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Fast dewatering of high nanocellulose content papers with in-situ generated
cationic micro-nano bubbles

Hamidreza Ahadian, Elaheh Sharifi Zamani, Josphat Phiri, and Thaddeus Maloney

Department of Bioproducts and Biosystems, School of Chemical Engineering, Aalto University, Espoo, Finland

ABSTRACT
Herein, an innovative method to improve the dewatering of micro- and nanofibrillated cellu-
lose (MNFC) containing furnishes is proposed. This method is based on fiber flotation in
which cationic bubbles are injected into the furnish to separate fibers from liquid medium
and accumulate them on the surface of the furnish. These cationic bubbles are generated
by pressurizing a solution of Hexadecyltrimethylammonium chloride in deionized water in a
dissolved air flotation (DAF) tank. The drainage properties of the furnishes with MNFC con-
tent from 0% to 25% were studied. With the help of the cationic bubbles, drainage rate of
0% and 15% MNFC furnish increased from 183ml/s to 210ml/s and 38ml/s to 113ml/s,
respectively. The final couch solids content of these furnishes also increased from 16wt% to
23wt% and from 21wt% to 24wt%, respectively. Cationic bubbles flocculate MNFC fibers
and increase retention. Sheets characteristics including morphology, permeability, mass dis-
tribution and surface profilometry were investigated. Cationic bubbles help structure fiber
elements and improve the sheet formation.

ARTICLE HISTORY
Received 27 November 2020
Revised 19 March 2021
Accepted 9 June 2021

KEYWORDS
Nanocellulose; dewatering;
nanobubbles; flotation;
paper making

Introduction

In classical paper manufacturing, an efficient dewater-
ing section is necessary for low energy consumption
and high production rate. At the same time, product
quality must be maintained.[1–3] One of the important
research directions in paper manufacturing is toward
the use of nanomaterials as furnish components. This
includes a family of cellulosic materials called micro-
and nanofibrillated cellulose (MNFC). MNFC is
deconstructed cell wall fragments – usually fibrils and
fibril aggregates, which are much smaller than the
parent pulp fibers. The small size and high surface
area of MNFC inhibit dewatering and give a range of
processing problems on the paper machine.[4–7]

MNFC gives the possibility to develop a new gener-
ation of natural fiber products with improved proper-
ties such as higher strength, lower permeability and
roughness and improved formation.[4,5] This is largely
because MNFC cross-dimensional is in the order of
one-thousandth of macro fibers. However, utilization
of MNFC in papermaking operations still requires
new approaches to solve the dewatering properties

inherent in these furnishes.[8] This is especially the
case where MNFC exceeds 5% of the furnish compo-
nents.[6,7] In this case, the dewatering is too slow to
allow high speed manufacturing on conventional
paper machines.[8]

A typical paper machine applies increasing levels of
vacuum to a furnish, beginning with hydrofoils and
moving to vacuum boxes. Through a combination of
filtration and thickening mechanisms, the furnish is
consolidated to a coherent wet web. It has been
shown that the two main mechanisms that control
vacuum dewatering are compression and displacement
dewatering.[9–11] Vacuum compresses the wet web,
while displacement dewatering occurs when the air
flows through the wet web and drives the water out of
interfiber voids.[9,11–18] The main limiting factors of
dewatering are permeability, compressibility of the
wet web and the surface tension of water. These prop-
erties are affected by factors such as basis weight, con-
sistency, refining, temperature, fibers flocculation,
fines content and vacuum level.[9,11,12,19]

One of the factors that inhibits dewatering, particu-
larly in the early part of the forming section, is sheet
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sealing. Sealing is a phenomenon where the first layer
of fibers/fines laid on the fabric inhibits dewatering,
either by plugging the wire channels or providing a
dense layer with low permeability.[20,21] To prevent
sealing, several measures can be taken. For example,
short positive pressure pulses are used to disrupt the
first layer and prevent sealing.[22] In addition, cationic
and anionic polyelectrolytes and microparticles are
normally used to bind the fines to the fiber surfa-
ces;[23–26] thus, preventing blockage of waterways and
improving permeability.[26–28]

