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SUMMARY: The influence of different polymers on the
aggregation tendency of cellulose microfibril suspension was
evaluated with optical microscopy. The aggregation tendency of
fibril suspensions was compared with aggregation behavior of
surface fibrils on fibers by different polymers. The material
properties of fiber bonding domain were evaluated by
mechanical testing of model composites of cellulose micro-
fibrils and polymers. Recently developed set-up combining
tensile testing, infrared drying, and online moisture sensor was
applied to study the polymer effects on the development of
sheet tensile strength during drying. The specific interactions
between polymers and cellulose fibrils, observed as dispersing
and aggregating effects of polymers on cellulose fibrils,
reflected both on composite and paper properties. The strength
development during drying was specific for different polymers
and for different adsorption conditions, which emphasized the
physico-chemical function of strength additives. For example,
chitosan, adsorbed at high pH, increased the sheet strength
throughout the drying range, whereas cationic starch affected
the strength only at solids above 80% in the drying sheet. 
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The foundations for consideration of paper as a material
were laid in 1950’s and 1960’s by the pioneering works
on wet web strength (Lyne, Gallay 1954), cellulose fiber
structure (Emerton 1957), fiber bonding (Van den Akker
1959), and other aspects of paper structure and properties
(Higgins et al. 1955; McKenzie, Higgins 1955;
McKenzie 1957; Higgins et al. 1958; McKenzie, Higgins
1960; Higgins, McKenzie 1963). 

An important topic to consider in this paper is the view
of fiber surface structure in water and its implication on
fiber bonding and on the development of mechanical
properties of paper during drying. The formation of
interfiber bond, as described by Kibblewhite (1973), occurs
when gel-like surface layers of molecular fibrils merge bet-
ween adjacent fibers as water is removed. This idea of
interfiber bonding was extended on the grounds of diffu-
sion theory of adhesion (McKenzie 1984). More recently, a
model of fiber external surface consisting of hydrated poly-
mer or polyelectrolyte layer was introduced (Pelton 1993).
The role of compatibility of adjacent fiber surfaces in inter-
fiber bonding (Pelton et al. 2000) and in adhesion between

fibers and starch additives (Balodis et al. 1966) supported
the proposed view of the fiber-fiber bond formation.
Dry and wet strength additives are common in paper-
making but only few polymers have been known to
increase the wet web strength of paper. Chitosan has been
demonstrated as an effective wet strength agent for un-
bleached and bleached fibers (Allan et al. 1978). The
ability of chitosan to improve initial wet web strength
have been shown for bleached kraft pulp (Laleg, Pikulik
1991) and mechanical pulp (Laleg, Pikulik 1992).
Chitosan has also been studied as a dry strength additive
(Lertsutthiwong et al. 2002). In addition, the effect of dif-
ferent polymer treatments on the development of fiber
bonding or tensile properties, like sheet tensile strength
as a function of dry solids content, has not extensively
been reported, with the exception of few investigations
(Laleg, Pikulik 1991; Laleg, Pikulik 1992; Mesic 2002;
Alince et al. 2006).

Research on fiber and fibril structure have pursued to
clarify the complex behavior of these structures and to
explain the structure-property relationships from the
molecular level onward (Duchesne, Daniel 2000; Hult et
al. 2001; Billosta et al. 2006). The importance of under-
standing the molecular level interactions between fibers
and polymers was pointed out in extensive work by
Eriksson (2006), who emphasized physical properties of
polymers, structure of the adsorbed polymer layer, and
water plasticization as contributors in the development of
fiber-fiber bonding. The use of cellulose as a reinforcing
phase in polymer composites have gained research
interest with the environmental awareness. Different
cellulosic materials from variety sources have been
introduced as fillers in polymer composites. The research
field have been recently reviewed (Eichhorn et al. 2001;
Berglund 2005). The studies on composite structure and
properties provide information on the interactions,
adhesion, and compatibility between the components. On
this account we consider the field very useful for our
research purposes. The seminal research and present
knowledge of cellulose fiber and fibril structure, paper
strength and the function of polymeric strength additives
combined with polymer, composite and adhesion science
is a good foundation to investigate the mechanisms
behind strength in cellulosic materials.

