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Toward exploiting the attractive mechanical properties of cellulose I nanoelements, a novel route is demonstrated,
which combines enzymatic hydrolysis and mechanical shearing. Previously, an aggressive acid hydrolysis and
sonication of cellulose I containing fibers was shown to lead to a network of weakly hydrogen-bonded rodlike
cellulose elements typically with a low aspect ratio. On the other hand, high mechanical shearing resulted in
longer and entangled nanoscale cellulose elements leading to stronger networks and gels. Nevertheless, a widespread
use of the latter concept has been hindered because of lack of feasible methods of preparation, suggesting a
combination of mild hydrolysis and shearing to disintegrate cellulose I containing fibers into high aspect ratio
cellulose I nanoscale elements. In this work, mild enzymatic hydrolysis has been introduced and combined with
mechanical shearing and a high-pressure homogenization, leading to a controlled fibrillation down to nanoscale
and a network of long and highly entangled cellulose I elements. The resulting strong aqueous gels exhibit more
than 5 orders of magnitude tunable storage modulusG′ upon changing the concentration. Cryotransmission electron
microscopy, atomic force microscopy, and cross-polarization/magic-angle spinning (CP/MAS)13C NMR suggest
that the cellulose I structural elements obtained are dominated by two fractions, one with lateral dimension of
5-6 nm and one with lateral dimensions of about 10-20 nm. The thicker diameter regions may act as the junction
zones for the networks. The resulting material will herein be referred to as MFC (microfibrillated cellulose).
Dynamical rheology showed that the aqueous suspensions behaved as gels in the whole investigated concentration
range 0.125-5.9% w/w,G′ ranging from 1.5 Pa to 105 Pa. The maximumG′ was high, about 2 orders of magnitude
larger than typically observed for the corresponding nonentangled low aspect ratio cellulose I gels, andG′ scales
with concentration with the power of approximately three. The described preparation method of MFC allows
control over the final properties that opens novel applications in materials science, for example, as reinforcement
in composites and as templates for surface modification.

Introduction

There exists a growing interest in cellulose I beyond its
extensively studied classic applications as its abundance,
biological origin, and inherent properties encourage the utiliza-
tion of nanoscale cellulose I elements for a variety of potential
novel applications. Cellulose I is made from glucan, a linear,
high-molecular weight natural polymer consisting of repeat-
ing â-(1f4)-D-glucopyranose units.1 The revived interest is
because the cellulose present in macroscopic fibers obtained
from, for example, plants consists of a hierarchical structure
built up by smaller and mechanically stronger entities. The
smallest discernible building block of cellulose I is a bundle of
parallel glucan chains, typically with a square or close-to-square

cross section, herein referred to as a cellulose I fibril. Such
fibrils aggregate as fibril aggregates. For typical wood pulp
fibers, the lateral dimension of fibrils is about 5 nm and for
fibril aggregates about 20 nm, depending both on species and
history.2,3 The strong mutual packing of fibrils in a fibril
aggregate makes them difficult to disintegrate. Fibril aggregates
are characteristic for cellulose I from plant fibers. The finite
lateral dimension of the fibrils prevents that all glucan chains
would be crystallized, as the glucan chains belonging to the
surface of the fibrils are considered noncrystalline. Localized
distortions along the transverse direction of the fibril can also
contribute to the amount of noncrystalline glucan chains and
form “weak spots” with an increased susceptibility for, for
example, hydrolysis. Mercerization or regeneration changes the
crystalline cellulose I structure partially or completely to
cellulose II, which is a form of cellulose with antiparallel glucan
chains.4,5

Several routes to prepare fibrils or fibril aggregates have been
described: A straightforward concept is based on dissolution
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in solvents, regeneration, and even potentially electrospinning6,7

where the dissolution process leads to structural elements of
the cellulose II4,5 type, which typically has reduced strength. If
a complete dissolution is not preferred and, instead, disintegra-
tion down to the level of the mechanically strong cellulose I
fibrils or fibril aggregates is pursued, two main concepts have
been described: Strongly acidic conditions combined with
sonication lead to aggressive hydrolysis to attack the noncrystal-
line fractions. This results in mainly low aspect ratio cellulose
I fibril aggregates and fibrils which are also denoted as
whiskers,8-12 see Figure 1. The relatively low aspect ratio and
rodlike character is useful to prepare chiral nematic phases in
aqueous media10,11,13but leads to mechanically relatively weak
gels, which are not particularly suitable for mechanical rein-
forcement.

