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Abstract:
Novel-produced never-dried and dried microcrystalline cellulose (MCC) was previously compared with a commercial MCC. The
novel MCC was shown to be a suitable starting material for producing cellulose nanofibrils, in turn having similar molecular
weight Mw, crystallinity, and particle size comparable to those from sequentially enzymatic and mechanically treated softwood
sulphite pulp, but at lower cost. The study here presents a rheological parameterisation of the aqueous suspension throughout
the process, aimed at delivering a correlation between specific surface area, at equal material particle size, and adsorptive
coupling between neighbouring cellulose particles and interstitial water under flow. We conclude that combining dynamic
viscosity with an independent measure of particle size provides a suitable quality control of MCC-derived cellulose nanofibrils,
obviating the need for individual property-raw material relationships to be evaluated, and this principle may provide a generalised method for use in the production of cellulose nanofibrils.
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1

INTRODUCTION

Renewable and biodegradable cellulose-based materials have shown promise for various potential applications including replacement of fossil oil-based products
due to their excellent functional properties [1, 2]. Cellulose microfibrils consist of both amorphous and crystalline regions, and this structure of native cellulosic fibres enables the production of two distinct families of
micro and nanocellulose materials with different morphological and rheological properties [3, 4]. Treatment
of them in strongly acidic conditions leads to an extensive hydrolysis of the amorphous fraction leading to the
release of short rod-like cellulose particles with high
crystallinity and low aspect ratio, termed microcrystalline cellulose (MCC) [1, 5]. Alternatively, when macroscopic cellulose fibres are mechanically disintegrated,
avoiding the strongly acidic conditions, long nanoscale
diameter, partly amorphous, fibrils are produced [6, 7].
In the literature, terms such as microfibrillated cellulose

(MFC), nanofibrillated cellulose (NFC), cellulose nanofibres/fibrils (CNF), and, at intermediate energy input, a
product termed micro nanofibrillated cellulose (MNFC),
in which the microfibrils display nanofibrils on their surface are used [1, 5].
Micro and nanofibrillated cellulose have been
demonstrated positively in many applications related to
their functional properties, such as high surface area,
high bonding strength, biodegradability, or low density
[5 – 7]. The nanofibrils in both NFC and MNFC are typically 4 – 20 nm in diameter and 500 – 2000 nm in length
[1, 3]. The aqueous suspension properties are influenced
by hydrogen bonding between nanofibrils and water
molecules and have rheological properties displaying
partial gel-like structure [3, 5, 8]. Due to the high aspect
ratio and easily modifiable surface chemistry, MNFC has
high potential to act as a building block for various applications including reinforcement in polymer matrices,
aerogels, foams, nanopaper, and transparent and flexible films [7, 9]. When dispersed in water, these highly
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surface charged fibrils form a stable dispersed transparent or semi-opaque gel-like suspension, depending on
the number of remaining larger particles at concentrations as low as 0.03 % [10 – 14]. Mechanical production
of MNFC utilises high-pressure homogenisers or fluidisers, in a process where the cell walls of cellulose containing fibres are delaminated and the nano-sized cellulose fibrils are liberated. The process is, nonetheless,
extremely energy intensive and, furthermore, high pressure homogenisers and fluidisers are easily clogged by
the natural fibres comprising the cellulosic feed, some
of which are retained also after processing [15, 16]. To
minimise these drawbacks, the natural fibres are often
pre-treated using various mechanical/enzymatic treatments, oxidation, and introduction of charges [17 – 20].
The production yield through acid hydrolysis is typically
only 50 – 60 % due to solubilisation of amorphous regions upon hydrolysis [21 – 24]. Although chemical pretreatments of pulp significantly lower the energy consumption in NFC production, it nonetheless remains the
greatest challenge to match the cost-performance criteria due to increasing complexity of these methods,
there remains a need for further development of economical and sustainable methods for producing such
fibrillar materials [19 – 21].
The gel-like MCC and NFC suspensions have a high
water content, which increases transportation costs and
reduces their processability. Furthermore, during storage, the aqueous environment serves to support the
growth of undesirable microorganisms [1, 3, 9]. Such economic and technical disadvantages continue to drive innovation toward obtaining nanoscale cellulose products
with less water [2, 3, 25]. Generally, the direction of investigation has been toward improving dewatering of
the nanocellulose. In addition to the challenges in production and commercialisation of lower water content
nanofibrillar materials, there are time-dependent material property changes to consider, such as hornification;
the irreversible formation of hydrogen bonds between
fibrils during suspension dehydration [26 – 28]. Alternatively, among the various techniques for obtaining dry
MNFC particles, spray drying of MNFC suspensions is
found to be a versatile technique that offers advantages
due to rapid heat and mass transfer in a continuous
mode. MCC has been a subject of research over the past
60 years [24, 29, 30]. It is to be found already in the market
and is nowadays used for a range of high-value applications, such as cosmetics, dairy, food and pharmaceuticals
[1, 2, 24]. Contrary to the typical high aspect ratio microfibrillar starting material, MCC obtained by subjecting cellulose fibres to extensive acid hydrolysis has low
aspect ratio, which leads to low suspension viscosity.
Some early fibrillation studies with MCC were made to
clarify its propensity to break up into single colloidal par-

Figure 1: Production of (M)NFC and CNF suspensions via different routes as a function of feed material and increasing
fluidising cycles: 1, 2, and up to 5 passes.

