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Abstract

Microfibrillated cellulose was utilized at low concentrations as a filler material, added prior to
free radical polymerization, in crosslinked superabsorbent polysodium acrylate hydrogels.
The effect of microfibrillated cellulose concentration on equilibrium swelling, shear modulus
after synthesis and shear modulus at equilibrium swelling was studied at different degree of
crosslinking. For the characterisation of the microfibrillated cellulose optical microscopy,
atomic force microscopy and transmittance analysis were used. The shear modulus of the
samples was determined using uniaxial compression analysis. The swelling of the gels was
determined using classical gravimetrical measurements. It was found that microfibrillated
cellulose was highly efficient in increasing the shear modulus of the gels. Furthermore, the
microfibrillated cellulose was found to have the same effect on the swelling and shear
modulus at equilibrium swelling as the same mass of the conventional covalent crosslinker
MBA, while in fact improving the fracture resistance of the gels. In conclusion,
microfibrillated cellulose shows great potential as an additive to enhance the performance of

soft materials
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Introduction

Hydrogels are materials that have been and currently are subjected to extensive studies due to
their importance and future potential in a wide range of applications. They can be used as
drug delivery systems, as absorbents in hygiene products, as cell scaffolds in medicine and
biology, in sensing systems as the responsive material, among other applications (1-4).
Polyacrylic acid (PAA) neutralized with sodium ions is commonly used in superabsorbent
hydrogels. The effect of the sodium ions is to increase the osmotic pressure, and thus the
swelling capacity of the gels (5). The performance of hydrogels in different applications is
highly dependent on the shear modulus, the resistance to fracture and the water absorbance
capacity among other properties. These properties are strongly affected by the degree of
crosslinking. It has been shown that for PAA the equilibrium degree of swelling decreases (6,

7) and the shear modulus increases (8) with increasing crosslinking, as expected from theory
9.

Much research has been performed on different fillers, both in dry polymer materials
and in hydrogels, in order to enhance material properties. There are today several theories
available to explain and predict the effect of fillers on the sample properties. Depending on
the nature of the filler and the matrix two extreme cases can be identified: (i) no interaction is
present between the gel matrix and the dispersed particles, resulting in a decreased modulus
for small deformations, or (ii) a strong interaction is present, resulting in an increase in the
modulus at small deformations (10). As early as 1944, Smallwood presented a simple
approach based on hydrodynamic theories to describe the effect of spherical particles in a
rubbery matrix with perfect adhesion between the rubber matrix and the filler. The following

expression was formulated for the shear modulus G of such composite materials (11):

G=0G,(1+2.59) (1)



This is known as the Einstein-Smallwood formula, where G,, is the shear modulus of the
matrix, and ¢ is the volume fraction of filler. The equation is valid under the following
conditions: The filler particles are spherical, there is complete adhesion between rubber and
filler, the elongation is small, the filler is completely dispersed, the volume loading is small
and the filler particles are sufficiently large that the molecular structure of the rubber may be
neglected (11). Later, by utilizing the equation for viscosity increase in concentrated
suspensions stipulated by Guth and Gold (12) Eq. 1 was extended to higher concentrations as

(13-15):
G=G,(1+ap+b¢) )

where a and b are geometry dependent coefficients, for spherical geometry of the fillers and a
homogenous dispersion they take the values 2.5 and 14.1, respectively. For a heterogeneous
dispersion containing clusters, the values of the coefficients are different, but the validity of
Eq. 2 remains (13). It has also been shown by Huber and Vilgis that for low concentrations of
rigid filler particles with fractal structure, the reinforcing effect shows linear dependence on
the volume fraction of filler and weak dependence on the particle geometry. However, above
a critical overlap concentration the reinforcement’s dependence on volume fraction of filler is

to the power of four and there is a strong dependence on particle geometry (16).