For pursuing applications which require extensively entangled
networks and higher strength, chemically less aggressive hy-
drolysis14 concepts have been found to maintain a high aspect
ratio of the cellulose I fibrils or fibril aggregates, potentially
allowing strong or even permanent junction points for the
networks. A classic example is provided by omitting the
hydrolysis step altogether and by solely imposing high shearing
forces for disintegration. This yields a highly entangled network
which typically consists of elements having a wide size
distribution down to nanoscale.15-17 The resulting material has
been denoted microfibrillated cellulose (MFC), originally
introduced by Turbak et al.15 and Herrick et al.16 The degree of

crystallinity is usually low, as a substantial part of the
noncrystalline domains remains essentially intact, resulting in
a high aspect ratio. Such an MFC forms strongly entangled and
disordered networks and gels because of entanglements and
junction zones probably because of partially disintegrated fibril
aggregates (Figure 1). It is important that in this case the
networks are inherent, and gels can become much stronger than
in the case when the network is formed only because of weak
hydrogen bonds between water and fibrils, as in low aspect ratio
cellulose I fibrils or fibril aggregates obtained by acid hydrolysis.
Therefore, MFC and other inherent cellulose networks also allow
efficientreinforcementofnanocompositesatlowconcentrations.18-20

The preparation of MFC solely by shear forces is ac-
companied with a serious problem. To prepare MFC in a well-
controlled manner by this strategy, the shearing energy required
is excessive, therefore requiring multiple passes17 through the
homogenizer, and additionally the process is prohibitively
unstable as the constrictions of homogenizers tend to quickly
be blocked.

In this work, it is demonstrated that a combination of high-
pressure shear forces and mild enzymatic hydrolysis21 constitutes
a new and efficient method to prepare MFC with a well-
controlled diameter in the nanometer range and to maintain high
aspect ratio, in contrast to acid hydrolysis. In particular, it is
demonstrated that strong aqueous gels with highly tunable
storage modulus can be obtained which suggests application of
MFC to reinforce multicomponent mixtures. The aqueous gel
structure has been investigated by cryo-transmission electron
microscopy (TEM) in bulk and by atomic force microscopy
(AFM) from dried samples on substrates. Comprehensive
dynamic rheology has been investigated and compared with
rheology of nonentangled rodlike cellulose “nanocrystallites”
or “nanofibrillar” networks from the dissolved and precipitated
cellulose II gels.11,12,22-28

Finally, in the previous literature, there seems to be lack of
generally accepted definitions: MFC has been used to denote
qualitatively different compounds and typical MFC made from
wood fibers may contain considerable amounts of hemicellu-
loses, leading to widely different properties.

Experimental Section

Materials. The bleached sulfite softwood cellulose pulp (Domsjo¨
ECO Bright; Domsjo¨ Fabriker AB) consisting 40% pine (Pinus
sylVestris) and 60% spruce (Picea abies) with a hemicellulose content
of 13.8% (measured as solubility in 18% NaOH, R1830) and a lignin
content of 1% (estimated to 0.165*Kappa number (SCAN C 1:00))
was used as a source for the microfibrillated cellulose. The pulp was
used in its never-dried form. The phosphate buffer used during the
enzymatic treatment was prepared from 11 mM KH2PO4 and 9 mM
Na2HPO4 so that pH was between 6.8 and 7.2, and the enzyme used
was a monocomponent endoglucanase (Novozym 476, Novozym A/S)
which was used without further purification. The microbicide used after
the pretreatment was 5-chloro-2-ethyl-4-isothiazolin-3-one (Nalco AB,
Sweden).