ticles under mechanical shear [31]. However, if a dry MCC
could in turn decrease logistics cost and provide for a significant increase in feed consistency to a high-pressure
homogeniser (HPH), then the production cost of highly
crystalline MNFC fibrillar material, derived from it, could
be made extremely attractive [32, 33]. Furthermore, if it
were possible to design a process to produce lower cost
MCC, then even greater advantage could be derived.
Such process was described recently in the literature
(AaltoCellTM) where a low chemical consumption raw
material, such as Kraft pulp, and is being considered as
a component process line in biorefining [33 – 37].
A major challenge in making a rheological analysis
of MNFC suspensions in general is apparent wall-slip,
arising from a solids depleted layer forming in contact
with the geometry wall having, thus, a significantly lower viscosity than the bulk suspension. The use of serrated
surfaces in plate-plate geometry or the adoption of a
vane spindle in the bob-in-cup geometry serve to decrease the apparent wall-slip effect, and in turn shearbanding [38]. Additionally, the application of shear in fibril suspensions is found to induce changes in flocculation
and agglomeration of the fibrils, effects that are consistency dependent, and which vary in respect to the morphology and surface charge of the nanofibrils [39]. In the
light of recent understanding, rheological evaluation of
such suspensions has become an important tool for the
investigation of nanocellulose processability, where
even very small alterations in the production routes result in large effects on rheological behavior and dewatering, related often to minor changes in nanofibril morphology, surface charge or crystallinity [39 – 41]. We compare rheologically [41 – 43] nanocellulose fibril suspensions obtained from MCC, comparing material produced
from commercially available MCC with material produced from the novel lower cost MCC production route,
derived from Kraft pulp, and in turn with reference material derived from enzymatically treated sulphite
bleached pulp [44, 45]. The results show close similarity.
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2

EXPERIMENTAL

2.1 MATERIALS AND METHODS
2.1.1 MCCs as raw material and comparison with
sulphite pulp
In this work, we evaluate the rheological properties of
cellulose nanofibrils produced by high pressure fluidising of three raw materials, produced either (i) by enzymatic treatment of never dried sulphite pulp (traditional mechanical route to NFC/MNFC route) [17, 18] or (ii)
via the AaltoCellTM lower cost MCC route from softwood Kraft pulp (resulting in a highly crystalline cellulose nanofibrillar material - NFC) [30], and (iii) commercially available MCC derived from cotton fibre as feed
material [29, 32]. The three respective routes are shown
schematically in Figure 1. The cotton-derived commercial MCC Avicel® PH-101, purchased from Sigma-Aldrich
(Germany) was used in refining steps without pretreatment. Two different softwood chemical pulps
were used for preparation of the other raw materials:
a bleached sulphate pulp from a Central Finnish pulp
mill for the MCC and a bleached sulphite pulp (Domsjö
ECO Bright, Domsjö Fabriker AB, Sweden) for the reference material. The employed sulphuric and citric acids,
and disodium hydrogen phosphate were all analytical
grade, purchased from Sigma-Aldrich (St. Louis, USA),
and used without further purification. The commercial
endoglucanase enzyme used was EcoPulp R® (RAOL Oy,
Finland) with an activity of 152 000 CMU/g (cellulose
tubule uncoupling protein). The enzyme solution was
diluted prior to hydrolysis. Distilled water was used in
all laboratory procedures.
2.1.2 Preparation of reference raw material
The reference raw material (“Ref.” in the following) was
prepared following the previously reported procedure
[30, 32]. In brief, a commercial bleached softwood sulphite pulp was refined to a Schopper-Riegler value of 28°
by PFI milling, employing the standards ISO 5264-2:2011
and ISO 5267-1:1999. The subsequent enzymatic treatment used an enzyme charge of 500 CMU/g at 50°C at
4 % cellulose consistency and gentle spoon mixing every

Figure 2: Sample labelling.

20 min for 2 h 20 min [39, 45. The treatment was made
in citric acid (0.1 M) and a disodium hydrogen phosphate
(0.2 M) buffer solution, adjusting the pH to 4.8. After the
incubation period, the fibres were washed in a Büchner
funnel until wash filtrate conductivity was 5 mS. The enzymatic activity was discontinued by incubating the 4 %
pulp at 90 °C for 30 min with a subsequent washing step.
Finally, the pulp was mechanically refined to a Schopper-Riegler value of 85°, again using the PFI mill, according to ISO 5264-2:2011and ISO 5267-1:1999.
2.1.3 Preparation of MCC raw material (never-dried
and spray dried)
The procedure described by Dahl et al. [27] was used to
manufacture the MCC raw materials via the AaltoCellTM
process. A bleached softwood sulphate pulp was hydrolysed in a tube-like 2.5 dm3 metal reactor by using
H2SO4 as hydrolysing agent. An acid charge of 1.5 %, calculated based on oven-dry cellulose in 10 % consistency
pulp suspension was maintained at 160 °C. Hydrolysis
was ended when the degree of polymerisation (DP)
reached a level of 390 by cooling the reactor to room
temperature and washing the MCC produced in a Büchner funnel on a 90-mesh wire sieve. A portion of the
MCC was retained as never-dried product and used as
such in the further experiments to produce CNF (referred to as “DP390” in the following) [45]. The remaining part of the produced MCC was converted to dry
powder (referred to as “DP390-dry” in the following) by
spray drying (Niro Mobile Minor, Niro Atomizer Ltd., Copenhagen, Denmark) at 5 % feed consistency using inlet
and outlet air temperatures of 350 and 90°C, respectively. The MCC so produced typically contains about
10 % xylan, the rest being highly crystalline cellulose.
2.1.4 Preparation of (M)NFC and CNF
The microfluidising equipment (Microfluidiser M-110P,
Microfluidics Corp.) consisted of two Y-shaped impact
chambers connected in series [30]. The internal diameter of the first impact chamber flow channel was 200
mm and the second 100 mm. The production pressure
was controlled at 2000 bar throughout to prepare all
the products, ranging from micro to nanofibrillated cellulose (M)NFC via the reference
route, and cellulosic micro to
nanofibrillar (CNF) via the MCC
route according to the number
of fluidising passes applied. After each pass through the impact chambers a sample was
taken for further analysis. The
maximum number of passes
was five. Various feed consistency levels for each raw material
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were tried and the maximum consistency levels were
determined according to the operation of the fluidiser
equipment, i.e. the maximum consistency possible
whilst maintaining a smooth and trouble-free flowthrough, implying no uncontrollable thickening, clogging or other processing problems [21, 31]. The applicable sample nomenclature including feed type to the fluidiser, consistency and number of passes (N/c/n) is
shown in the schematic in Figure 2.

