fibres:

A ¼
ffiffiffiffiffiffiffiffiffiffiffi

33pq
4gc

s

ð1Þ

where A is the aspect ratio; q is the fibre density,

assumed to be the same as pulp cellulose fibre density

1500 kg/m3 (Martinez et al. 2001); and gc is the gel

point concentration.

Sugar release analysis

The quantity of soluble sugar released during hydrol-

ysis was measured using the standard laboratory

analytical procedure developed by the National

Renewable Energy Laboratory (Sluiter et al. 2012).

This procedure has previously been shown to produce

reliable sugar content measurements without causing

significant sugar dehydration. In brief, the sample

(2 g) was diluted tenfold and centrifuged using a table-

top centrifuge (20009g, 10 min) to remove any

sediment. The supernatant was sulfuric acid-hy-

drolyzed to depolymerize soluble oligomers and

monomeric sugars were subsequently measured by

high performance anion exchange chromatography

with pulsed amperometric detection (ICS-3000; Dio-

nex, Sunnyvale, CA) using a CarboPac PA1 column

(Dionex) as previously described (Boussaid et al.

1999).

Rheology

An MCR 501 rheometer (Anton Paar GmbH, Graz,

Austria) with CC27 cylindrical attachment and gap

width of 1.13 mm was used to characterize the

rheology of the MNFC samples. The viscosity profiles

were measured by increasing shear rate from 0.1 to

30 s-1, collecting fifteen data points. All of the

measurements were performed at a controlled tem-

perature of 25 �C. The samples were allowed to rest

and stabilize in the sample holder for 15 min prior to

measurement.

Scanning electron microscopy

To prepare samples for scanning electron microscopy,

the MNFC was diluted to 0.5 wt% in water and frozen

into sheets with dimensions of 30 9 30 9 1 cm.

Freeze drying was carried out for 24 h. A Hitachi

S300 N scanning electron microscope (Hitachi,

Tokyo, Japan) was used at 5 kV to obtain images of

the freeze-dried MNFC. Samples were gold-coated

prior to imaging.

Fig. 1 Representative sedimentation samples in triplicate,

from which the height ratio was taken as Hs/H0, where H0 is

the initial height, and Hs is the final sediment height
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Results and discussion

Does the morphology of the micro/nanofibrillated

cellulose (MNFC) influence its use as a rheology

modifier?

As mentioned earlier, fibrous cellulosic materials can

be used as potential modifiers that can impart desirable

rheological properties on a variety of commercial

products (Dimic-Misic et al. 2013; Li et al. 2015). It

has been suggested that the extent and way in which

the rheology is modified, through the addition of

fibrous cellulose at a given concentration, is influenced

by the characteristics of the cellulose particles,

particularly their dimensions and surface morphology

(Taheri and Samyn 2015). When a variety of different

shapes of nanocellulosic materials were prepared in

previous work, the starting material and production

processes were both shown to significantly impact the

properties of the final nanocellulosic product

(Dufresne 2012). Although it was likely that these

properties could be further modified by both chemical

and enzymatic means, for the initial MNFC, it was

apparent that a wide range of fibre dimensions were

already present at the micro- and nano-fibril levels.

This resulted in an entangled, highly hydrated network

that would likely influence suspension rheology

(Fig. 2).

One inherent challenge when working with highly

fibrillated cellulosic materials, such as MNFC, is that

the particle size and aspect ratio of the fibrils are

difficult to quantify. Thus the effective determination

of the aspect ratio of these fibrils is required if we are

to develop a good understanding of how these

dimensional properties influence the rheological prop-

erties of the target fluids. However, a major challenge

in accurately determining the aspect ratio is that the

relatively small size of the fibrils makes them very

difficult to detect using traditional pulp fibre quantifi-

cation techniques such as optical fibre analysis (Haa-

pala et al. 2013). An additional challenge is that,

typically, the fibrils form a complex, entangled

network, which makes it difficult to accurately deter-

mine fibril length or aspect ratio using traditional

microscopy and image-analysis techniques (Pääkkö

et al. 2007; Karppinen et al. 2012). Thus one of the first

goals was to assess if a gel point determination

technique could be used to quantify the relative aspect

ratios of MNFC before and after enzyme treatments.