In many cases the effect of a filler on the properties of a composite material can not be
explained simply by hydrodynamic theories. It is known that polymers tend to adsorb to
surfaces. In particular, polymers would adsorb to surfaces with a roughness on the length
scale of a polymer coil (13). This is due to the conformational entropy earned by adsorbing as
a coil, rather than as a stretched chain on a flat surface. The adsorption may even be regarded
as irreversible for strongly interacting polymer-particle systems (17). In some cases the
adsorption of polymer chains on the filler particles will in fact dominate the reinforcement,

making the hydrodynamic contribution negligible (13).

4



Another way in which a polymer matrix can strongly interact with filler particles is
through covalent bonds by coupling agents or grafting to the filler surface (18-20). The
covalent bonds between the polymer network and fillers have been reported to improve
composite properties more than simple mixing with the fillers. Both adsorption and chemical
bonding of polymer chains on filler particles will effectively act as junction points in the
polymer network, contributing to the shear modulus of the material. It is obvious that the
reinforcing effect due to surface adsorption and chemical bonds is strongly dependent on the
total area and spatial distribution of filler. Indeed it has been shown both experimentally (17,
21-24) and theoretically (25) that for nanocomposites the shear modulus is significantly
enhanced even for small volume fractions of filler. This is not surprising; consider e.g. the
case with a volume fraction 0.01 of spherical filler with 50 nm diameter. The total surface
area of the fillers would be ~ 1.2 m” in 1 c¢m’ of sample, and the average distance between
randomly dispersed particles ~ 140 nm. Individual filler particles can thus be connected over

large distances, as compared to their sizes, through the polymer network (17).

Lately, in the light of the emerging field of conscious nano science, many studies have
investigated the influence of different nano sized fillers on the properties of hydrogels. The
studied characteristics include mechanical properties (22, 23, 25, 26), swelling (27-29)

properties, or both (30, 31), only to give some examples of articles on the subject.

Cellulose nanofibers, also called microfibril cellulose in some literature, or
nanocrystalline cellulose are promising biological alternatives to commonly used inorganic
micro- nanofillers (32). There are several different preparation methods and cellulose raw
materials that affect the structural properties and surfaces charges of the microfibril or
nanofibril cellulose product. Typical dimensions for wood based nanofibers are some
nanometers in diameter and some hundreds of nanometers, and even up to micrometers, in

length (32-34), whilst approximately spherical nanocrystals have been shown to have a



diameter of 10’s — 100°s of nm (35-38). It has been shown that the addition of a small amount
of cellulose nanofibers can cause a significant increase of the Young’s modulus for the
composite material as compared to the reference sample (26, 32, 39-42). Furthermore, there
are several reports on the grafting of molecules and polymers onto cellulose (19, 32, 43-45).
The grafting of the polymer network to nano-dimensioned cellulose filler should, as discussed

above, significantly influence the material properties.

There have been studies on the preparation of hydrogels based on cellulose nanofibers
(46, 47) and on the rheology during gelation of polysodium acrylate gels with rather large,
micrometer dimensioned, microfibril cellulose used as filler (42). However, to the authors’
knowledge, there is to date no study of the effect of cellulose with sub micrometer
dimensions, or of commercially available microfibrillated cellulose (MFC), as filler in a

superabsorbent hydrogel matrix.

This study intended to elucidate the effects of low concentrations of commercially
available MFC, utilized as filler, on the mechanical and swelling properties of crosslinked
superabsorbent hydrogels swollen in saline solution. The superabsorbent matrix of choice was
polysodium acrylate and the methods used were; optical microscopy, atomic force
microscopy (AFM), transmittance analysis, uniaxial compression analysis and traditional

gravimetrical measurements of absorbed water.

Experimental

Materials

The following chemicals were of analytical grade and were used as received; acrylic acid
[AA] (Fluka, Belgium), N,N’-methylenebisacrylamide [MBA] (Sigma-Aldrich, Germany),

sodium chloride (Sigma-Aldrich, Germany), sodium hydroxide (Sigma-Aldrich, Germany),



potassium persulfate [KPS] (Sigma-Aldrich, Germany). Micro fibrillated cellulose [MFC]
was bought from the Paper and Fibre Research Institute PFI, Norway. Used H,O was of Milli-

Q grade.