The experiments in this study were conducted in three
phases. At first, influence of polymers on the behavior of
cellulose fibrils in water as well as on the fiber surface
fibrillation was studied by microscopic methods. Then, the
behavior of polymer-cellulose microfibril composites was
assessed by tensile testing of composite films. Finally, the
rheological behavior of wet paper web during drying was
studied by a recently developed tensile testing method.
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In this study, interactions of polymers with fibrillar struc-
ture of cellulose and their influence on the development
of bonding in fiber network were investigated. As a
model for the fiber bonding domain, mechanical properti-
es of cellulose-polymer composites were determined. The
effect of different polymers on the development of paper
strength during drying was systematically studied.
Interfiber bonding, wet web strength, and fiber processing
are discussed in relation to the results.

Materials and Methods
Microfibrillated cellulose
Microfibrillated cellulose (MFC) was produced at STFI-
Packforsk (Stockholm, Sweden). The dry solids content
of MFC was 2% and it was used as obtained. The prepa-
ration and characterization of the material have been pre-
sented elsewhere (Pääkkö et al. 2007). In brief, the mate-
rial was prepared from never-dried bleached sulfite soft-
wood cellulose pulp by mechanical and enzymatic treat-
ments followed by high-pressure homogenization. 

Cellulose fibers
Bleached kraft pulp (pine) obtained from Botnia (Ääne-
koski, Finland) was used in the microscopy of fiber
surface fibrillation and in the tests of paper strength
development during drying. For the microscopy the
fibers were beaten in Valley refiner for 60 min in order to
produce extensive fibrillation. The fines were removed
by flushing the pulp suspension in a tank with 200-mesh
wire bottom and ample flow-through of fresh water. After
the fines removal the fibers were converted into sodium
form according to procedure by Swerin and Wågberg
(1994). Fibers used in the measurement of strength deve-
lopment during drying were processed similarly, except
that the beating time was 5 min. The Schopper-Riegler
freeness (°SR) values of the 60 min and 5 min beaten
pulps were around 35 and 13, respectively. Wet hand-
sheets were prepared in a laboratory sheet mould in
accordance with standard SCAN-C 26:76. Deionized
water was used in the mould and NaHCO3 was added to
maintain constant salinity of 0.5 mM. Handsheets were
then wet-pressed according to SCAN-C 26:76, except the
number of blotter paper sheets was reduced in order to
decrease the initial solids for the measurement of strength
development.

Water soluble polymers
Wet end grade cationic starch (CS) with a degree of
substitution (D.S.) of 0.035 was received from Ciba
Specialty Chemicals (Basel, Switzerland). Cationic
polyacrylamide (C-PAM), Fennopol K3400R, with mole-
cular weight of 6-7 Mg/mol and charge density of ~1
meq/g was obtained from Kemira (Vaasa, Finland).
Carboxymethyl cellulose (CMC), Finnfix WRM, with
D.S. of 0.56 was provided by CP Kelco (Äänekoski,
Finland). Medium molecular weight chitosan (relative
molecular mass of 400000, Prod. no. 22742) was purcha-
sed from Fluka BioChemika (Buchs, Switzerland). All
the polymers were used as received.

Polymer adsorptions
CS solution (5 g/L) was added into a fiber suspension
(consistency 5 g/L, salinity 0.5 mM NaHCO3) and mixed
for 30 min. The suspension was filtrated and unadsorbed
polymer was rinsed with 0.5 mM NaHCO3 solution. The
adsorbed amount of CS was determined from filtrate by
acid-phenol spectrophotometric method (DuBois et al.
1956). Chitosan was added to fibers by precipitation at
pH 9. Chitosan (5 g/L) was dissolved in 1% acetic acid
solution and added to pulp suspension (5 g/L, 0.5 mM
salinity). After chitosan addition, pH of the suspension
was adjusted to nine and suspension was mixed for 30
min and filtrated. The amount of chitosan precipitated
onto fibers was not determined in this study, but it has
been shown that at high pH chitosan is completely
retained onto fibers (Laleg, Pikulik 1991). Because CMC
and fibers are both anionic substances, CMC adsorption
needs to be done at specific conditions to suppress
electrostatic repulsion between fibers and CMC and to
facilitate adsorption of the polymer. Thus, CMC
adsorption was done according to Laine et al. (2000) at
high salinity (0.05 M CaCl 2) and at elevated pH (~8) and
temperature (80°C). The adsorbed amount of CMC was
determined by conductometric titration (Katz et al. 1984).