2.2.3 Electron microscopy
Scanning electron micrographs (SEM) of the raw materials and the products were taken by field-emission scanning electron microscopy (FE-SEM: Philips XL 30 Feg,
Cryo: Alto 2500, EDX: Inca, Oxford Instruments with
AZtec software) [42]. The wet samples were subjected to
two-step liquid-displacement using a fully water-soluble
low-molecular weight alcohol, frozen and then allowed
to sublimate under freeze-drying conditions. Prior to FESEM imaging, the samples were coated with platinum.

2.2 ANALYTICAL TOOLS
2.2.1 Particle size and morphology
The particle/agglomerate size distributions of the MCCs
(Avicel, DP390 never-dried and DP390-dry) were measured in triplicate using a Mastersizer 2000 equipped
with a Hydro 2000 MU dispersion unit (Malvern Instrument Ltd, United Kingdom) [30]. The volume fraction
size distribution median diameter d50v value was used
as a measure of the applicable particle size. The following measurement protocol and parameters were used
as described previously [32]. About ~ 0.5 g of the sample
solid was mixed into 25.0 cm3 of water using a dispersion
unit at 800 1/min (rpm) stirring rate. Next the suspension was ultrasonicated for 60 s with an amplitude of
39 % and frequency of 20 Hz. A fully disintegrated sample (5 cm3) was pipetted into the dispersion unit and the
particle size distribution was measured by three sequential five-second measurements at 60 s intervals.
The background signal was determined with distilled
water alone each time prior to sample measurement.
The Ref. sample fibre morphology was analysed by a Kajaani FiberLabTM (Metso Automation Oy, Finland). A
sample was diluted to 0.004 % consistency using distilled water. The analyser set measurement throughput
speed was 25 fibres 1/s and the sample volume included
at least 40000 fibres. The measurements were once
again performed in triplicate.
2.2.2 Degree of hydrolysis polymerisation (DP)
The DP was calculated from the intrinsic viscosity [η] of
the cellulose raw materials measured according to
SCAN-C 15:99. The calculation was made according to
the standard SCAN-C 15:88 Mark-Houwink equation,
employing previously published constants

2.2.4 Specific surface area
The specific surface area (SSA) of the samples was
analysed using a NOVA 4000 (Quantachrome GmbH
and Co., Odelzhausen, Germany) and pure N2 gas to provide adsorption isotherms. SSA was then calculated by
the Brunauer–Emmett–Teller (BET) equation [33, 46].
The sample pre-treatment procedure was identical to
that used in SEM imaging.
2.2.5 Crystallinity
X-ray powder diffraction (XRD) patterns (see Appendix
Figure A1) were obtained on an X’Pert PRO MPD Alpha- 1
diffractometer (PANalytical, Almelo, Netherlands) using a Ge-filtered CuKα radiation beam (λ = 0.154056 nm)
operated at 45 kV and 40 mA. The samples were measured at a scan rate of 0.033667° 1/s over a 2θ-range of
5 – 70°. Prior to XRD measurements, the cellulose raw
material samples were air-dried for 24 h at room temperature, followed by 12 h at 80 °C. The wet samples
were first poured onto a laboratory Petri dish before drying using the same procedure. The crystallinity index (CI)
was calculated by the peak height method from the XRD
data, according to the equation by Segal et al [47, 48]:

(2)
where I002 is the intensity of the diffraction peak with
Miller indices {hkl} = {002} in the crystalline region and
Iam is the intensity of the background amorphous hump
underlying the {002} diffraction peak, i.e. at 2θ (I002). The
cellulose crystallite size Dhkl was calculated from the
width of the peak at 2θ around 22.4° adopting the Scherrer equation [61]

(1)
(3)
where [η] represents the intrinsic viscosity, and Q’ and
a have the values 0.42 and 1.0, respectively, assuming
a DP of < 950 and the values 2.28 and 0.76 if DP > 950
[32, 33]. All measurements were repeated in triplicate.