Determination of the aspect ratio

of micro/nanofibrillated cellulose (MNFC)

and the influence of enzyme treatment

Previous work has shown that, for rod-like particles,

aspect ratio significantly influences suspension rheol-

ogy (Powell 1991; Wu et al. 2014). Higher aspect

Fig. 2 Scanning electron micrographs of MNFC showing the mixture of micro- and nano-sized particles (a) and a closeup of the

nanofibrils (b)
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ratios result in more interparticle interactions, leading

to network formation, resulting in restricted suspen-

sion flow and increasing viscosity. However, unlike

the relatively rod-like kraft pulp fibres, which have

well-defined dimensions of length and width, MNFC

fibers/fibrils vary dramatically in dimensions from

particle to particle, typically forming complex entan-

gled webs. As a result, this prevents accurate deter-

mination of MNFC length and width using the

traditional analysis tools mentioned earlier. It has also

previously been shown that, although particle dimen-

sions can be determined through high-resolution

microscopy techniques such as electron microscopy

or atomic force microscopy, such quantification is

tedious and challenging (Haapala et al. 2013). Thus,

the approximate relative aspect ratios of MNFC

samples before and after enzyme treatment here were

determined using the relatively simple gel-point

technique (Varanasi et al. 2013). The gel point is the

critical concentration at which fibres in a suspension

form a continuous network that enhances mechanical

strength of the suspension (Martinez et al. 2001;

Varanasi et al. 2013). In general, fibres/filaments with

a higher aspect ratio require lower ‘‘pulp’’ concentra-

tions in order to form a continuous load-bearing

network within the solution. Thus, this relationship

between the aspect ratio and the concentration at

which gelation occurs provides a way to determine the

approximate aspect ratio.

As earlier work had shown that cellulases, partic-

ularly endoglucanases, could specifically aid in fibre

length reduction by weakening fibers at disordered

regions (Ander et al. 2008; Thygesen et al. 2011;

Gourlay et al. 2015), we next tried to selectively

modify the aspect ratio of the various MNFC fractions

using low enzyme loadings. It was apparent that a

range of sedimentation profiles were obtained for the

enzyme-treated MNFC pulps after 0.5–24 h of hydrol-

ysis (Fig. 3). To determine the gel point concentration

of the samples, the various enzyme-treated MNFC

pulps were suspended at a range of different consis-

tencies and dispersed in a given volume of water. The

ratio of the height of the fibre sediment to the total

height of the water plus suspension was then calcu-

lated for each sample. As expected, higher consistency

suspensions (containing more MNFC in the same

volume) produce higher sediment heights compared to

those containing less MNFC.

Although linear and quadratic fits have been used

previously to determine gel point from sedimentation

heights (Zhang et al. 2012;Mosse et al. 2012; Varanasi

et al. 2013), in the work reported here, the linear

equation fit all sedimentation plots well (R2[ 0.97).

Thus, this model was chosen and the gel point and

aspect ratio were calculated using the linear

coefficient.

It was apparent that a gradual decrease in the

sedimentation height of the MNFC occurred after

enzymatic treatment (Fig. 3). After 24 h the sedimen-

tation height had fallen to just 25% of the untreated

MNFC control. As a result, the gel point plots (Fig. 4)

became correspondingly steeper with increasing

hydrolysis time resulting in a higher gel point

concentration, indicative of a lower aspect ratio. The

change in the relative aspect ratio, calculated from the

data in Fig. 4 using Eq. 1, showed a steep decrease

within the first 6 h, followed by a slower rate of

change over longer times (Fig. 5).

Although there was some enhancement in the rate

and extent of aspect ratio reduction when the enzyme

loading was increased from 1 to 2.5 mg/g (Fig. 5), no

significant increase was observed when the enzyme

loading was further increased to 5 mg/g. Previous

Fig. 3 Sedimentation samples of MNFC endoglucanase-

treated for 0–24 h, allowed to settle for 48 h, with each photo

showing five different concentrations (left to right, three

replicates of each concentration): 1, 0.8, 0.6, 0.4, and 0.2 kg/m3
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work (Thygesen et al. 2011; Hidayat et al. 2012) has

suggested that the endoglucanases might be acting at

fibre dislocations (periodic disordered regions found

along the length of the fibres/fibrils), which make up

only a small percentage of the total accessibility of the

fibre. Thus it is possible that these limited sites become

saturated with endoglucanases at relatively low

enzyme loadings.