Characterisation of the microfibrillated cellulose suspension

Both untreated and filtered MFC suspension was characterized using light microscope and

AFM. Filtered MFC suspension was further characterised by transmittance analysis.

Filtered MFC suspension was prepared using a 25 mm syringe filter with 0.2 um

nylon membrane (VWR), previously washed with 30 ml of H,O.

For the light microscopy analysis an Olympus BH2 research microscope with a
Microscope digital camera system DP12 (Olympus) was used in transmission mode. For
untreated MFC suspension images were recorded for concentrations of 0.03 and 0.8 % w/v,
placed between a standard microscope glass slide and a cover slip. For filtered suspension
images were recorded on samples dried at room temperature on a standard microscopy glass

slide, utilizing filtered and dried H,O as controls.

Untreated MFC suspension samples to be analysed in AFM were prepared by diluting
the suspension to MFC concentrations of 0.16, 0.016 and 0.0016 % w/v. For both untreated
and filtered MFC one drop of sample was added to a freshly cleaved mica chip and was
allowed to dry at room temperature, for the filtered sample filtered water was used as control.
The AFM analysis was performed using a Digital Instrument Nanoscope Illa with a type G
scanner (Digital Instrument Inc.). The cantilever used was a Mikro Masch silicon cantilever
NSC 15. The AFM was operated at a resonance frequency of about 330 kHz in tapping mode,

the scan rate was 1 Hz and the measurements were performed in air.



For transmittance analysis of filtered MFC suspension the extinction of light passed
through the sample in a quarts cuvette was recorded as a function of wavelength in the
interval 200-800 nm using a Cintra 40 spectrophotometer (GBC), filtered H,O was used as a

control.

Synthesis

Hydrogels containing 25 % w/v AA with MBA:AA ratios ranging from 0 to 0.05 and MFC
concentrations ranging from 0 to 0.75 % w/v were synthesized by free radical
copolymerization as follows: AA was drop wise neutralized to 60 mol% with NaOH. The
neutralized AA was mixed with MBA, KPS, H,O and MFC suspension (1.6 % w/v). KPS was
used in a concentration of 21 mM, the amounts of MBA and MFC suspension were added
according to desired final concentrations and H,O was added to reach the final volume. All of
the mixing was performed on ice during stirring. After mixing the samples were bubbled with
N, gas under stirring while kept on ice for 30 minutes, this to remove O, from the samples.
The samples were then immediately transferred to 7x40 mm autosampler vials (NTK KEMI),
which were placed in a water bath at 70 °C for 6 h for the synthesis solution to polymerize.
Finally the samples were allowed to settle over night at room temperature before breakage of

the vials and further analysis.

Mechanical measurements

The gels were cut into cylinders intending an aspect ratio > 1.5. However, on rare occasions a
smaller aspect ratio was acquired due to removal of rough sample ends. Uniaxial compression
tests were performed in order to determine the shear modulus G of the different samples. The

samples were compressed at 0.1 mms” and the resulting force was recorded using a TA-



HDi" (Stable Microsystems), with a load cell capacity of 5 kg. The compression probe used
was a 25 mm cylindrical aluminium probe (Stable Microsystems). Measurements were
performed at 20 + 0.5 °C. For the uniaxial compression of Gaussian chains the following

equation is valid (48):
P:G(oc—oc‘z) 3)

where P is the pressure, G is the shear modulus and a is the ratio deformed length to initial

length.