where k’ is the Scherrer constant (0.94), λ is X-ray wavelength, β is the full-width at half-maximum in radians,
and θ is the Bragg angle.
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2.2.6 Turbidity
The sample suspension turbidity (= 1/light transmittance) was measured using a spectrophotometer (Shimadzu UV-1800 UV-VIS, Shimadzu Corporation, Japan)
at 0.1 % solids consistency, as described by Kangas et al.
[50] with the following modifications. The product
sample was first dispersed in Milli-Q water by magnetic
stirring at 300 1/min(rpm) for 15 min, followed by 1 min
high-shear mixing at 4000 1/min (IKA T25 Ultra Turrax,
Ika Labortechnik, Germany). Immediately after mixing
each sample was analysed for light transmittance (λ =
200 – 1000 nm). Transmittance was recorded at 600,
800, and 1000 nm. All measurements were repeated in
triplicate.
2.2.7 Water retention value
A modified Water Retention Value (WRV) measurement was used in estimating the network level swelling
of the product samples [32, 36]. The method has been
developed from the standard SCAN-C 62:00, which includes centrifugation of the pulp pad at 3000 g for
15 min. Since the standard method is not suitable for
pure MNFC suspensions, a mixture of 90 % never-dried
bleached hardwood (WRV0 = 1.8 cm3/g) with 10 % (dry
solids equivalent) of the sample to be analysed was
used in the measurements, to promote sufficient
drainage. The desired WRV of the sample is then calculated from the measured WRV of the mixture

(4)

2.3 RHEOLOGICAL MEASUREMENTS
2.3.1 Viscoelastic properties
A rotational and oscillation rheometer (Physica MCR
300) was used in both controlled shear and strain
modes with a plate-plate geometry. The rheometer was
equipped with roughened (serrated) top (PP20) and
bottom (P-PTD 200) plates [3, 11]. The bottom plate implementing a Peltier temperature control with fixed
temperature at 23 ˚C. The gap between plates was initialised to 2.5 mm [12]. The linear viscoelastic behavior
was identified with oscillatory measurements applying
a strain sweep at a constant angular frequency w of
10 rad/s, after which frequency sweep measurements
were performed where the strain γ was varied between
0.01 to 500 % [11]. It should be noted here that for
macrofibrous as well as colloidal particulates that undergo multiple structural configuration changes generating a variety of elastic interactions viscoelastic re-

sponse to deformation does not occur over a single linear viscoelastic region (LVE), and so the term LVE in this
context refers to the region applicable for the fixed frequency of oscillation used, providing values for the viscoelastic moduli (G’ as storage and G’’ as loss modulus)
[36, 37].
2.3.2 Yield stress
Yield stress is perhaps the most important rheological
property of complex suspensions, as it needs to be exceeded in order that flow takes place. As the apparent
effective yield stress depends on the determination
method and the flow geometry, it can be distorted by
potential wall-slip, or better defined as solids depletion
at the geometrical boundary, in gel-like materials,
which adds to the challenge of its estimation [36, 42].
Due to the different nature of yield stress phenomena
within nanofibrillar suspension systems, related to water binding and gelation properties as well as particle
morphology/aspect ratio, we evaluated yield stress using results from viscoelastic measurements [39, 43].
The elastic stress component in oscillatory measurements is given by

(5)
As strain γ is increased at a constant rate under constant
frequency w in the oscillatory amplitude sweep measurements, the maximum in the elastic stress ts corresponding to the static elastic yield stress tso was determined as the first point of deviation from the linear
elastic deformation occurring at a corresponding critical strain value γc.
2.3.3 Shear thinning behavior
The influence of shear rate on the variation of complex
viscosity η* was evaluated by measuring complex viscosity response as a function of increasing angular frequency w in the range of 0.1 – 100 rad/s. To define differences between the respective suspensions regarding their colloidal interactions, packing effects and friction between particles and/or nanofibrils during the
flow, flow curves of the complex viscosity η* were also
fitted to a power law according to an equivalent of the
Ostwald-de Waele empirical model (Equation 7) allowing in particular for the comparison of different water
binding properties within the linear viscoelastic region
(LVE) for an effective complex viscosity η*, using an effective shear rate determined as the root mean square
value under oscillation, and effective dynamic viscosity
beyond the elastic region η, respectively [39, 40]. For a
sinusoidal oscillation with angular frequency w (Figure 3) the root mean square velocity is given by
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(a)

(b)

Figure 3: The volume equivalent agglomerate particle size distribution as measured using light scattering of feed materials prior to fluidising (a) and example products after 1, 2, and 5 fluidising passes comparing 3 => DP390-wet and 4 => DP390-dry at
three different feed solids concentrations (b).

(6)
where A0 is the amplitude of the oscillation. We can,
therefore, derive a root mean square shear rate γ· =
vrms/A0 such that the Ostwald-de Waele shear thinning
model can be approximated in the case of complex viscosity as

(7)
where kc and nc in Equation 7 are the flow consistency
index and the power-law exponent, respectively. For
the complex viscoelastic case nc = 1 indicates a Newtonian fluid, whereas nc < 1 indicates a pseudo-plastic
(shear thinning) behavior.
2.3.4 Structure recovery 3ITT measurements
The purpose of this recovery measurement is to determine how consistency and presence of a large number
of fine fibrils might lead to induced flocculation/agglomeration within the gel-like sample matrix and so
affect recovery of network structure after removal of
high shear [39, 51]. This measurement can be expected
to provide information on the dynamic elastic structure
recovery after high shear deformation in a head box
and/or during fluidising. It is desirable that the initially
high dynamic viscosity can perhaps be reduced to provide an easily “flowing state” for application and then
to recover when forming the final material. Initially, in
the first low shear interval, samples were subjected to
low shear rate under purely rotational conditions (γ· =
0.1 1/s), then subsequently high shear rate (γ· = 500 1/s)
and finally once again low shear rate “recovery” (γ· = 0.1