Although, due to the exceptionally high hetero-

geneity of MNFC, the aspect ratio calculated from the

gel point method may not provide a completely

accurate value for the average aspect ratio of the

MNFC fibrils, it did provide a simple way to

characterize and compare MNFC samples after vari-

ous treatments. It is likely that the aspect ratio

measurements provided an averaged population value

that includes both the larger fibres and the smaller

nanoscale fibrils. It is also likely that the flexibility and

entanglement of the nanoscale fibrils further affects

the gelation concentration. Thus, the calculated aspect

ratios should be considered only as relative values, and

should not be taken to indicate the true average aspect

ratio of each sample. However, the results reported

here closely match other studies that utilized the gel

point method for micro- and nano-fibrillated cellulose

fibres, strongly supporting the use of gel point

determination for this application (Zhang et al. 2012;

Varanasi et al. 2013).

The gel point determination and aspect ratio

calculations each indicated that endoglucanase treat-

ment could effectively reduce the aspect ratio of the

MNFC samples, with the majority of the reduction

occurring within the first 6 h of hydrolysis. To try to

determine how changes in aspect ratio might influence

the rheology of the enzyme treated MNFC suspen-

sions, viscosity measurements were carried out on

each of the samples.

Viscosity profiles and modification of MNFC

Previous work has shown that the rheological proper-

ties of MNFC suspensions are significantly influenced

by factors such as the nature of the biomass source,

refining/treatment processes, consistency, temperature

and pH (Pääkkö et al. 2007; Karppinen et al. 2012;

Charani et al. 2013a, b; Grüneberger et al. 2014). In the

presence of very low shear forces, the entangled

network of fibrils is resistant to flow and therefore

Fig. 4 Gel point plots of MNFC treated with 1 (a), 2.5 (b) and 5 (c) mg/g endoglucanase loadings for 0–24 h reaction times at a 2%

solids loading

Fig. 5 Aspect ratio of endoglucanase-treated MNFC at 2%

solids over the course of the reaction with different enzyme

loadings as indicated
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exhibits high viscosity. At higher shear forces the

fibrils are more likely to align themselves in the

direction of flow, breaking the fibril network, conse-

quently lowering viscosity in a shear-thinning manner.

When the viscosity profiles of the untreated MNFC

and enzyme-hydrolyzed samples were determined

(Fig. 6), it was apparent that a 1 mg/g enzyme

treatment greatly modified viscosity within less than

30 min. During this time the viscosity, at a shear rate

of 0.1 s-1, decreased by 75% when compared to the

untreated MNFC. However, as reported earlier, the

calculated average aspect ratio of the MNFC

decreased by only 5% over the same time period.

This suggested that, while the decrease in the aspect

ratio of the fibrils likely does play a role in reducing

the viscosity, the reduction in aspect ratio is not the

sole factor that influences viscosity.

We next assessed the viscosity profiles using a

power law model. The viscosity versus shear rate data

were fitted into the power law equation g = KPL c
n-1.

This model is often used for non-Newtonian materials

(i.e. materials whose viscosity is dependent on shear

rate) (Knutsen and Liberatore 2009; Wiman et al.

2011; Rao 2013) and typically, two distinct parameters

are generated. These are the consistency factor (KPL)

and the flow index (nPL). The KPL value is the viscosity

at a shear rate of 1 s-1 with a high KPL value indicative

of a more viscous fluid. The nPL parameter describes

the viscoelastic behaviour of a non-Newtonian fluid

under shear forces. Since a completely Newtonian

fluid has a value of 1 (i.e. viscosity independent of

shear force), the further the value is from 1 the more

distinct the fluid is from Newtonian behaviour. When

the calculated KPL and nPL values of various enzyme-

treated MNFC samples were plotted (Fig. 7), it was

apparent that, while the KPL changed drastically

during the initial stages of hydrolysis (three to fourfold

reduction over the first 30 min), the nPL varied only

slightly from* 0.24 to* 0.35 over the first 30 min.