Composite film preparation
MFC-polymer composites with polymer content of 2%,
5%, 10%, 20%, and 50% by weight were prepared along
with pure MFC films. Water soluble polymers were
dissolved in distilled water. The solution concentrations
were 0.5 wt-%. MFC suspension (0.5 wt-%) was
continuously stirred with a magnetic stirrer in a glass
container and polymer solutions were added dropwise
into the suspension. After stirring for 24 h, the mixtures
were degassed in vacuum for 20 min. The mixtures were
weighed on aluminum pans and dried in an oven at
constant temperature of 35°C for two to three days.
Specimens for tensile testing were cut from dried
composites and their thicknesses were measured.
Samples were stored in sealed plastic bags at room tem-
perature.

Tensile testing of composite films
Tensile tests were performed with a MTS400m tensile tes-
ting device (MTS Systems, Eden Prairie, Minnesota,
USA). Testing procedure used for the composite samples
was based on paper testing standard ISO 1924-2, except
that specimen length and width were 50 mm and 10 mm,
respectively. The tensile tester was situated in paper testing
room with controlled climate (23°C, R.H. 50%).
Composite samples were equilibrated at least for two hours
(conditioning cabinet) or six hours (paper testing room)
before tensile testing to ensure constant moisture content.

Measurement of strength development
The development of paper strength during drying was
measured with MTS400m tensile tester combined with 2
kW infra-red (IR) drying module equipped with stepless
power control unit (Hedson Technologies, Sweden) and a
moisture sensor (MM55E, NDC Infrared Engineering,
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USA). 50 mm wide strips were cut from wet pressed
sheets with moisture content ~50%. Before clamping the
samples to the tensile tester, the sample ends were dried,
leaving a 70 mm wet section as effective wet testing
length. After the specimen was clamped, all the tests were
done as follows. The wet sample was dried from front
side with the IR for a chosen time (around 5-60 s). The
reading in the moisture sensor was allowed to even out
for a moment and tensile test was performed. Tensile test
was done according to ISO-1924-2, except that specimen
dimensions were 50 mm x 70 mm and crosshead speed
was 20 mm/min. According to the manual of the IR sen-
sor, the optimum sampling area was a spot with diameter
of 25 mm, which was obtained at a distance of ~20 cm
from the sample. For backscatter mode measurement the
sensor was inclined at 20° to the sample surface. The
range and accuracy of the sensor in moisture determina-
tions were given as 0-90% and ±0.1%, respectively. The
moisture sensor was calibrated with the fiber material (8
points at dry solids between 45% and 95%) and its
response was linear (R2 = 0.988) in the calibration range.

Optical microscopy
The aggregating or dispersing effect of polymers on the
MFC suspensions was studied by optical microscopy. The
MFC flocs were observed and photographed with Leica
DM LAM microscope (Leica, Wetzlar, Germany)
equipped with Leica DC 300 digital camera. Polymer
solutions (0.25 wt-%) of CS and C-PAM were prepared
in distilled water and chitosan was dissolved in 0.5%
acetic acid solution. 1 ml of MFC suspension (5 g/L), 0.3
ml of polymer solution and 3.7 ml of distilled water were
mixed in a test tube. Samples for microscopy were taken
after 15 min adsorption time. Prior to sampling the test
tubes were shaken to keep the volume fraction of the
samples constant. Six images from each sample were
recorded. CMC addition to the MFC suspension was
adapted from Laine et al. (2000). Hence, the CMC
addition to MFC was done at the same conditions as the
CMC adsorption onto fibers described earlier. Instead of
filtration, centrifugation was used to separate the fibrils
from suspension. The added amount of CMC was 10%
(w/w) but the adsorbed amount was not determined. 

The effect of the polymers on the aggregation of fiber
surface fibrils was observed and photographed with the
Leica microscope. C-PAM solution (0.1 wt-%) was pre-
pared in distilled water. Fibers were treated with C-PAM
by adding 10 mg of dry polymer per gram of dry fiber
into fiber suspension (4 g/L consistency) and subsequent
mixing for half an hour to ensure equilibrium adsorption.
CMC treatment of fibers was done as described before.
Addition level of CMC was 40 mg/g dry fiber. Fibrillated
fiber surfaces were photographed in wet conditions. Ten
images from each sample were recorded. 