1/s). Structure recovery was traced in respect to recovery
of dynamic transient viscosity η+ in the third interval,
expressed as percentage of ratio η+/η0 after 300 s of
measurements, where η0 is the low shear viscosity at
the beginning of the first interval [51, 52].
2.3.5 Rheological data variation
Data variation in the rheological measurement for the
gel-like thixotropic systems was within 10 %. Noise reduction in the raw data was additionally applied using
Tikhonov regularisation [42]. The first step in the correction process is to remove obvious outliers (negative values and values out of scale) [37, 38]. The actual Tikhonov regularisation step consists of minimising a linear
combination of a residual term (between raw and
smoothed data) and a term representing the amount of
remaining noise in the smoothed data. Adjusting the ratio between the coefficients in the linear combination
determines the level of smoothness of the smoothed
data. Fitting low order polynomials to the ends of the
data and replacing the y-coordinates of the ends with
values calculated from the fits prevents the appearance
of unnecessary winding at the ends. If necessary, the
smoothing procedure could be advanced segmentally.

3

RESULTS AND DISCUSSION

3.1 PARTICLE PROPERTIES
3.1.1 Size distribution – feed and product
The differences between the raw materials and the resulting fluidised products, regarding physical size can
be observed from the laser light scattering agglomerate
size distribution presented in Figure 3. The size distributions of the feed material are shown in the plot Figure
3a. They fall into four categories of decreasing agglomerate size (1) Ref. fibrous source, (3) DP390-wet, (2) com-
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mercially sourced powder MCC, and (4)
DP390-dry. Remembering that the
measurement records a volume average scattering cross-section, it is not
easy to extract shape information,
which becomes immediately revealed
when viewing the electron microscope
images (Figure 4) [53]. However, the order of size fully reflects the source material, such as the fibre-nature of the
enzymatically treated pulp 1 being the
largest [32], as well as differences in
sample preparation for the DP390-wet
[30, 33] and DP390-dry samples [54],
since we can expect some collapse of
nanofibrils during drying and thus
similar in properties to those of the
commercial powder MCC. Therefore, it
is possible even at this stage to speculate that drying reduces the surface
material extension into the aqueous
phase that takes place in such hydrophilic highly charged species. Figure 3b
also clearly shows that the ability to
raise solids concentration of the feed
when using dried MCC results in finer
product material, and interestingly the
action of drying the MCC (DP390-dry)
also delivers an even finer end-product
[32, 54].

Figure 4: SEM images of feed samples prior to fluidising: (a) Enzymatically pretreated reference sample (1 => Ref), (b) cotton linters-originated powder MCC
(2 => Avicel), (c) AaltoCellTM originated 3 => DP390-wet MCC, solvent exchanged
for imaging, and (d) spray dried 4 => DP390-dry MCC.

3.1.2 Particle morphology – feed and
product
Figure 4 shows the SEM images of the
raw feed materials, and the data can be
Figure 5: SEM images revealing the difference in the morphology of fibrillated
compared with Figure 3a. Clear differproduct regarding the feed type, consistency and fluidising passes: (a) 1 and
ences are visible between the materials
2 => Ref fibre-derived and Avicel, and (b) 2 and 3 => Avicel and wet DP390-wet
when comparing the enzymatically
and (c) 3 and 4 => DP390, and spray dried DP390-dry MCC-derived products.
treated bleached fibre 1 (Figure 4a) and
the MCC rod-like materials 2, 3, and 4
(Figure 4b – d). However, closer inspection also reveals during the spray drying process, indicating the effect of
some significant structural differences between the meniscus forces during drying [32, 54]. This, then, agrees
commercial Avicel MCC 2 and the MCCs produced using fully with the ranking of particle size seen in Figure 3a.
the AaltoCell process 3 and 4 (Figure 4b versus Figures 4c Therefore, the properties of these DP390 MCC types, nevand d). The AaltoCell DP390 material 3 and 4 displays sig- er-dried 3 versus spray dried 4, can be expected to differ
nificantly larger aspect ratio than the commercial MCC prior to further processing [55].
The SEM images in Figure 5 show by taking selected
2, which probably reflects to some extent the softwood
Kraft pulp source properties [30, 32, 33]. Importantly, we examples that progressive passes through the highcan observe the impact of drying on the DP390-dry 4 ver- pressure fluidiser and increasing feed consistency act
sus DP390-wet MCC 3, and by implication also the com- to produce finer, and thinner, fibrillar structures as well
mercial dry powder 2, in that the surface microfibrillar as a more uniform fibril morphology [56]. Feeding constructure, seen in the wet state and preserved during the sistency of 1.5 %, with one cycle of fluidising only, apsolvent exchange sample preparation for the micro- pears ineffective in producing fine nanostructure, such
scope imaging, has collapsed onto the parent particle that higher consistency and greater fluidising are re-
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quired to impart significant fibrillation [57]. Moreover,
the micrographs indicate visually that there are small
but nonetheless likely significant differences between
the products processed from the two different DP390
MCC raw materials at the same feed consistency, recalling Figures 4c and d, namely never-dried DP390-wet
MCC 3 and spray dried DP390-dry MCC 4, respectively,
especially where higher process consistency (4.5 %) resulted in fibril structures displaying a very thinly fine
“spider’s web”-like nature, with the dried MCC DP390dry showing somewhat less entangled and slightly finer structures. Whether this hypothesis is statistically
supportable should be revealed in the rheological behavior [57]. The SEM visual assessment, therefore is supported by the dynamic laser light scattering particle size
results (Figure 3) and shows us by the inclusion of the
results for increasing amount of feed consistency per
fluidising steps, that increase in feed consistency behaves similarly to the increase in fluidising steps [31, 37,
56]. However, due to the large initial size of Ref fibrederived feed particles 1, the feed consistency is limited
to 1.5 %, which makes it impossible to reach the finer
structure (Figure 5) and smaller size achievable using
MCC as starting material.
The commercial MCC particles 2 showed similar
surface texture as the spray-dried DP390-dry 4 samples,
which indicates that hornification upon spray drying results in a decreased particle size MCC (Figure 3) as also
seen corresponding to the SEM images (Figure 4) [35].
The given DP and Mw values are shown in Table 1 together with specific surface area (SSA). In general, SSA
decreases upon acid hydrolysis, as manifest when going from feed sample Ref 1 towards wet MCC 3, and
spray dried MCC 2 and 4, the latter spray dried DP390dry 4 having similar SSA value as the commercial MCC
2: This effect also remains to be confirmed in the rheological characteristics. Crystallinity index (Cl) results
confirm that morphological similarities from SEM images seen in Figure 4 between Avicel MCC and DP390dry MCC are also present in their solid molecular structure, as observed for similar materials in Vanhatalo et
al. [32]. The SEM micrographs in the current study (Figure 5) are in good agreement with previous studies reporting fine cellulose fibrils of nanoscale dimensions
after mechanical fibrillation [8, 11, 30].