As an order of 0\ nPL\ 1 normally indicates that

viscosity decreases with increasing shear force (i.e.

shear-thinning) while a value of nPL[ 1 indicates that

viscosity increases with increasing shear force (i.e.

shear-thickening), this indicated that, even at a lower

overall viscosity, the MNFC still exhibited strong

shear-thinning properties after enzyme treatment.

As relatively low enzyme loadings (1 mg/g pulp)

over a relatively short time (30 min) had been

effective in enhancing the rheology of MNFC, we

next assessed the efficacy of even lower enzyme

loadings (0.25 and 0.5 mg/g pulp) and shorter reaction

times (5 and 30 min). It was apparent (Fig. 8) that,

other than the lowest enzyme concentration for the

shortest time (i.e. 0.25 mg/g pulp for 5 min), all of the

treatments resulted in reduced viscosity.

Fig. 6 Shear rate sweeps of MNFC suspensions at 2% solids

treated with 1 (a), 2.5 (b), and 5 (c) mg/g endoglucanase for

0–24 h reaction times
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It appeared that low concentrations of endoglu-

canase could reduce both the viscosity and aspect ratio

of the MNFC suspension and that increasing enzyme

loading above this threshold did not result in signif-

icant additional reductions in viscosity. One possible

explanation is that the exposed cellulose surface

chains were readily removed at low enzyme loadings.

The ease of hydrolysis of highly exposed cellulose

chains on the surface of fibres/fibrils has been reported

previously (Pribowo 2014; Gourlay et al. 2015), where

it took less than 15 min to remove the bulk of the

exposed chains from the cellulose surface. This rapid

removal of surface chains and the lack of enhanced

viscosity reduction at enzyme loadings above 1 mg/g

suggests that a 1 mg/g endoglucanase loading may be

all that is required to remove the bulk of these surface

chains from the cellulose surface over this time frame.

Despite the rapid reduction in the viscosity of the

MNFC dispersions, HPLC analysis of potential

oligomeric and monomeric sugars that might be

solubilized during this process indicated that the

dramatic viscosity changes that were observed

occurred in the absence of significant solubilisation

of the cellulosic material, with maximum solubilisa-

tion of 4–5% of the original material by weight (data

not shown).

Conclusions

Earlier work had shown that the surface of cellulosic

fibres contained a small amount of highly accessible

cellulosic strands and that these fibres/fibrils were

readily accessible to enzymatic attack (Gourlay et al.

2015). A rapid and dramatic reduction in the amount

of these isolated cellulose chains occurred within the

first 15 min of endoglucanase treatment, while only

2% of the cellulose was hydrolyzed. In the work

reported here, endoglucanase treatments were

assessed to see if they could enhance the rheological

properties of MNFC. It was hoped that endoglucanase

treatments would reduce the aspect ratio of the

fibrillated cellulose, thereby reducing pulp viscosity.

However, while a reduction in aspect ratio was

observed, this reduction occurred relatively slowly

Fig. 7 The change in

consistency factor (KPL)

(a) and flow index (nPL)

(b) with reaction time for 1,

2.5 and 5 mg/g

endoglucanase-treated

MNFC at 2% solids

Fig. 8 Shear rate sweep of C 1 mg/g endoglucanase-treated

MNFC reacted for 5 or 30 min at 2% solids
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(12.5% reduction in 30 min), while the viscosity

dropped rapidly and dramatically (75% reduction in

30 min). This suggested that it was not just the

reduction in aspect ratio that was responsible for the

observed reduction in the MNFC viscosity following

enzymatic treatment. It is likely that the primary

determinant for the endoglucanase-promoted reduc-

tion in MNFC viscosity is the hydrolysis and removal

of exposed, individual cellulose chains at the fibril

surface. This results in reduction in fibril–fibril

interactions and entanglement, thereby leading to a

reduction in the overall viscosity of the enzyme treated

pulp. It is likely that other enzymes and treatments can

be used to selectively enhance the rheological prop-

erties of pulps.
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