Gel Preparation. The cell wall delamination was carried out by
treating the sulfite pulp in four steps: first, a refining step to increase
the accessibility of the cell wall to the subsequent monocomponent
endoglucanase treatment, an enzymatic treatment step, a second refining
stage, and finally the pulp slurry was passed through a high-pressure
homogenizer (Scheme 1). Hence, a 4% w/w cellulose suspension was
mechanically refined using an Escher-Wyss refiner (Angle Refiner R1L,
Escher-Wyss) with 33 kWh/tonne at a specific edge load of 2 Ws/m to
28 °SR (see ref 31). Next, the enzyme was added. In this enzymatic
treatment, 100 g (calculated as dry fibers) of the refined pulp was

Figure 1. Two methods to disintegrate macroscopic cellulosic fibers
into nanoscale fibrils. For simplicity, the constituent fibrils are not
drawn rectangular. In method 1, aggressive acid hydrolysis leads to
colloidal suspension of aggregated, highly crystalline, and low aspect
ratio fibril aggregates.8,9,22-25 Further hydrolysis and sonication breaks
down fibril aggregates to cellulose fibrils, i.e., whiskers, which form a
weak physical network (- - -) by hydrogen bonds.10-12 Microfibrillated
cellulose (MFC) is classically prepared by disintegration by application
of high shear forces (method 2) which leads to highly entangled and
inherently connected fibrils and fibril aggregates and mechanically
strong networks.15-17 The present work (method 3) incorporates an
additional enzymatic hydrolysis29 which yields a mixture of dominantly
cellulose I fibrils (about 5 nm thickness) and fibril aggregates (about
10-20 nm thickness).
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dispersed in 2.5 L of phosphate buffer (pH 7, final pulp concentration
4% w/w) with 0.17µL monocomponent endoglucanases per gram fiber
(5 ECU/µL) and was incubated at 50°C for 2 h. The samples were
mixed manually every 30 min. Then, the samples were washed with
deionized water and the monocomponent endoglucanase was denatur-
ated at 80°C for 30 min. At the end, the pulp sample was washed
with deionized water again. The prerefined and enzyme-treated pulp
was refined once again with the Escher-Wyss refiner, this time, to 94
°SR (average refining energy 90 kWh/tonne, specific edge load 1 Ws/
m). To prevent a bacterial growth in the material, 0.4µL/mL of
microbicide, 5-chloro-2-methyl-4-isothiazolin-3-one, was added to the
slurry. Subsequently, the material was passed through a high-pressure
fluidizer (Microfluidizer M-110EH, Microfluidics Corp.). The pulp fiber
slurry of 2% w/w concentration was passed through two differently
sized Z-shaped chamber pairs (each pair connected in series). First,
the slurry passed three times through a chamber pair with a diameter
of 400 µm and 200µm (the first chamber and the second chamber,
respectively), and then five times through a chamber pair with a
diameter of 200µm and 100µm. The operating pressures were 105
and 170 MPa, respectively. The 3% w/w and 5.9% w/w samples and
the 0.125-1.5% w/w samples were prepared from the standard 2%
w/w MFC gel by filtration and diluting the MFC, respectively. After
the filtration and dilution, the samples were dispersed with a high
intensity mixer (Polytron PT 3000, Kinematica AG) at 4000 RPM
for 15 s.

Transmission Electron Microscopy.A thin film of MFC gel was
frozen from room temperature and 100% humidity with a Tecnai
Vitrobot. A 2% MFC gel was applied on glow discharge treated
Quantifoil holey carbon copper grid with the hole size of 2µm. The
grid was blotted multiple times and then was shot to liquid ethane of
temperature-175 °C. The grid with vitrified gel film was cryotrans-
ferred into a Tecnai 12 transmission electron microscope with Gatan
910 cryotransfer holder, which was cooled below-180 °C. Bright-
field TEM was performed using an acceleration voltage of 120 kV.

Atomic Force Microscopy. The properties of MFC were also
determined using a Nanoscope IIIa Multimode scanning probe micro-
scope (Digital Instruments Inc., Santa Barbara, CA). A drop of very
dilute MFC suspension (0.05% w/w) was allowed to dry at room
temperature overnight on a clean mica substrate. The images were
scanned in tapping mode in air using silicon cantilevers (NSC15/AIBS)
delivered by MicroMash (Tallinn, Estonia). The drive frequency of the
cantilever was about 305-325 kHz. The size of the images was 1×
1 µm and 5× 5 µm, and the images were scanned across 10 different
parts of the sample. No image processing except flattening was made.