For deformation ratios up to 20 % the shear modulus was determined as the slope of
the linear region in the graph P versus (a-o), similar to previous works (49-53). The non
linear data for low strains was discarded as it is derived from imperfect geometries of the
sample ends (51, 53). The compressive strength of the samples was calculated as:

c=F/A 4)

where F is the force at fracture and A4 is the area at fracture, calculated based on the

assumption of constant volume (48) as:

4=0 (5

where Ay is the initial area and oy is the deformation ratio at fracture.

Swelling analysis

The samples were prepared for swelling by cutting of and discarding the uppermost part of the
cylinders and recording their weights wy. The swelling experiments were conducted in 900 ml
of 0.90 % w/v NaCl at 20 + 0.5 °C. After one week the samples were considered to have

reached equilibrium swelling as no further mass uptake could be detected. The equilibrium



weight w,, was recorded. Assuming a yield of 100% from the synthesis as done by others (54,
55), the dry weights of the samples were calculated from the masses of the components in the
synthesis mixture and the weight ratio between the initial weight wy of the samples and the

synthesis mixture, so that:
My =My + My + Mgy + Myprc (0)

where myg;, 1s the theoretical dry weight of the sample, m 4 is the mass of 44, my, is the mass
sodium acrylate, myp4 1s the mass MBA and myrc 1s the mass of MFC in the sample. The

swelling degree O was then calculated as:

0= (Weqm_ M4y ) 7)

Results and discussion
Characterisation of microfibrillated cellulose suspension

The structural composition of MFC can vary greatly depending on the source of the original
cellulose fibers and the manufacturing process. In order to elucidate the structural components
of the MFC suspension in question visual inspection, followed by optical microscopy, AFM
and transmittance analysis were performed on the untreated suspension and on suspension
filtered through a filter with 0.2 um pores. During the visual inspection of the untreated
suspension it was noted that small amounts of fiberous structures could be detected with the
naked eye and that the suspension appeared opaque. The filtered suspension appeared

completely transparent.

Optical microscopy of wet MFC suspension revealed a highly heterogeneous
suspension on the detectable length scale, as can be seen in the exemplifying images in Fig.

la. Filtered and subsequently dried MFC suspension left a film like aggregate over the whole
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area covered by the drop prior to drying. In the aggregate area structures of varying size could
be seen, many with clear directionality and even fractal like structures. It was found that size
and shape of the structures varied between samples. This was probably due to different
concentrations and size distributions of MFC in the samples after filtration and due to
variations in drying between samples. Exemplifying images can be seen in Fig. 1b. The
controls with filtered water did not show any observable structures and only negligible
aggregate, probably being an artefact from the filtration or the drying. The large aggregate
formation and the formed structures from MFC suspension filtered through a 0.2 pm filter

clearly indicates the presence of structures with sizes on the nano-scale.

AFM analysis of the MFC suspension revealed that the MFC contained a large amount
of nanoparticles, thought to be cellulose nanocrystals, as well as larger fibers and fiberous
structures. An exemplifying image showing individual nanoparticles, fibers and larger
fiberous structures is given in Fig. 2a. Typical dimensions in the z-direction were found to be
about 2-5 nm for nanoparticles and individual fibers and about 30-60 nm for fiber bundles.
However, the structures observed varies greatly between locations in the dried samples, as
such there will be structures present falling outside the mentioned intervals. The observed
nanoparticles had diameters in the xy-plane of 10’s of nanometers, this is similar to diameters
reported by others for spherical cellulose nanocrystals (35, 37, 38). The exact diameters of the
nanoparticles are not speculated upon. This since the AFM tip is known to give artifacts in the
xy-plane (33). However, the AFM has very high precision in the z-direction, and it can be

concluded that the structure of the thought to be cellulose nanocrystals is somewhat flattened.

AFM analysis of the filtered MFC suspension and the filtered water control revealed
that the filtered MFC contained nanoparticles and fibers (Fig. 2b and c¢). The dimensions in
the z-direction ranged from about 1-20 nm for the nanoparticles and 1-2 nm for the fibers. As

stated earlier, structures falling outside the mentioned intervals should also be present. The
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AFM analysis of the water control revealed that a thin film with pores had been formed upon
drying of the sample (result not shown). Thus, the dark areas, corresponding to cavities, in

Fig. 2b and c are derived from this film, and are not associated with the MFC suspension.