Scanning electron microscopy of wet fibers (wet-SEM)
Instrument used in the scanning electron microscopic
examination of the fibers was Hitachi S-4700 field-emis-
sion SEM (Hitachi High-Technologies, Krefeld,
Germany). The SEM images of wet fibers were obtained

by using Wet-SEM™ technology by QuantomiX
(Thiberge et al. 2004; Joy and Joy 2006). Wet fiber sam-
ples were placed into QX-302 capsules to be viewed in
the wet state. The capsules isolate the wet content from
the vacuum by an ultra-thin, electron-transparent parti-
tion membrane, which allows both the penetration and
collection of a scanning electron beam, while withstan-
ding the pressure difference of the microscope chamber.

Fiber samples were prepared in the same way as in
optical microscopy experiments, except that uranyl
acetate staining was used for enhancing contrast. The
samples were placed into 1% aqueous solution of uranyl
acetate for one hour and were washed successively with
Milli-Q water. The images were obtained with the Hitachi
S-4700 FE-SEM using backscattered electron detector
(YAG-type), working distance of 10.5-10.7 mm, beam
energy of 30.0 kV, and beam emission current of 15 µA.

Results and Discussion
Optical microscopy

The effect of polymers on the aggregation tendency of
MFC suspension
Optical microscopy was used to study the influence of
different polymer treatments on the aggregation tendency
of MFC. Fig 1 shows the optical microscopy images
recorded in phase contrast mode of a reference MFC
suspension (Fig 1a) and suspensions after different
polymer treatments (Figs 1b-e).

The inherent aggregation tendency of plain MFC
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suspension is evident (Fig 1a). Polymers can influence
the degree of aggregation of MFC, depending whether
the polymer has dispersing or aggregating effect on the
MFC. High molecular weight, low charged cationic
polymers, CS and C-PAM, further aggregated the MFC
suspension (Figs 1b-c). Especially C-PAM addition
created large and dense MFC agglomerates (Fig 1c). The
aggregating effect of CS on the MFC suspension was
moderate. CS seemed to densify some larger agglo-
merates but at the same time it generated smaller parti-
cles into the suspension (Fig 1b). On the contrary,
notable dispersion of MFC suspension was attained with
CMC treatment (Fig 1e). The well dispersed sample
(Fig 1e) showed high particle movement between the
microscope slide and the cover slip during microscopy, as

a contrast to other samples. Chitosan also seemed to
disperse the MFC suspension (Fig 1d), but not to a same
extent as the CMC treatment.

The effect of polymers on the aggregation of fiber
surface fibrils
Optical microscopy was used to visualize the fibers in
water and to reveal the effects of polymers on the fiber
surface fibrils at coarse level. The studied polymers were
selected on the basis of results above. As shown, the most
prominent aggregating and dispersing effects on the
MFC suspension were observed with C-PAM and CMC,
respectively. Fig 2 shows the optical microscopy images
recorded in phase contrast mode of highly beaten fines
free fibers without polymer treatment (Fig 2a) and
treated with dispersing polymer, CMC, (Fig 2b), and
treated with aggregating polymer, C-PAM, (Fig 2c).

The highly beaten fines free fibers in Fig 2a indicates
that the fiber surface fibrils are always aggregated to
some extent. The addition of C-PAM into the fiber
suspension further compacted the fibrillar structure
closer to fiber wall and formed visible agglomerates on
the fiber surfaces as seen in Fig 2c (fibril agglomerates
circled). Instead, if the fibers were treated with CMC
(Fig 2b), which acted as a dispersant, the fibrillar
structure on the fiber surface became very extended and
finely dispersed. Since the fibers were beaten in a Valley
beater, which is not the best method to produce fibrilla-
tion on fiber surfaces, the fibrillation was more advanced
at defects and dislocations on the fibers. Probably, the
surface fibrillation initially takes place at these weak
locations. More efficient method to induce fiber surface
fibrillation (also more evenly) would have been grinding
where abrasive mechanical action highly promotes fiber
surface fibrillation (Wang et al. 2006).

Wet-SEM imaging
More detailed information on the wet fiber surface
structure was obtained with a novel wet-SEM technology.
The technique allowed SEM imaging from water
containing fiber samples. Fig 3 shows SEM images of
wet fiber surfaces without polymer treatment (a), treated
with dispersing polymer, CMC, (b), and treated with
aggregating polymer, C-PAM, (c).