NMR Spectroscopy and Spectral Fitting.The MFC sample was
ultracentrifuged (150 000g, 30 min) to a solids content of approximately
15-20% w/w. Cross-polarization/magic-angle spinning (CP/MAS)13C
NMR spectrum (64k transients) was then recorded (at 292( 1 K) using
a Bruker AQS-300 instrument operating at 7.05 T. A double air-bearing
probe and a zirconium oxide rotor were employed. The MAS rate was
5 kHz. A CP pulse sequence was based on a 4.0µs proton 90° pulse,
800 µs ramped (100-50%) contact pulse, and a 2.5 s delay between
repetitions. A TPPM15 pulse sequence was used for 1H decoupling.
Glycine was used for the Hartmann-Hahn matching procedure as well
as an external standard for calibration of the chemical shift scale relative
to tetramethylsilane ((CH3)4Si). The glycine carbonyl line was assigned
a chemical shift of 176.03 ppm.

Lateral fibril dimensions (LFD) and lateral fibril aggregate dimen-
sions (LFAD) can be determined from CP/MAS13C NMR spectra
recorded on cellulose I samples. For this purpose, the C4-region of the
spectrum is subjected to spectral fitting as described in detail
elsewhere.32,33 The development and implementation of the software
was made at STFI-Packforsk and is based on the Levenberg-Marquardt
method.34

For isolated cellulose I, discernible and quantitative signals exist
for the C4 atoms of the glucan chains located in the interior parts of
the fibrils and for C4 atoms in glucan chains located at fibril surfaces.
Using the integrated signal intensity for the entire C4 region of the
spectra and the integrated intensity for the C4 surface signals (both
obtained from the spectral fitting procedure), LFD and LFAD can be
estimated under the assumption of a square cross section of both fibrils
and fibril aggregates. Therefore, the measured LFD and LFAD are
expressed as a ratio of the number of glucan chains present at surfaces
divided by the total number of glucan chains in either the fibril or fibril
aggregate. This can be converted to dimension by using a fixed
conversion factor of the individual width of a glucan chain, that is,
0.57 nm.

In the fitting of CP/MAS13C NMR spectra, the hemicellulose gives
signals that interfere with the signals from cellulose. This can result in
diverging rather than a converging fitting procedure. To obtain estimates
for LFD and LFAD without a need to chemically remove the
hemicellulose, one of the 24 parameters adjusted during the fitting
procedure was held constant, the signal position of the signal originating
from C4 atoms in glucan chains at inaccessible fibril surfaces (84.2
ppm).

Dynamic Rheology. Dynamic rheology was measured using a
controlled strain rheometer (AR 2000, TA Instruments) using two
different geometries: cone-and-plate (cone angle 1°) and plate-and-
plate. An acrylic 60 mm plate was used for the 0.125-0.5% samples,
an aluminum 40 mm cone was used for the 1-3% w/w samples, and
a 20 mm steel plate was used for the 5.9% w/w sample. The different
geometries were used to obtain the best sensitivity for the different
viscosity levels. The gap was 1 mm for the plate-and-plate geometry.
Before each measurement, the samples were allowed to rest for 5-10
min. Covers around samples and silicon oil were used to avoid the
sample drying at higher temperatures. Before the dynamic viscoelastic
measurements, the linear viscoelastic region was determined by torque
sweeps for all suspensions. The torque sweeps were measured for 0.01-
100 Pa at the frequency of 1 Hz. The chosen dynamic strain amplitudes
for the frequency sweep measurements were 0.06 for the 5.9% w/w
suspensions and 0.25 (0.2) for the 2-0.125% w/w suspensions at which
they showed linear viscoelasticity. The frequency sweeps were carried
out in the range of 0.01-100 Hz at the linear viscoelastic region,
controlling the strain. The effect of temperature on gel properties was
studied for 20-80 °C at 1 Hz using the linear viscoelastic region.
Shear viscosity was monitored by increasing the shear rate from 0.1 to
1000 1/s at 25°C.