Modern paper machines are designed to handle fur-
nishes whose dewatering characteristics fall within a cer-
tain range, which limits the application of MNFC.[3,6,23]

There are a number of different technologies being
explored to solve this problem. One possibility is to opti-
mize the usual wet end parameters such as pH, conduct-
ivity and polyelectrolyte type and concentration.[6,7,28–33]

Another potential approach is to apply shear to the fur-
nish just before or during dewatering. This can lower
furnish viscosity and improve dewatering.[34,35]

Hydrophobization of fibers has been shown to improve
the dewatering efficiency.[36] Recently, one study indi-
cated that optimizing the duration and frequency of vac-
uum pulses could improve dewatering of MNFC
containing furnishes.[37] Another study showed that by
using electro-assisted dewatering of a cellulose nanocrys-
tal suspension, the solid content of the furnish could
increase to 15.3wt%.[38]

One interesting approach to dewatering of high
MNFC suspensions is to replace the aqueous phase with
a foam. During the last decade, foam forming has been
extensively studied as an alternative method for the pro-
duction of high MNFC content products with high bulk
and strength properties, such as in Styrofoam replace-
ments. [39–41] This approach has also shown very good
dewatering properties; possibly due to reduced surface
tension and the structuring effect of bubbles.[39,40,42]

Application of microbubbles, and more recently
nanobubbles, in separation science has also gained a
lot of interest.[43–45] Nanobubbles are nanoscopic sep-
arated spherical gaseous cavities dispersed in an aque-
ous medium. Nanobubbles size ranges from 200 nm to
1 mm while bubbles size in a foam often ranges
between 20 mm and 100 mm. Nanobubbles have a high
surface area to volume ratio and a negatively charged

surface, which can be altered by the addition of surfac-
tants. Because of these properties, they effectively adsorb
onto charged tiny particles.[40,46,47] Nanobubbles gener-
ation methods are divided into two main approaches.
The first approach is where nanobubbles are generated
in a flowing gas-liquid mixture through a nozzle. For
example, in cavitation chambers where there is a sudden
strong pressure drop in the flow or in pressurized tanks
in which, air-saturated liquid flows through a nozzle. In
the second approach, gas is blown into quiescent liquid
by electrolysis, ultrasound, chemical reaction or through
a sintered membrane.[43,44,46,48,49]

In this study, cationic bubbles as dewatering aids
are examined for MNFC containing furnishes. The
generated bubbles are in three different size range.
This idea has its origins in dissolved air flotation,
which is commonly used to separate fine ink particles
in paper mill deinking plants. We have also been
encouraged by several studies showing that foam bub-
bles can be used to increase dewatering and improve
paper properties in MNFC containing fur-
nishes.[39,40,42] In this study, the cationic bubbles
attach to the fibers surfaces and cause them to move
upward and separate from the suspension.
Consequently, a two-phase structure is formed which
significantly improves the dewatering. This phenom-
enon works based on the electrostatic interaction of
cationic bubbles and fibers, and the changes in buoy-
ancy of the fibers.[45,50–52]

Materials and methods

Materials

A dried, bleached birch hardwood Kraft pulp (BHKP)
was provided by a Finnish pulp mill. A cationic sur-
factant Hexadecyltrimethylammonium chloride was
purchased from Sigma Aldrich.

Furnish preparation and measurements were per-
formed at room temperature. Deionized water was
used for all experiments.

The pulp in 4wt% consistency was beaten in a
Voith LR40 laboratory refiner at 25Kwh/ton. It was
then stored at 3.8 wt% consistency.

To produce MNFC, refined pulp at 2.4wt% consist-
ency was defibrillated in a high-pressure homogenizer

Table 1. Measured properties of pulp and MNFC.

Samples

Properties

WRV (gwater/gsolid) Zeta (mV) Drainability (�SR)
Length weighted
fiber length (mm)

Fines
content (%) Viscosity (mPa.s)

Pulp 1.58 –32 23 0.94 1.53 –
MNFC 5.95 –29 – 0.13 – 37.2
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(Microfluidizer M-110P, Microfluidics Corp., MA,
USA) under the operating pressure of 2000 bar for
4 passes.