The SEM images of wet fiber surfaces in Figs 3a-c
show similar effects of the polymers on the fiber surface
fibrils as observed in optical microscopy images in Figs
2a-c. The C-PAM induced fibril aggregates are circled in
Fig 3c. Comparison between Figs 3a and 3b indicated
that after CMC treatment the fiber surface fibrils were
more dispersed and appeared as fine webs or thin veils
on the fiber wall. The samples for SEM were stained with
1% uranyl acetate prior to imaging. The staining
impaired the effect of CMC treatment on the fiber
surface fibrils since the staining liquid was a salt solution
and it caused to some extent fiber flocculation and
deswelling as well as fibril aggregation. Subsequent
washing after staining did not fully restore the fiber
dispersability. Without the adverse effect of staining the
CMC treated fibers might have displayed even more

Fig 1. Phase contrast images of plain MFC flocs/agglomerates (a), MFC agglo-
merates after CS addition (b), MFC agglomerates after C-PAM addition (c), MFC
agglomerates after chitosan addition (d), and MFC after CMC adsorption (e).
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diffuse fibrillar structures on the fiber surfaces.
Nevertheless, the effects of different polymers on the
fiber surface fibrillation were clearly observable. The
long extended surface fibrils perceived in Figs 2a and 2b
were not seen in Figs 3a and 3b since in wet-SEM ima-
ging the fibers were not surrounded by excess solution
but pressed against a membrane in the imaging capsule. 

The optical microscopy images (Figs 1 and 2) clearly
describe the effect of certain polymers on the cellulose

fibrils as well as on the fibrillar structure of fiber sur-
faces. The dispersing and aggregating effects of polymers
on MFC suspension and on fiber surface fibrillation were
essentially the same. The microscopic observations of
fiber surfaces are in accordance with the aforementioned
descriptions of the external fibril or fiber surfaces as
swollen gel (Kibblewhite 1973; McKenzie 1984; Pelton
1993). The appearance of fiber surface fibrillation after
extended beating and removal of fines, in Figs 2a and 3a,

Fig 3. Wet-SEM images of wet fiber surfaces without polymer treatment (a),
treated with dispersing polymer, CMC, (b), and treated with aggregating polymer,
C-PAM, (c).

Fig 2. Phase contrast images of highly beaten fines free fibers without polymer
treatment (a), treated with dispersing polymer, CMC, (b), and treated with aggre-
gating polymer, C-PAM, (c).
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suggests that the fibrils and fiber wall remnants tend to
agglomerate when liberated from the fiber wall by
mechanical action. This can be paralleled to the inherent
aggregation tendency of MFC suspensions (Fig 1a). The
observations are in line with findings that the cellulose
microfibrils in the fiber wall have characteristic tendency
to form aggregates within pulping and drying (Hult et al.
2001; Billosta et al. 2006). It was suggested that the fibril
aggregation is sterically controlled (Hult et al. 2001).
Accordingly, in our experiments both MFC and the newly
formed fibrils on fiber surfaces without steric barrier
formed agglomerates. However, the degree of fibril
agglomeration varies significantly depending on the
polymer additions. C-PAM strongly aggregates the fibrils
(Figs 1c, 2c, 3c), whereas CMC adsorption disintegrates
the fibril agglomerates (Figs 1e, 2b, 3b).

The ability of CMC addition to increase the specific
surface of wet fibers have been highlighted earlier by
microscopic methods (Mitikka-Eklund et al. 1999;
Jokinen et al. 2006; Blomstedt et al. 2007). The method
of adsorption is crucial for the dispersing effect of CMC
on the fiber surface fibrils (Figs 2b, 3b) because the
effect was hardly observed with simple addition of CMC
into the fiber suspension. The importance of adsorption
method have also been pointed out when the effect of
CMC on fiber swelling and paper strength was discussed
(Laine et al. 2002). Our interpretation is that adsorbed
CMC is able to break the weak bonding between agglo-
merated fibrils and induce (electro)steric stabilization,
thus dispersing further the fiber surface fibrils and MFC
suspension. On the other hand, it could be that the increa-
sed surface swelling itself would promote the dispersabi-
lity of fiber surface fibrils. However, this seems improba-
ble since the same level of bonding has been obtained
irrespective of the degree of swelling, which was changed
by altering the counter-ion in the CMC treated fiber sus-
pension (Laine et al. 2002).