Transmittance analysis of the filtered suspension showed an increasing extinction with
decreasing wavelength. The transmittance through a medium containing particles can be
described by the Beer Lambert law, replacing the extinction coefficient with a scattering

coefficient (56), with the current notation:
A=a,,l (8)

where A4 is the absorbance, / is the distance through the medium and oy, is the scattering
coefficient, which for Rayleigh scattering from small size particles is inversely proportional to

the fourth power of the wavelength (57).

In order to evaluate if the extinction was due to Rayleigh scattering the absorbance
was plotted versus 2. In Fig. 3 it can be seen that extinction is indeed relatively proportional

to 14,

Taking into account the results from optical microscopy of filtered suspension, AFM
and transmittance studies, it is concluded that the MFC suspension contains rather large
amounts of structures having sizes on the nano scale. The differences in the structures
observed in the AFM analysis of the 10, 100 and 1000 times diluted samples, as well as the
structures observed for filtered and subsequently dried MFC using optical microscopy,
indicates that upon drying the nanoparticles aggregate into larger structures in a concentration
dependent manner. Aggregation of cellulose nanocrystals into structures upon drying has been

previously reported by Wang et al. (35).
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Based on the characterisation it is recognized that the used MFC is highly
heterogeneous; containing particles, fibers and fiber clusters, ranging from nanometers to

hundreds of micrometers in size.

Sample preparation

In order to evaluate the effect of the MFC utilized as a filler material, on the mechanic and
swelling properties of the hydrogels, two series of samples were studied. The first was to
evaluate the effect of the amount of MFC on the properties in a fixed surrounding matrix. This
set contained hydrogels with a fixed molar ratio of the crosslinker N,N’-
methylenebisacrylamide (MBA) to acrylic acid (AA) of 0.005 and MFC concentrations

ranging from 0 to 2.5 % per dry weight of the samples.

The second set was to elucidate the influence of a fixed amount of MFC when the
modulus of the surrounding matrix was changed. This set contained hydrogels with MBA:AA
ratios ranging from 0 to 0.05 and a MFC concentration of 1.2 % per dry weight. As

references, samples without MFC were prepared at each specified MBA:AA ratio.

After synthesis it was observed that the MFC containing gels were increasingly
opaque with increasing MFC concentration, as expected since this was also the case both for
the MFC suspension and the pre-polymerization mixture. The samples without MFC

displayed a fully transparent appearance.

Shear modulus after synthesis

The shear modulus determined from the uniaxial compression analysis showed that the
reinforcing effect in a fixed matrix with a MBA:AA of 0.005 increased with increasing

concentration of MFC. First a larger increase was observed for a low amount of added MFC,
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followed by a rather linear increase with increasing MFC concentration, as shown in Fig. 4a.
From Eq. 2, it is seen that the increase in modulus should have an approximately linear
dependence on the volume fraction of filler for low filler concentrations and a quadratic
dependence for high concentrations according to hydrodynamic theories. As such, it can be
concluded that the observed reinforcing effect can not be explained by hydrodynamic theories
alone. Even if neglecting the sample without MFC and the large initial increase in modulus,
focusing only on the linear region, the reinforcement is much more effective than expected for
traditional hard fillers. By extrapolating the linear region to a filler concentration of zero to
approximate the surrounding matrix modulus and fitting the data to Eq. 1 or 2, the geometry
coefficient was found to have a value of approximately 40. That is, in the linear region the
increase of modulus with increasing volume fraction of filler is 16 times larger than the value

of 2.5 expected for traditional hard fillers with spherical geometry.