within the composite matrix [3, 13]. Therefore, it is necessary to decouple the effects of the combined drivers
for these properties, namely feed consistency and number of passes through the fluidiser, e.g. for the same
feed consistency, increased fluidising will change the
level of fibrillation and determine the fibril morphology, whereas increased consistency at a fixed number of
fluidising passes will increase the work input per pass
and so increase fibrillation but likely modify the morphology [8, 56, 57]. Any differences in the degree of entanglement, agglomeration and/or flocculation in the
network structure, resulting from the increased degree
of fibrillation, should manifest itself in a change of suspension mechanical and viscoelastic properties, including gelation [39]. It is known that for gel-like nanocellulose suspensions G’ and G’’ are relatively independent
of angular frequency ~ w0, while for viscoelastic materials both G’ and G’’ have characteristic frequency dependency ~ wn and for flocculated suspensions nG’’ > nG’
[12, 56].
At the beginning of the strain sweep, under low
strain γ (Figure 6) both storage and loss moduli exhibit
a constant value (G0’ and G0’’) with G0’ > G0’’ until a critical strain amplitude γc is reached, which defines the
end of the linear viscoelastic region (LVE). On the one
hand, the change in extent of this span of constant
moduli over strain (LVE) is visible for the MCC materials
2, 3, and 4, being greater for higher feed consistency and
number of passes through the fluidiser [2, 57]. This reflects the increase of surface area and the greater number of thinner fibrils leading to a strong homogeneous
gel-like structure of the suspension. On the other hand,
the reference sample 1, derived from direct pulp treatment, shows little to no response to the increase in fluidising in respect to the LVE region at the limited consistency of 1.5 % and illustrates the dominating role of
residual fibres in determining the elastic structure,
forming entangled flocs [40, 43, 56]. The decade of magnitude difference between the viscoelastic moduli ( G’
≈ 10 G’’) seen throughout in Figure 6, even at the low
1.5 % feed consistency for all fluidising passes (1, 2, and

3.2 RHEOLOGICAL PROPERTIES
3.2.1 Viscoelastic behavior
The rheology of fibrillated cellulose suspensions is
known to be dependent on the fines contained in the
sample, associated with surface charge and fibril morphology, which are expected to influence suspension
properties due to different friction and relative mobility

Table 1: Raw materials: molecular and structural characteristics.
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(a)

(c)

(b)

(d)

Figure 6: Elastic and storage moduli (G’ and G’’) of aqueous suspensions of the various feed materials through increasing
fluidising steps (1, 2, and 5) and increasing consistency as a function of strain amplitude: (a) Reference 1, (b) commercial MCC 2,
(c) DP390-wet MCC 3, and (d) DP390-dry 4 (elastic modulus G’ = closed symbols, loss modulus G’’ = open symbols).

5) is explained with respect to the combination of high
colloidal stability derived from mutual charge repellence and the combination of surface adsorbed and
trapped water structure. For the MCC feed materials 2,
3, and 4, the magnitude of the moduli increases as a
function of mechanical work input (number of passes
and consistency increase) until a plateau is reached, after which there is not much change in the viscoelastic
response. This can be readily related to the level of fibrillation [11, 12, 41]. Once again, in the case of the reference sample feed 1, no such response is seen at the limited feed solids of 1.5 %. The blocky particle morphology
of the commercial dried MCC 2, as expected, leads to
the lowest starting moduli values [3, 19].
The relative responses of the furnishes, therefore,
regarding the degree of fluidising, and the resulting fibrillation generates a progressive increase in gelation of
the fibrillated suspension matrix [3, 13, 56]. Deriving fibrils from MCC instead of from fibre-retaining feed material, enables work to be applied directly to the function of specific surface (SSA) rather than energy being
lost overcoming the mechanical elastic structure associated with entangled retained fibres [55, 57]. By adopting spray dried MCC, with its lower starting viscosity