Charge Measurement. Prior to the charge measurement, the MFC
was set to its hydrogen counterion form as follows. A sample containing
4.5 g of dry MFC was dispersed in 600 mL of deionized water. The
dispersion was centrifuged at 3600g for 15 min. The clear phase was

Scheme 1 . A Method for Producing Microfibrillated Cellulose Gel
by Combined Refining, Enzymatic Treatment, and High-Pressure
Homogenization
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removed and filtrated (Munktell Filter Paper quality “3”), and the
collected dry sample was recovered. To set the MFC to its hydrogen
counterion form, the MFC was dispersed in deionized water and 0.01
M HCl was added, fixing pH to 2. The excessive HCl was washed
away after 30 min by dispersing the sample to deionized water and
centrifuging it as above. The washing procedure was performed several
times until the conductivity was<5 µS/cm.

To set the MFC to its sodium counterion form, it was dispersed in
deionized water and then 0.001 M NaHCO3 was added. After 10 min,
pH was set to 10 using NaOH. After 30 more minutes, the excess NaOH
and the NaHCO3 were washed away by dispersing the sample with
deionized water and centrifuging it several times until the conductivity
was<5 µS/cm. After this, the sample was once more set to its hydrogen
counterion form and washed the conductivity to be again<5 µS/cm.
Finally, the total charge density of the MFC was measured with
conductometric titration according to the procedure described else-
where.35

Results and Discussion

To facilitate the disintegration of the constituent fibrils into
nanoscale fibrils, sulfite pulp with high hemicellulose content
was selected. The original sulfite cellulose pulp fibers are tens
of micrometers in diameter and are best visualized in optical
microscopy, see Figure 2a. As a reference, and to demonstrate
the importance of the enzymatic hydrolysis step, an attempt was
made to prepare MFC only by extensive mechanical shearing
using the homogenizer. The constriction chambers of the
homogenizer quickly became blocked and the resulting material
was nonhomogeneous and contained a large fraction of intact
fibers. These observations, in combination with the high required
energy, indicated that a sole mechanical shearing is not a feasible
preparation method and does not yield well-defined nanoscale

cellulose I elements. Since typical strong acid hydrolysis is
aggressive, yielding low aspect ratio cellulose I elements, a less
aggressive enzymatic hydrolysis was used. It turned out that
the use of a monocomponent endoglucanase allowed a selective
hydrolysis29 of the noncrystalline cellulose allowing mechanical
disintegration of fibers into high aspect ratio nanoscale cellulose
I elements. The high hemicellulose content of the present pulp
decreases the cell wall cohesion of the fibers, making cell wall
delamination easier. This is, however, not sufficient to avoid
blocking of the constriction chambers of the homogenizer and
to decrease the required energy consumption. It was found that
small additions of the monocomponent endoglucanase enzyme
promoted cell wall delamination and prevented the blocking of
the homogenizer. It is important to avoid hydrolysis of the
hemicellulose, and therefore a pure endoglucanase was selected.
The sulfite fibers were first mechanically refined to introduce
damage zones in the cellulose I and to swell the fiber wall. This
is believed to enhance the effect of the enzyme treatment by
creating a controllable amount of weak points within the fiber
cell wall that facilitates the mechanical disintegration. The
resulting material is a slightly opaque gel-like aqueous matter,
having an MFC concentration of 2% w/w. Different concentra-
tions were explored and the 2% w/w concentration was found
to be most suitable for the stability of the process. Other
concentrations were prepared from this stock suspension by
either dilution or concentration. In addition, there exists an
optimum enzymatic dose. No enzymatic treatment leads to
blocking and a too high dosage (30µL monocomponent
endoglucanases per gram fiber (5 ECU/µL)) decreases the
refining and homogenization efficiency.

The morphology of the resulting nanoscale fibrils after the
mechanical, enzymatic, and high-pressure homogenization steps
is shown in Figure 2b for a frozen gel (cryo-TEM) and for dried
microfibrils on mica substrates in Figure 3 (AFM). Interestingly,
cryo-TEM shows long, well-defined, and distinct cellulose
microfibrils which are mostly of diameter of ca. 5 nm as well

Figure 2. (a) Optical micrograph of original sulfite cellulose macro-
scopic fibers of sizes of several tens of µm. (b) Cryo-TEM of the frozen
2% w/w MFC gel after the refining, enzymatic hydrolysis, and
homogenization processes, showing a fibrillated network of nanoscale
fibrils, mostly with a diameter of ca. 5-6 nm and occasionally thicker
fibril bundles potentially forming the junction zones.