The pulp and MNFC characteristics are shown in
Table 1. The drainability of pulp was measured
according to ISO 5267-1:1999. The fiber length and
fines content were measured with Fiberlab (Metso
Automation, Finland). The zeta potential was meas-
ured using a ZetaSizer Nano ZS instrument (Malvern
Instruments, UK) at 0.1 wt% consistency.

The water retention value (WRV) of MNFC was
measured according to the method developed by
Maloney.[30] The viscosity was measured with a
Brookfield viscometer DV2T-RV at 10 rpm and
1.5 wt% using a vane spindle V-73.[53]

Generation of cationic bubbles

The bubbles were generated in DI water by dissolved
air flotation (DAF) method. In this method, air is dis-
solved into DI water at high pressure. Rapid depres-
surization causes the formation of small air bubbles in
a range of sizes. A commercial DAF tank 510 TK
Profiline from GLORIA House and Garden was used
for the generation of the bubbles. After dissolving the
cationic surfactant in DI at a concentration of
0.035wt%, the tank was pressurized for 24 h at 6 bars
before the experiments. The depressurizing flow rate
estimated to be 6mL/s was controlled by connecting a
needle valve to the nozzle. The amount of surfactant
used was equal to 0.1 g/gfiber for each furnish.

Characterization of cationic bubbles

Two different methods for measuring bubble sizes
were used. The nano scale bubbles were measured in
a ZetaSizer Nano ZS with dynamic light scattering.
Larger micro and macrobubbles were measured with
light microscopy and the images were processed using
ImageJ Fiji software.

The total air content was estimated by applying a
700 mbar vacuum for 2min to the suspension and

comparing the volume of liquid before and after vac-
uum treatment.

Dewatering measurements

Six furnishes of HBKP pulp and MNFC were prepared
and their composition are shown in Table 2. The tar-
get grammage of each furnish was 100 g/m2. The same
furnish was used for both experiments with and with-
out cationic bubbles. To prepare each furnish, the
total required amount of pulp and MNFC were
mixed, diluted to 2000ml and disintegrated in a
British L&W disintegrator for 12000 revolutions. It
was then diluted to 0.13wt%.

The dewatering experiments were performed in a
modified Dynamic Drainage Analyzer (DDA 5,
PulpEye, Sweden) with a 10 cm diameter etched
screen with 50 mm conical holes (Gronmark, Finland).
For the dewatering, a 300-mbar vacuum pressure was
applied for 90 s. An ultrasonic level sensor on top of
the DDA vessel measures the volume of the furnish
during drainage.

For the experiments without cationic bubbles,
200ml of DI water was added to a 600mL furnish in
the DDA vessel, mixed at 1000 rpm for 10 s, followed
by a 20 s rest time before dewatering commenced.

For the experiments with cationic bubbles, 200ml
of air-saturated DI water was directly injected into
600mL furnish while it was being mixed at 1000 rpm
in the DDA vessel. In this case, the rest time was
2min, which allowed the solid material to float to the
surface (Figure 1). The thickness of each floated layer
was recorded, and the concentration calculated. The
amount of surfactant in each furnish was 0.1 g/gfiber.

For both experiments with and without bubbles, 6
replicates were conducted. The furnish consistency
was adjusted to 0.1 wt%.

Experiments were also carried out at different fur-
nish concentrations in order to help elucidate the
mechanism by which the bubbles improve dewatering.
Six furnishes with the same compositions to the previ-
ous ones, but in different concentrations, were pre-
pared. The concentration of each was equal to the
calculated concentration of each floated layer. These
measurements were conducted without the addition
of bubbles.

Characterizations of samples

Three of the dewatered samples were dried at 105 �C
to calculate retention and solids content. The other
three sheets were freeze-dried in a vacuum chamber

Table 2. Composition of six furnishes prepared for dewatering
experiments.