The aggregating effect of high molecular weight and
low charge density C-PAM on the fiber surface fibrils
and MFC derives from electrostatic interaction. The
polymer is adsorbed on the fibril surfaces and at the same
time the amount of bound water in the fiber surface is
reduced (Swerin et al. 1990), hence making the fibril
aggregates denser. However, the observed fibril
aggregation by C-PAM could not be accounted for
electrostatic interactions solely, because there was large
difference between charge densities of the materials
(approx. 44 µeq/g and 1 meq/g for MFC and C-PAM,
respectively). More likely, as C-PAM can cause bridging
flocculation, it may produce larger and more compact
fibril agglomerates from which weakly associated water
is released due to decrease of specific surface of the
particles.

Pelton (1993) described the electrostatic adsorption as
polyelectrolyte complex formation between anionic
polyelectrolyte gel (on the fiber surface) and cationic
polymer. This is close to our view as we consider that the
molecular level interactions, whether they are of
electrostatic or chemical nature or partly both, determine
the effect of different polymers on the gel-like layer of

cellulose microfibrils on the fiber surface. These molecu-
lar level interactions of polymers and cellulose microfi-
brils will not only affect the discussed aggregation and
dispersion but also the rheology of wet web, fiber bon-
ding, strength development during drying, and final pro-
perties of dry paper. The adsorption of cationic strength
additive is driven by charge interaction, but the overall
effect on paper properties is influenced also by the che-
mical nature and physical properties of the additive. 

Composites of cellulose microfibrils and polymers
In our concept of the composite model for fiber bonding
we assume that the fiber bonding domain consist of a
mixture of cellulose microfibrils and adsorbed polymers,
cellulose being the major component. Thus, the properti-
es of model composites may give information on the
nature of fiber bonding and on the interactions between
cellulose fibrils and polymers. The specific modulus,
which is defined as modulus divided by density, of some
MFC-polymer composites as a function of polymer
content is shown in Fig 4. Composites of MFC with
C-PAM were not included due to strong aggregation of
the system. Thus, structurally uniform enough films for
tensile testing were not achieved by casting and evapora-
tion of MFC-C-PAM suspensions. Calculated densities of
the materials were 1.4 g/cm3 for plain MFC, from 1.3 to
1.5 g/cm3 for CS containing composites, from 1.4 to 1.5
g/cm3 for CMC containing composites, and from 1.4 to
1.6 g/cm3 for chitosan containing composites.

The specific modulus from tensile testing in Fig 4 sug-
gests that small polymer additions to MFC suspension
have significant effect on the composite properties. At
high polymer additions (50%), as the volume fraction of
MFC decreases in the composites, the properties of
polymers begin to dominate the composite properties and
the ultimate strength decreases. At low polymer contents
the composite properties are dominated by MFC but the
polymer effects like dispersion and plasticization can be
significant.

At low polymer additions, the increase in composite
modulus can be attributed to the improved dispersion of
microfibrils in the composite film, since the ultimate

Fig 4. Specific modulus of MFC-polymer composites as a function of polymer con-
tent in the composite films.
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attainable modulus of pure MFC film has been shown to
be above moduli of plain polymer films (Azizi Samir et
al. 2004; Yano, Nakahara 2004). The differences between
sample densities were rather small, indicating that the
plain MFC film was not substantially more porous than
the polymer containing films. This was somewhat sur-
prising since it was expected that, especially at moderate
polymer addition levels, the strength differences could be
explained by increased film density when the polymers
fill the voids in the porous film structure, as discussed in
context of MFC nanocomposites (Svagan et al. 2007). On
the other hand, as the plain MFC was able to form a
dense structure and because all substances were poly-
saccharides with similar densities, the measured density
values were reasonable. 

The composites containing CMC showed the highest
modulus at 5% and 10% addition levels. In addition to
improved MFC dispersion and slight increase in film
density, the good compatibility between CMC and MFC
as well as water plasticization may have affected the
reinforcing action of CMC. Plain addition of CMC
solution into the MFC suspension was considered less
effective in dispersing the MFC suspension than the
adsorption method. Therefore, direct comparison
between paper properties of CMC treated sheets and
MFC-CMC composite properties is not justified due to
the different methods of CMC addition.