In the case with a fixed MFC concentration of 1.2 % per dry weight and varying
MBA:AA ratio, it can be seen in Fig. 4b that the shear modulus is proportional to the amount
of crosslinker for samples both with and without MFC. This is expected from a crosslinked
polymer network according to theory (48). Furthermore, an increase in the modulus can be
seen for the MFC containing samples when compared to those with no MFC. Interestingly, it
was found that the increase in modulus was small for the samples with no or low amount of
covalent crosslinker (MBA:AA ratios of 0 and 0.001). Furthermore, the increase in modulus
relatively to that of corresponding samples without MFC exhibited a maximum for a
MBA:AA ratio of 0.005. From the results, it can be concluded that the reinforcing mechanism

1s complex.

Equilibrium swelling and shear modulus.
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In order to establish the effect of MFC on equilibrium swollen gels the samples were
submerged in 0.9 % NaCl solution. The specified ionic strength was chosen because of the
biological relevance and because superabsorbents swollen in de-ionized water commonly

fracture during swelling.

The swelling studies revealed, as expected, that the equilibrium swelling decreased
with both increasing content of MBA and MFC. Surprisingly, when plotting the equilibrium
swelling degree Q. versus the combined percentage of MBA and MFC per dry weight (Fig.
5a), it was found that the equilibrium swelling degree was relatively independent of the
MBA:MFC weight ratio, rather depending only on the combined mass of MBA and MFC
added to the synthesis solution. A minor deviation from the observation may be seen for the

point that corresponds to a MBA:AA ratio of 0.001 with MFC (indicated in Fig. 5a).

The shear modulus after swelling of the samples displayed an increase with increasing
mass of both MBA and MFC, shown in Fig. 5b. As for the equilibrium swelling of the
samples, the effect on the shear modulus was found to be relatively independent of whether

MBA:MFC weight ratio, as long as the combined mass was the same.

The decrease in swelling and increase in shear modulus with crosslinking is to be
expected according to theory on crosslinked gels (9). However, to elucidate the actual
performance of the MFC containing gels as compared to that of gels with only conventional
crosslinker, it is necessary to investigate the shear modulus at a given equilibrium swelling
G(Q.). It has been previously stated that for swollen polymer networks, where only the degree
of crosslinking changes, the shear modulus at equilibrium can be expressed, with the current

notation, as (58-60):

G(Q,)=40," ©)
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where 4 and m are material and solvent dependent coefficients. Indeed, when making a plot of
log G versus log Q. (Fig. 5¢), a linear relationship is acquired. From linear regression of the
data the value m = 2.4 is acquired. For the case of a good solvent, the theoretical value of m is
predicted to be 2.25 (58, 59) and has been reported as 2.3 (61) and 2.4 (62) in experimental
studies. It seems from the data in Fig. Sc that MFC containing samples with a MBA:AA ratio
of 0.001 (indicated in the figure) has a larger G(Q,), as compared to samples without MFC
with similar Q.. To substantiate this observation, being aware that the differences could be
due to variations between syntheses, additional samples were synthesised and analysed. The
further analyses were performed on the swelling and shear modulus of samples with a
MBA:AA ratio of 0.005, corresponding to a MBA content of 0.89 % per dry weight, without
MFC and on samples with a MBA:AA ratio of 0.001, corresponding to a MBA content of
0.18 % per dry weight, with 1.2 % MFC per dry weight. Those compositions were chosen as

they exhibited similar Q,’s.

The results, G(Q.), shown in Fig. 5d indicates that there may be an improvement for
MFC containing samples. However, it is difficult to statistically verify the improvement due
to rather large variations, both in G and Q. between syntheses. As such we dare not state that
there is an actual increase in G(Q,) for MFC containing samples. The results do show that
under the current conditions and compositions, the traditional covalent crosslinker MBA can
to large parts be replaced with the same mass of MFC. The composite samples exhibiting

similar Q. and at least as good G(Q.) as samples with only MBA.