Furnish
Pulp mass
fraction (%)

MNFC mass
fraction (%)

P-MNFC0% 100 0
P-MNFC5% 95 5
P-MNFC10% 90 10
P-MNFC15% 85 15
P-MNFC20% 80 20
P-MNFC25% 75 25

DRYING TECHNOLOGY 3



at �40 �C and 0.4 mbar (Labconco Freezone 2.5,
USA) to provide water dried samples for structural
analysis. This was done to avoid the shrinkage and
consolidation effects of water drying. The freeze-dried
sheets were stored at a temperature of 23 �C and rela-
tive humidity of 50% according to standard ISO
187:1990. Neither the oven dried, nor the freeze-dried
sheets were couched or pressed. The sheet properties
were determined according to the following standards
and devices: Bulk (ISO 534, L&W SE 250D); air
permeability (ISO 5636-3, Bendtsen, L&W SE 114);
formation (SCAN-P 92:09, Beta radiation-based gram-
mage formation, Ambertek); and topography (ISO
25178, L&W OptiTopo).

Empirical model for analyzing vacuum dewatering
experiments

To deeply understand the dewatering mechanisms of
the furnish with and without bubbles, an empirical
mathematical model (Eq.1) of the normalized drainage
curves is employed,

v ¼ v0 þ vmax 1� e
�t=sð Þ þ b:t (1)

where v is the normalized drained volume of the fur-
nish, v0 is the initial normalized volume, which is
zero here, vmax is a factor corresponding to the max-
imum value of v, t is normalized time, s is the time
constant which is furnish dependent and corresponds
to the viscous damping of the system, b indicates the
effect of air displacement.[19,54]

Results and discussion

Cationic bubble characteristics

The average zeta potential of the bubbles was
þ45mV. The generated bubbles were in three

different groups of sizes (Figure 2). The first group of
bubbles termed nanobubbles were in the range of
300–500 nm. The other groups termed microbubbles
were in the range of 2–10 mm and macrobubbles
around 50–90 mm. The calculated surface area to vol-
ume ratio of the nanobubbles, microbubbles and mac-
robubbles are around 10.02, 0.60, 0.04, respectively.
As the surface area to volume ratio of nanobubbles is
much higher than the surface area to volume ratio of
microbubbles, nanobubbles are more effective in col-
loidal interactions between solids and cationic bub-
bles, for instance in flocculation of fibers. On the
other hand, the microbubbles play a major role in the
flotation and bulk variations of fibers network due to
the higher volume fraction.

The air content was measured to be 5% (v/v),
meaning that for each 200ml of air-saturated water
injected into each furnish, 10mL was air. This value
includes both dissolved and dispersed air content.

Fibers separation analysis

The separation of solid material is shown schematic-
ally in Figure 3. The cationic bubbles adsorb onto the
anionic fibers surface. When the buoyancy force
exceeds the gravitation force the fibers rise to the sus-
pension surface.[52]

The equilibrium concentration of the separated sur-
face layer depends on the amount of MNFC, as shown
in Figure 4a,b. A higher MNFC content gives a lower
concentration of the separated layer, presumably due
to a structural organization of the cationic bubbles,
fibers and fibrils in the separated layer (Figure 4c).
This may have some positive effect on dewatering
since lower packing of solid particles helps maintain
high permeability and prevent sealing of the exit layer.
The low solids content of the high MNFC sample is

Figure 1. Schematic illustration of dewatering experiments with bubbles in the DDA.
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Figure 2. The size distribution of bubbles in the range (a) 0.1–1mm. (b) 1–10 mm and (c) 10–100 mm.

Figure 3. Interaction of fibers with cationic bubbles.

Figure 4. (a) P-MNFC5% after flotation. (b) P-MNFC20% after flotation. (c) Solids concentration of the top layer as function of
MNFC content.
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contrary to what is normally seen after consolidation
and drying, where the density of the sheet usually
increases with MNFC content.

Drainage properties

The drainage of the different furnishes was measured
with the DDA in a classical 1-dimensional filtration
experiment under steady state conditions, without

pulsation. This differs from a paper machine where alter-
nating vacuum and positive pressure pulses are used to
dewater the furnish.[19,55] The curve of the furnish vol-
ume over time can be used to calculate the instantaneous
drainage rate at any time from the initial conditions, until
about what is referred to on the paper machine as “couch
solids”; when air displacement no longer effectively dis-
places water and water removal effectively stops (Figure
5). Couch solids can be defined as the ratio of dry mass
to the total mass of wet sheet after vacuum dewatering.