Cationic starch increased the modulus at low addition
(2%) but higher CS additions did not affect the composi-
te modulus. This was attributed to the aggregating effect
of CS on the MFC because the MFC suspensions became
more flocculated after polymer addition. Yano and
Nakahara (2004) have shown that as low addition level as
2% by weight of oxidized starch induced considerable
gain in bending strength and strain to failure of hot
pressed MFC films, though Young’s modulus somewhat
decreased. Conversely, we measured quite low value for
the modulus of plain MFC film. Probably, the morpho-
logy of the films were inferior because we used casting
and drying method that allowed some shrinkage and
buckling of the films, compared to hot-pressing method
(Yano, Nakahara 2004). Interestingly, as a contrast to
high additions of CS, chitosan increased the modulus of
the composites at all additions. Based on visual observa-
tions, chitosan seemed to disperse the MFC suspension,
though the polymer is cationic and the electrostatic effect
could be assumed to be aggregation of the suspension.
This could evidence the importance of chemical structure
of a polymer for the interaction between cellulose fibrils
and polymers. The structural similarity (linear ß-(1-4)-
linked D-glucosamine) of chitosan to cellulose and the
action of primary amine functionality may (partly)
explain the peculiar effect of chitosan, as proposed earlier
for the improvement of wet strength and wet web strength
(Allan et al. 1978; Antal et al. 2000). On the other hand,
if chitosan caused charge reversal when added to the
MFC suspension the dispersing effect would have been
more expected, but in this study the particle charge in the
suspensions was not followed.

It is a well-known fact that mechanical properties of

composite materials are very sensitive to the dispersion
of the filler in the matrix material. In the case of cellulo-
sic fillers (microcrystalline cellulose, cellulose whiskers
or MFC), small amounts (1-10%) of fillers in different
polymer matrices have been found to improve the
composite properties considerably (Yano, Nakahara
2004; Azizi Samir et al. 2005; Malainine et al. 2005).
Depth profiling of polymers on fibers has evidenced that
adsorbed polymers are located close to the fiber surface
at concentrations around 20% (Tatsumi, Yamauchi 1997).
Our hypothesis is, based on that study, that in the fiber
bonding domain the polymers are present as minor
components at concentrations below ~30%. The idea of
modeling the structure of fiber bonding domain by MFC-
polymer composites was supported by the obtained
results, since the clear effects of polymers on the
composite properties were observed at polymer additions
below 50%. Unfortunately, we were just able to measure
the elastic modulus of the composite films reliably due to
the chosen equipment and sample geometry, thus we
reached only limited insight of the mechanical behavior
of the composites under destructive testing.

Sheet properties
The attained ultimate strength commonly reported with
paper strength additives can be the same for many
polymer treatments, depending on adsorption and drying
conditions. Instead, the strength development can be very
specific for different polymers and adsorption conditions.
Fig 5 shows the strength development of wet pressed
sheets as a function of dry matter content during drying.
The adsorbed amount of polymers in the samples was
approximately the same (~10 mg/g).
The development of tensile strength of paper with diffe-
rent polymers in Fig 5 clearly demonstrates the diverse
effect of additives. CS, CMC, and chitosan affected both
the ultimate strength of paper and the development of
mechanical properties during drying. The strength deve-
lopment curves are distinctive for each polymer at the
chosen adsorption conditions.

Fig 5. Strength development in wet paper web with different polymers as a func-
tion of sheet dry solids content.
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At the same water content the rheological properties of
the moist paper web were very different, depending on
the polymer used. Chitosan, adsorbed at high pH, showed
increased wet web strength at all measurable solids
(>45%), CMC began to affect on strength at around 55%
solids, and CS influenced the strength only just above
80% solids in the wet web. Thus, the interactions between
polymers and fibrillar structure of fiber surface, i.e. the
properties of a hydrogel containing fibrils and polymers
on the fiber surface, must be vitally important when con-
sidering the properties of paper web, whether dry or wet.

In order to explain the distinct effect of polymers on
strength development we have emphasized the
importance of fiber surface ultrastructure in water. The
facts that the fiber surface in water is a gel-like material
consisting mainly of cellulose fibrils and adsorbed
polymers (hemicelluloses, additives etc.) and that the
cellulose fibrils have an inherent tendency to form
aggregates mean that it is essential to consider the
interrelations of wet fiber surface structure, cellulose-
polymer interactions, and paper rheology. 