compared to the never dried material, not only can
solids content be raised, but the initial energy input to
direct nanofibrillation will be somewhat greater [54,
56]. These viscoelastic properties in Figure 6 correlate
well with the product electron micrographs previously
discussed in Figures 4 and 5.
We can follow a similar behavior in respect to the
viscoelastic moduli as a function of applied frequency
(Figure 7b and c). Progressive increase in fluidising, and
thus related particle size decrease, is reflected in the reduction in both G’ and G’’ for the all samples as discussed above. Feeding consistency dependence is seen
through the difference in gel-structure between the 1.5
and 7.5 % dry MCC material products as frequency increases (Figure 7b). As loss moduli is frequency dependent for flocculated suspensions, this is good indicator
of flocculation/immobilisation within the matrix as the
particles are forced to respond to ever faster oscillatory
motion, at higher feed consistency, enabled by using
dry MCC feeds, and increase in fluidising steps, G’ and
G’’ remain constant, independent of frequency [11, 32].
This behavior is indicative of the greater gel-like properties resulting from the increased number of finer fibrils (Figures 7b and c). As can be seen for the DP390 feeds
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(c)

(d)

Figure 7: Response of G’ and G’ against frequency (w = 0.1 - 100 rad/s) for all feed consistencies possible for each given feed suspension (1.5, 4.5, and up to 7.5 %) and fluidising steps (1, 2, and 5): (b) Commercial dry MCC 2 at 1.5, 4.5, and 7.5 %, (c) never dried
DP390-wet 3 refined at 1.5 and 4.5 %. Elastic modulus G’ is shown as closed symbols, loss modulus G’’ as open symbols. Complex
viscosity curves for fluidised suspensions η* as a function of angular frequency w presenting shear thinning behavior as a function of feed material, consistency, and fluidising step: (a) Ref feed 1 and (d) spray dried DP390-dry.

in Figures 7c and d, the effect is consistent with results
shown previously in Figures 6c and d, in that the elastic
modulus G’ for highly fibrillated material generally remains constant over the frequency range, as the more
water trapping the fibrillar material, the more dispersed and gel-like the suspension. The never dried
MCC, DP390-dry, could not be run through the fluidiser
at the highest solids content of 7.5 % achieved by the
dried MCCs and was limited to 4.5 % [33]. This is a process viscosity indicator, reflecting the presence of finer
fibrils on the surface, which increases the effective volume fraction. The commercial MCC 2, due to the absence of fibrillation on the particle surface, enables
higher initial packing density, and so displays a greater
dependency of G’’ as fluidising proceeds, creating the
finer fibrils [56, 57].
3.2.2 Shear thinning behavior
The plots of dependence of complex viscosity η* on angular frequency w are also shown in Figures 7a and d.
We can see that all the suspensions are shear thinning,
indicating the rupture of the structural interactive component(s) as the deformation rate increases and is typical for nanofibril suspensions. In Figures 7a and d, the

higher the feed consistency, the greater the decrease in
complex viscosity η* accompanying the increase in fluidising. However, at lower feed consistency the reverse
occurs, since the viscosity is low at the lower feed solids
but, as the fibrillation proceeds, the viscosity rises to
equal that of the higher solids processing, displaying
that the system converts to a particle number dependency of fine water-binding material, i.e. greater volume fraction. All flow curves show power-law decay behaviour, i.e. they take the form of Equation 7. The results
of fitted shear thinning coefficient nc and flow consistency index kc show weak dependence on the feed consistency, but if we artificially set nc = -1 for all suspensions the values of kc decrease with increase in feed consistency and fluidising, in agreement with some earlier
work [36, 43]. The higher the feed consistency to the fluidiser, the topmost solids being possible for the dried
MCC samples showing hornification, together with increasing fluidising steps, the greater the number of material particles that are generated [55, 57]. As the particle
number increases, the particle size decreases, and at
the extreme case the aspect ratio increases dramatically as the fibrils become thinner as was shown in the SEM
micrographs of Figure 4 [18, 38, 40].
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Figure 8: Static stress ts response to increasing strain amplitude showing static yield stress ts0. Stress is reported according to
feed consistency (1.5, 4.5, and up to 7.5 %) and the three fluidising levels (1, 2, and 5 passes): (a) Ref-derived samples 1 at 1.5 %
feed consistency, (b) commercial powder MCC-derived samples 2, (c) never dried DP390-wet 3, and d) spray dried DP390-dry 4.

3.2.3 Static stress behavior
The structuration within the furnish matrix increases
the span of static stress values as a function of strain
until the breakdown starts at the plateau critical yield
stress value ts0 as the combined structure derived from
both mechanical agglomeration, flocculation, and entrapped water within the fibrillar network increases the
stress response of the material (Figure 8) [38, 40]. This
behavior is dependent on fibril morphology and evident
as the aspect ratio is increased by increased fluidising
as finer fibrils are released, and the feed consistency further promotes this effect. The electrostatic component
of the interaction is manifest in the long range colloidal
interaction, and the structural entanglement occurs between the longer elements, most prevalent in the reference-derived fibre-containing samples compared
with shorter and finer fibrils derived from MCC, especially at higher feed consistency (Figures 8b and d). The
stronger gel-like behavior is produced by the more pronounced water hydrogen bonding within the suspension at high surface area in the dispersed wet state, resulting in further increased effective volume fraction
[31, 36, 44]. This reinforced structure accounts for the
high yield point in the suspensions [32]. The apparent
yield stress of all suspensions increases with the
amount of fluidising, additional expressed through increase in feeding consistency [17, 23].