The large effect of MFC on Q. and G(Q.) must be attributed to strong interactions
between the MFC filler particles and the polymer network. Since the samples were prepared
by free radical polymerization initiated with KPS and it is known that grafting onto cellulose
can be performed using redox initiated free radical processes (45), it seems likely that the

polymer network was grafted onto the MFC during the synthesis. However, polymers are also
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known to strongly adsorb to surfaces (13) and the mechanism of polymer-MFC interaction is
probably a combination of covalent and physical bonds. It is recognized that the mechanism
of the reinforcement is complex, especially since the effect of MFC as compared to MBA is

totally different between samples after synthesis and after equilibrium swelling.

Fracture on compression

During the uniaxial compression measurements it was possible to determine the strain
er= (lo—1) / 1y at which the gels fractured for samples with MBA:AA ratios of 0.025 and 0.05,
containing 0 or 1.2 % MFC per dry weight. For samples with lower amount of crosslinker this
was not possible as the gels in many cases squeezed away from the compression rather than
fractured. It was found that for samples containing MFC the stress at fracture (compressive
strength) or was increased without decreasing the strain at fracture, compared to

corresponding samples without MFC (Table 1).

The samples analysed after synthesis are directly comparable as they have the same
volume fraction of polymer. The data in Table 1 clearly shows on improved gel properties for
MFC containing samples, with regard to fracture. The sample with MBA:AA ratio of 0.025
and MFC displayed both the best deformability and the largest compressive strength.
However, due to the rather large variation between measurements, the sample with MBA:AA
ratio of 0.05 and MFC could in fact be the one having the largest compressive strength. For
the swollen samples one needs to be aware that the volume fraction of polymer differs about
11% between samples with and without MFC containing the same amount of MBA. Despite
the difference in swelling between samples it can be concluded that MFC is increasing the
performance of the gels after swelling, with regard to fracture. The sample with MBA:AA

ratio of 0.025 and MFC displayed a deformability equal to that of the sample with the same
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amount of MBA without MFC and better than that of the sample with MBA:AA ratio of 0.05

without MFC, while it seemingly exhibited a larger compressive strength than both.

The increase in compressive strength is not surprising since it has been long known
that fillers can have that effect (63). However, what is beneficial is that the increase takes
place without decreasing the strain ¢ at which the fracturing takes place. Simple theory
predicts that for a hard filler composite the strain at which fracture occurs should always
decrease (63). Furthermore, the samples without MFC in this study become more prone to
fracture as the modulus is increased using conventional crosslinker. Thus, it can be concluded
that by using MFC at a concentration of 1.2 % per dry weight, the shear modulus can be
improved without worsening the deformation properties with regard to fracture, in contrast to
what would be expected for traditional hard fillers and what is observed with the traditional

crosslinker MBA for the samples in this study.

Conclusion

In this study it has been shown that commercially available microfibrillated cellulose (MFC)
with structural content ranging in size from nano to micro, is highly efficient, with regard to
reinforcement, when utilized as a filler in superabsorbents composed of polyacrylic acid
neutralized with NaOH, prepared by free radical copolymerization. The highly efficient
reinforcement and the deviance from hydrodynamic theories clearly show that the mechanism
is more complex than suggested by hard filler theory, indicating strong interaction between
the MFC and the polymer network. Possible explanations for the strong interaction are
adsorption of the polymer network onto the MFC and grafting of the polymer network onto
the MFC during the polymerization reaction. A surprising finding was that the MFC had the
same effect on equilibrium swelling and shear modulus in the swollen state as the same mass

of the conventional crosslinker MBA, while at the same time improving the samples’
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resistance to fracture. The results clearly indicate that MFC holds great potential as a biologic
reinforcing material in the area of soft materials, in some cases possibly replacing reactive
conventional crosslinkers. Future scopes would be to perform toxicological studies of MFC to
elucidate the potential as a reinforcing filler material in biological applications, to perform
studies utilizing MFC with more well defined structural content to in detail elucidate how
different MFC geometries and sizes will influence the composite properties and to in detail
investigate the mechanism of polymer-MFC interactions under different conditions in

different systems.
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Figure Captions
FIGURE 1 Optical microscopy images of MFC suspension.(a) Image of wet 2X diluted
suspension using a 10X objective. Insert is 25X diluted using a 100X objective. (b) Image of

filtered and dried suspension using a 10X objective. Insert is captured using a 50X objective