According to Lyne and Gallay (1954) the strength of
wet web is controlled by two mechanisms: at low solids
(below 20%) strength is originated from surface tension
forces and mechanical entanglement and friction between
fibers (in water), and at solids above 25% interfiber bon-
ding begins to dominate the strength development. The
external specific surface of fibers is related to the
strength development, and fines produced in beating have
strong influence on paper strength (Ingmanson, Andrews
1959; Thode, Ingmanson 1959). Wet-web strength and
stretch are affected by the relative proportions of diffe-
rent size fractions in pulp, especially the longest fiber
fraction and the smallest fraction (fines) (Paasonen
1968). Also fibrillated fiber surfaces and fines have been
proposed to improve wet web strength and extensibility
(Kibblewhite 1973).

As was seen in Figs 2b and 3b, the CMC adsorption
enhances the dispersion of fiber surface fibrils and the
wet specific surface of fibers. The increase of wet
specific surface has also been shown by water retention
value (WRV) measurements (Laine et al. 2002). Based on
the presented views (Ingmanson, Andrews 1959; Thode,
Ingmanson 1959; Paasonen 1968; McKenzie 1984), we
propose that the large specific surface of CMC treated
fibers is due to the dispersed fibrillar structure on the
fiber surface and both the dispersion and high WRV
contribute to the improved strength properties. For CMC
treatment, it may be thought that the more dispersed and
gel-like fiber bonding domain reduces the interfiber
movement in the wet web at solids above 55%. Also, this
can be thought to derive from the polymer induced chan-
ge of rheological properties of the fiber bonding domain.
We may lend support from an old study of beating and
drying effects on paper rheology (Higgins et al. 1955),
which showed that beating increased rupture (burst
strength) and residual stress of wet web even though the
water content of the web was increased by beating. The
increment of residual stress by beating was related to
improved structural coherence, meaning that more gel-

like material was holding water and reducing interfiber
movement in the wet web. 

Recently, the known effects of pulping (McKenzie,
Higgins 1960) and drying (Higgins, McKenzie 1963) on
the fiber properties have been proposed to emerge direct-
ly from the response of fiber ultrastructure to the process
in question (Duchesne, Daniel 2000; Hult et al. 2001;
Billosta et al. 2006). The aggregation of fibrils during
kraft cooking may render the fibrillar structure more
endurable towards beating (Hult et al. 2001). Kraft
process aggregates the fibrils throughout the fiber wall
due to swelling and subsequent dissolution of lignin and
hemicelluloses. It seems that in sulphite fibers the
fibrillar structure in the fiber wall is not aggregated (as
much) because the acid processing does not swell the
fibers (Jayme, Hunger 1958). This less aggregated
fibrillar structure of sulphite pulp has been found to be
easily beatable (McKenzie, Higgins 1960) and micro-
fibrillated (Herrick et al. 1983), which makes it more
suitable source material for preparation of cellulosic
micro- and nanofibrils. The presented work was aimed to
emphasize the importance to understand the fiber
ultrastructure from molecular level onward. It also sug-
gests that different polymeric additives interact in a diffe-
rent way with various types of pulps and, hence, have dif-
ferent level of effects on the molecular-, micro-, and
macro-scale behavior of cellulose fibrils, fibers, and
paper sheets. 

Conclusions
The interactions of polymers with fibrillar structure of
cellulose and their influence on the development fiber
bonding was investigated. Composites of cellulose
microfibrils and polymers were prepared as a model for
fiber bonding domain. The effect of different polymers
on the development of paper strength during drying was
systematically studied by new technique combining tensi-
le testing, infrared drying, and online moisture sensing.
The microscopically observed dispersing and aggregating
effects of polymers on cellulose fibrils were reflected on
composite and paper properties. Dispersing polymers,
like CMC, improved both the composite strength and
paper properties. The strength development of paper
during drying was found to be characteristic for each
polymer: CMC started to improve strength at solids
above 55% and cationic starch only just at solids above
80%, while chitosan improved strength at all solids
through the measurement range. The consideration of
fibrillated fiber surface as swollen polymer or polyelec-
trolyte gel in water was well justified on the grounds of
presented results and literature. The adapted approach
helped to reflect the specific interactions between poly-
mers and cellulose fibrils to the development of properti-
es in fiber network. When polymeric strength additives
are employed in papermaking, it is important to consider
not only the basic polymer properties as molecular
weight and degree of substitution but also the physico-
chemical nature of the additive and its interaction with
cellulose fibrils and water.
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