Figure 3. AFM images of microfibrillated cellulose on mica after
drying: topographical images (a and c), and phase-contrast images
(b and d). The scan size was 1 × 1 µm (a and b) and 5 × 5 µm (c
and d). The images illustrate dried fibrils of height of ca. 5 nm and
width of ca. 20-30 nm. The sample has been prepared using the
2% w/w aqueous suspension which has been diluted to the concen-
tration of ca. 0.05% w/w.
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as thicker fibrils of diameter of up to 10-20 nm. Particular
efforts have been paid to suppress drying during the cryo-TEM
procedure, which therefore may promote the observation of
comprehensive fraction of well-defined single fibrils.

The AFM micrograph of a dried sample on mica substrate
shows a network of objects whose width is 20-30 nm but the
height is less, ca. 5 nm. The larger width of the fibrils as
compared to those in the cryo-TEM-images can be due to the
drying of fibrils or fibril aggregates which affects the dimensions
because aggregation or flattening may occur. In addition, the
actual size of the AFM tip introduces a small error in the
measured diameters of the fibrils. A fraction of thicker fibril
aggregate bundles can also be observed from the AFM images.
Importantly, it is concluded that the obtained cellulose fibrils
are interconnected and coiled and form an inherently entangled
network, in contrast to nonentangled acid hydrolyzed and
sonicated rodlike cellulose crystallites10-13,36,37or less entangled
microfibrils.9,22-26,28

CP/MAS 13C-NMR spectra were useful to characterize the
2% w/w MFC sample, see Figure 4. Spectral fitting suggests
that the lateral fibril dimensions (LFD) and the lateral fibril
aggregate dimensions (LFAD) are 4.6 nm (standard error) 0.1)
and 17.3 nm (standard error) 0.7), respectively, in good
agreement with the results obtained from both TEM and AFM
measurements. The presence of residual hemicelluloses inter-
fered with the determination of LFD and LFAD from the
spectra, and therefore the results remain semiquantitative. In
addition, a semiquantitative estimate for the fraction of the
glucane chains in crystalline parts can be estimated, leading to
an estimated crystallinity of ca. 8-12%, that is, relatively low.
Finally, an effort was made to assess the crystalline allomorph
composition. For the MFC samples, both the low solid content
(resulting in low signal-to-noise ratios in the recorded spectra)
and the smallness of the LFD made such estimates difficult.
The only discernible signal from the glucan chains in the
crystalline cellulose moieties was the celluloseI(R + â) signal
(88.8 ppm), shown in Figure 4. Therefore, no definite statement
can be made regarding the dominating cellulose I allomorph in
the MFC.

An entangled network structure should manifest itself in
mechanical and viscoelastic properties and in gelation. The
rheological properties of the aqueous suspensions are discussed
next, see Figure 5. The lower MFC concentrations were obtained
from the 2% w/w suspension by dilution, followed by high
intensity mixing, and the higher concentrations were obtained
by evaporation of water. It was found thatG′ and G′′ were
relatively independent of the angular frequency at all of the
investigated concentrations. In classical viscous fluids, the elastic
and loss modulus have a characteristic frequency dependency,
that is, G′ ∝ ω2 and G′′ ∝ ω1 whereG′ , G′′, whereas an

ideal gel behaves elastically andG′ ∝ ω0, that is, the storage
modulus is independent of the frequency, andG′ . G′′.38 On
the basis of Figure 5, a gel-like behavior was observed for all
of the investigated MFC suspensions, even for the lowest
concentration. Importantly, the values of the storage modulus
are particularly high in comparison to the previously published
results for nanoscale cellulose crystallites.22-25 For example,
3% w/w of the present MFC leads toG′ ≈ 104 Pa, whereas 3%
w/w of rodlike cellulose crystallites leads toG′ ≈ 102 Pa,23

that is, a 2 orders of magnitude higher storage modulus.
Similarly, a concentration of 2% w/w of MFC leads toG′ ≈
103 Pa, whereas 2% w/w of modified rodlike cellulose crystal-
lites leads toG′ ≈ 101 Pa.25 The present higher elastic modulus
is due to long fibrils and fibril aggregates forming an inherently
entangled network structure in comparison to the more weakly
interconnected low aspect ratio cellulose I elements. Another
observation in the present case is that the elastic moduli are
almost 10-fold in comparison to the loss moduli at the same
concentration, also indicating a rather strong networking, even
for the lowest concentration.