FIGURE 2 AFM images of MFC suspension. (a) 10X diluted and subsequently dried,
recorded in an area where no macroscopic aggregate was observed using light microscope. z-
displacement (range 20 nm) to the left, phase image to the right. (b) and ( ¢) z-displacement
images (range 30 nm) of filtered and subsequently dried MFC. The images have been digitally

enhanced for clarity, see text for relevant z-displacements of observed structures.

FIGURE 3 Absorbance versus A for filtered MFC suspension, the control with filtered water

is sufficiently small to be negligible and is therefore excluded from the figure.

FIGURE 4 Shear modulus after synthesis. (a) For samples with a fixed MBA:AA ratio of
0.005 and varying MFC content. (b) For samples with varying MBA:AA ratios and a fixed
MFC content of 1.2 % per dry weight (e) and controls without MFC (©). Error bars indicate

min / max values within a synthesis, n =2

FIGURE 5 Equilibrium swelling (a) and shear modulus at equilibrium swelling (b) for
samples with a fixed MBA:AA ratio of 0.005, corresponding to 0.89 % MBA per dry weight,
and varying MFC content (x), samples with varying MBA:AA ratios and a fixed MFC content
of 1.2 % per dry weight (®) and samples without MFC and varying MBA:AA ratios (©). Error

bars indicate standard deviation within a synthesis, n = 3 for swelling and n = 6 for shear
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modulus. (¢) Plot of log G versus log Q. for previously described samples. (d) Plot of G
versus Q, for repeated experiments of samples with a MBA:AA ratio of 0.005 without MFC

(0) and samples with a MBA:AA ratio 0of 0.001 and 1.2 % MFC per dry weight (e).
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FIGURE 4
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FIGURE 5

a
50 =
40
MBA:AA=0.001
— 30 [ X
~ ”~
- X
Q 20 X
X
10 T o
- e
0
0 2 4 6 8 10
MBA and MFC per dry weight (%)
Cc
6
°
o
°
o
5 X
MBA:AA=0.001
U]
= X
k) >,X).
4
o
3
0.6 1 1.4 1.8
log Q,

33

G (kPa)

G (kPa)

600
¢

500
400 §
300

rs
200

o
100 y %
0 X
0 2 4 6 8 10
MBA and MFC per dry weight (%)

30
25 °

°
20 ©

® 9

Bt
15 °
10
5
0
20 25 30 35

Q. (9/9)



Tables

TABLE 1 Fracture properties of gels after synthesis and after equilibrium swelling. erdenotes

the strain at fracture, or the compressive strength and G the shear modulus of the gels

MFC o+ G/
Sample MBA:AA dry mass % & KkPa KkPa
After'
synthesis
1 0.05 0 037+£0.011 298+5.0 249+3.9
2 0.025 0 0.454 £0.0091 180+ 17 120+ 10
3 0.05 1.2 0.377£0.0031 409+7.0 301 +£7.6
4 0.025 1.2 0.54 £0.047 440 + 78 159.1 +£0.71
After’
Swelling
1 0.05 0 0.21 £0.023 190 + 52 400 + 27
2 0.025 0 0.34 £ 0.040 170 + 35 166 + 6.1
3 0.05 1.2 0.24 £0.034 340 £ 55 550 £20
4 0.025 1.2 0.32 £0.022 220 + 36 247 +£5.8

"+ indicates min / max values within a synthesis (n = 2)

? + indicates one standard deviation within a synthesis (n = 6)
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