3.2.4 Structure recovery after shear
Higher fibrillation decreases the time it takes for the
structure to regain its original thixotropic nature [12, 52].
This is shown in respect to the transient viscosity recovery η+ in the third interval of the three interval thixotropy test (3ITT), following previous shear thinning during second high shear interval (Figure 9). This rheopectic
recovery behaviour, seen at constant shear rate, can result in an over-shoot peak upon eventual cessation of
shear. To trace the over-shooting behavior of structure
recovery in the third interval, we reduce the values of η+
with the value of the initial dynamic viscosity in the first
interval η0. An important conclusion regarding the
structure recovery after high shear (Figure 9) is that the
transient viscosity recovery η+ after high shear is very
fast for highly fibrillated material, indicating the number of fibril-fibril interactions and their mobility define
the rate of structure recovery. However, the less fluidised samples, especially those containing larger fibre
remnants (Ref 1), display greater thixotropy, such that
after shear thinning, it is not possible to recover the full
starting structure under continuous very low shear, indicating that the particle mobility is limited and the system needs a longer time in a completely static state to
recover the full stationary agglomeration which was
broken down under shear [51, 56].
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(a)

Figure 10: Progressive increase in water retention (decrease of
WRV value) of samples as a function of increasing feeding
consistency and number fluidising cycles illustrated for the
two dry MCC sample feeds, namely 2 commercial MCC and 4
AaltoCellTM DP390-dry.

(b)

the less fibrillated product [51, 52]. This observation contrasts with the reduced agglomeration/flocculation for
samples derived from the spray dried MCCs 2 and 4, Avicel and AaltoCell DP390-dry, with the never dried
DP390-wet falling between the dry MCCs and the fibrous reference system [32, 56]. The suspected change
in morphology of spray dried AaltoCellTM-derived samples is supported by the light transmittance (inversely
proportional to turbidity), Table 2 and seen in respect
to the more gel-like suspension arising from the “hairlike” nanofibrils on the particle surface [45, 50].
3.3 CORRELATION WITH WATER RETENTION VALUE

(c)

Figure 9: Transient viscosity η+ as a function of time in the
three intervals in the low/high/low shear regime obtained
from the 3ITT procedure, with inserts in presenting normalised
transient viscosity η+/η0, where η0 is the initial dynamic viscosity in the first low shear interval: (a) Ref sample 1, (b) commercial powder MCC 2, (c) never dried DP390-wet 3, and (d)
spray dried DP390-dry 4.

3.2.5 Parameterising the flow response
To compare the different response of complex η* we use
iterative least squares methods to reveal the behavior
of the flow coefficient kc for each sample, together with
the respective fitted values for shear thinning index nc
where the values are reported as - (nc - 1) = 1 - nc (Equation 7). Two separate fits are made for the two regions
of shear thinning, i.e. on either side of the transition
turning point and yielding values of {kc1, nc1} and {kc2,
nc2}. We see in most cases that kc1 is larger for the more
agglomerated furnish-derived material that contain

A thorough description of the water binding behavior
of a fibrillar cellulose gel should include both the water
trapped within the fibrillar network and the water immobilised around and on the surface of the particles [51,
57]. As presented in Figure 10, the WRV data demonstrate the water trapping nature (reducing WRV value)
of the more fibrillated materials following 5 passes
through the fluidiser and the increase in the gel-build.
These WRV results correlate with data obtained from
rheological experiments and the fibrillation level can
be seen in the SEM images (Figure 4). Increasing fluidising cycles and raising feed consistency using MCC as
the start material results in higher water retention, correlating for each feed with the increase in transmittance and finer fibril structure. Initially, spray drying
MCC reduces the water retention of the feed material,
related clearly to the hornification and reduced SSA, but
the ability to fluidise at higher consistency results in
greater end-product fibrillation and so the highest water retention values (lowest WRV values) are then obtained [36, 37, 51, 56].
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Table 2: Summary of the collected data and their parameterisation, providing comparison of the effective rheological behavior
obtained from oscillatory and structure recovery measurements, together with light transmittance values at wavelengths λ =
400, 600, 800, and 1000 nm.

4

CONCLUSIONS

Particle size and electron microscopy of fibrillated cellulose materials derived from a comparative series of
feed materials undergoing high-pressure fluidising
showed that thinner more crystalline cellulose nanofibrillar material can be derived from microcrystalline cellulose (MCC) compared with traditional enzymatic
treated mechanical homogenised fibre pulp yielding
micro nanofibrillated fibres (MNFC and NFC). The degree of fibrillation, its state of dispersion and the binding behavior of the cellulose surface for water, forming

a gel-like structure, could be clearly followed using rheological procedures focusing on the viscoelastic and
complex viscosity properties, reflecting colloidal structure and its breakdown, respectively. Rheological
analysis can, therefore, be considered a suitable technique to determine product form constancy. Using the
spray dried MCC obtained via the AaltoCellTM process,
derived from softwood Kraft pulp, it was confirmed to
enable a five-fold solids increase to be applied during
fibrillation, as predicted by rheological analysis, compared with a traditional reference consisting of enzymatic pre-treated pulp fibre-derived feed.
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Figure A1: X-ray diffraction patterns of raw materials (a) and
microfibrillated celluloses in 1.5 % consistency after pass 5 (b):
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