Furthermore, the loss tangent (tanδ) values, which measure
the ratio of the loss modulus to the elastic modulus (G′′/G′),
were below 0.3 for all MFC suspensions: tanδ was∼0.17 for
5.9-1% w/w suspensions, increasing to∼0.24 for the range
0.5 -0.125% w/w. This is a further indication that all suspen-
sions are predominantly elastic. It is interesting that the tanδ
values for all suspensions were fairly equal. However, the tan
δ of MFC at the lowest concentration exhibited the highest
value, meaning that at low concentration there is a more viscous
behavior than at high concentrations. All suspensions showed
slightly reduced tanδ as a function of increasing frequency,
meaning increased elasticity, that is, stronger gel.

The elastic modulus as a function of MFC concentration
(Figure 6) shows a particularly strong concentration dependence,
as the storage modulus increases 5 orders of magnitude upon
increasing the concentration from 0.125% w/w to 5.9% w/w.

Figure 4. The CP/MAS 13C-NMR spectra for MFC 2% w/w sample.
The C4 spectral region (about 78-92 ppm) is used for spectral fitting
and subsequent determination of cellulose I fibril and fibril aggregate
widths (LFD and LFAD).

Figure 5. The storage modulus (G′) and the loss modulus (G′′) as
a function of frequency for all MFC suspensions. Geometries used:
steel plate for 5.9% w/w, aluminum cone-and-plate for 1-3% w/w,
and acrylic plate for 0.125-0.5% w/w.
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There exists considerable literature on the dependence of the
modulus on the solvent concentration for various polymers and
solvents (for a comprehensive discussion, see, e.g., refs 38 and
39). In many cases, a scaling relationG ∝ φn has been observed,
whereφ ) polymer concentration andn = 1.8...2.0, while in
some cases much larger valuesn = 4...7 have been observed,
for example, for polysaccharides in aqueous medium.39 An early
effort to explain the behavior was based on a scalar percolation
model where a scalingn = 2 was predicted.40 Later it was
pointed out, in fact, that vector percolation models would be
more appropriate.41 Dissolution of rodlike tunicate (Halocynthia
roretzi) cellulose nanocrystals, microcrystalline cellulose (MCC),
or dissolving pulp in organic solvents leads ton = 2.1442 which
is quite near 2.25 as suggested by scaling theory40 and Doi-
Edwards theory.43 In the present case, dealing with gelation of
the highly entangled and rigid MFC, the model by Jones and
Marques could be applicable.39,44 Accordingly, with rigid
networks with constrained, that is, frozen, junction zones, the
elastic modulus is predicted to beG ∝ φ(3+DF)/(3-DF), whereDF

is the fractal dimension of the objects connecting the junctions.
With rodlike connectivity between the junction zones (DF )
1.0), the scalingG ∝ φ2 is predicted, thus explaining a wealth
of experimental observations using different polymers including
aqueous agarose and carrageenan.38,39 Now, turning to Figure
6, the first conclusion is that the rise is much steeper than the
classic observationn ) 2. In fact, a straight line may not easily
be fitted in the whole concentration range and even a kink near
0.5% w/w cannot be excluded. Still, definitely a steep rise is
suggested, that is,n = 3. This value would suggest a fractal
dimensionDF = 1.5.45 It must, however, be emphasized that
this consideration remains preliminary.

The temperature dependence ofG′ andG′′ was also inves-
tigated, see Figure 7. The temperature sweeps from 20°C to

80 °C were measured for the 5.9, 2, and 1% w/w suspensions
using a frequency of 1 Hz, and they showed no dependence on
temperature until 40°C. The moduli increased very slightly with
further increase of temperature from 50°C to 80°C, meaning
that a slightly stronger network is formed at higher temperatures.
This was also indicated by the tanδ values, which decreased
with increasing temperature.

In addition, the shear viscosities for different concentrations
were investigated as a function of shear rate, see Figure 8. All
suspensions show a large decrease of viscosity with increasing
shear rate, that is, shear thinning. The shear thinning of MFC
was already early recognized in the literature for the materials
prepared solely by mechanical disintegration.16 Therefore, an
MFC gel can be considered as a pseudoplastic material. This
behavior is also a characteristic of liquid crystals46 and cellulose
whiskers11-13,36,37or microcrystalline cellulose hydrogels.24,27

However, the shear viscosity, for example, at the shear rate of
10 1/s, shows the evident structural difference between MFC
and low aspect ratio cellulose I elements. Not surprisingly, the
viscosity of the nonentangled 1% w/w cellulose I elements at
shear rate of 10 1/s is∼10-3 Pa s,11,12whereas in this case, the
viscosity of 1% w/w MFC is∼10-1 Pa s, that is, 2 orders of
magnitude larger. In the case of the weakly bonded networks
of low aspect ratio cellulose I elements, upon exposing increased
shear rate, the network falls apart easily and individual elements
start to flow. In the case of the more entangled networks of
MFC, the viscosity remains higher.

The total charge of the original pulp and the MFC were the
same before and after the treatments, that is, 44.2µeq/g. Since
practically all charges are due to the presence of hemicellulose,
the hemicellulose content remained constant, as expected, during
the MFC preparation process. These charges reduce the inter-
fibrillar interactions because of electrostatic repulsion, and this
is expected to lead to a lower viscosity. In Figure 9, the

Figure 6. The storage modulus as a function of concentration
at 25 °C and at the frequency of 1 Hz (ω ) 6.28 rad/s).

Figure 7. Storage and loss moduli as a function of temperature at 1
Hz for three different concentrations. G′, closed symbols and G′′, open
symbols.

Figure 8. Influence of shear rate on the viscosity of different MFC
concentrations (% w/w).

Figure 9. Influence of pH on viscosity of 0.25% w/w MFC.
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dependence of pH on MFC shear thinning behavior is seen. At
lower pH, the hydrogen ions neutralize the charges of the
hemicellulose associated with the MFC which reduces the
electrostatic repulsion, resulting in a higher interfibrillar interac-
tion and a higher viscosity. At higher pH, on the other hand,
the number of charges increases leading to a higher electrostatic
repulsion resulting in a lower interaction and a lower viscosity.

Conclusions

A facile concept to prepare nanoscale cellulose fibrils is
presented, where enzymatic hydrolysis is used in combination
with mechanical shearing and high-pressure homogenization to
promote delamination of the fiber wall. The milder hydrolysis
as provided by enzymes in comparison to more aggressive acid
hydrolysis allows longer and highly entangled nanoscale fibrils,
whose feasibility in reinforcing multicomponent mixtures is here
manifested by the observed strength of the gel networks down
to low concentrations. On the basis of cryo-TEM and AFM and
supported by CP/MAS13C-NMR, the resulting MFC appears
to mainly consist of fibrils with a diameter of ca. 5-6 nm and
fibril aggregates around 10-20 nm. Particularly strong aqueous
gels are obtained, for example,G′ ) 105 Pa and 102 Pa at
concentrations 5.9% w/w and 1% w/w using dynamic rheology
at 1 Hz. The modulus of the gel can be tuned to values covering
a wide range, that is, 5 orders of magnitude upon adjusting the
concentration between 0.125 and 5.9% w/w, with an extensive
shear thinning behavior. The incorporation of the enzymatic
hydrolysis has a drastic effect, that is, using solely the
mechanical shearing without enzymatic hydrolysis, sufficiently
homogeneous materials could not be prepared because of severe
blocking problems during the homogenization step. In contrast
to the more aggressive acid hydrolysis, the milder enzymatic
hydrolysis allows a higher aspect ratio of the resulting cellulose
I elements and may partially preserve junction sites of the
network. This leads to a drastically enhanced strength of the
gel network. The well-controlled networking is reflected in the
high elastic modulus, that is, roughly 2 orders of magnitude
larger than for corresponding gels made by, for example, acid
hydrolysis, and aG′ scaling with concentration as the power of
ca. 3. Finally, the enzymatic step leads to reduced energy
consumption, thus allowing widespread use of the materials.
The present nanoscale cellulose fibrils open several challenging
options for materials science not only to tune the aqueous
properties but also for totally new applications, such as templates
for functional nanostructures.
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