Figure 5. Furnish volume with and without bubbles during dewatering. (a) P-MNFC0%, (b) P-MNFC5%, (c) P-MNFC10%, (d) P-
MNFC15%, (e) P-MNFC20% and (f) P-MNFC25%.
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A sample collected after dewatering (vacuum was applied
90 s in all experiments) can be used to evaluate the couch
solids gravimetrically.

The DDA applies a constant vacuum load to the
draining furnish with the aid of a vacuum pump until
the free water is removed and air displacement com-
mences. Depending on the dewatering rate and move-
ment of air through the sheet, the actual pressure
under the sheet varies. Thus, the vacuum level under
the forming sheet gives indirect information on the
dewatering stages, as shown in Figure 6. In particular,
the sudden drop in the vacuum level corresponds to
the point air enters the fiber network and the furnish

changes from a two-phase system to a three-phase
system. This corresponds to as the “dry line” on a
paper machine. The vacuum level at the end of the
experiment gives an indirect measure of the wet sheet
permeability.[56]

It is clear that as the MNFC amount increases, the
dewatering times also increases (Figure 5). At around
20 to 25% MNFC, a point is reached where the dewa-
tering effectively stops – the sheet is completely
sealed. This can be seen in Figure 5f where the furnish
reaches a nearly constant volume of around
200–250mL. Sheet sealing effectively limits the max-
imum amount of MNFC that can be used on a paper
machine using the current technology.

Cationic bubbles were found to be a very effective
dewatering aid over a range of MNFC content from 0
to 25%. This is shown by the faster dewatering times
in Figure 5a–f. The addition of cationic bubbles to the
furnish causes a phase separation and increases the
concentration of solid material in the top layer. The
removal of water in the lower phase offers essentially
no dewatering resistance as shown in Figure 5. The
solids content of the top layer is shown in Figure 4c.
The solids contents of the top layer of furnishes after
flotation is in the range of 0.6 to 1.3wt% compared to
the solids content of 0.1 wt% for the unseparated case.
Higher solids content increases the dewatering effi-
ciency since less water needs to be removed from the
web. Moreover, there is less tendency for MNFC to
enrich on the wire side, seal the sheet and inhibit
dewatering. This can be clearly seen in Figure 5f (25%
MNFC) in which the cationic bubbles containing fur-
nishes dewaters in around 5 seconds, compared to the
furnish without cationic bubbles which reaches a
quasi-equilibrium and effectively stops dewatering
with over 200mL of furnish remaining. It is notable
that the standard deviations of drain curves without
bubbles are much bigger than drainage with bubbles.
We believe that this is due to a higher variation in the
z-direction distribution of fine particles in the web
produced without bubbles. In cases where enough
nanocellulose is enriched on the exit layer, the dewa-
tering is severely inhibited. This is a well-known effect
on industrial paper machines. In the case where cat-
ionic bubbles are applied, the consistency is effectively
increased and the uniformity of fine particles through-
out the web’s z-direction is increased. This leads to
more consistent dewatering results.

The shape of the vacuum curves in Figure 6 shows
that for furnishes without or containing a small
amount of MNFC, the vacuum drops and a dry line is
established. In other words, air enters the sheet in the

Figure 6. Vacuum curves as a function of time during dewa-
tering of (a) Furnishes without bubbles and (b) Furnishes
with bubbles.
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later stages of dewatering and displaces water. Higher
MNFC content increases the final vacuum level, show-
ing these sheets have lower permeability, as expected.
At around 15–20% MNFC, no clear drop in the vac-
uum curve is observed and the classical dry line is no
longer formed. In these cases, dewatering essentially
stops before air displacement begins. The shapes of
the curves are somewhat different with and without
cationic bubbles, but the pattern is similar in
both cases.

We further investigated the dewatering mechanism
of the furnishes by fitting the empirical model (Eq. 1)
to the normalized data. After normalization of the
dewatering curves by initial volume, the final fitted
equation is:

v ¼ ð1� bÞ
1� e�1=sð Þ 1� e

�t=sð Þ þ b:t (2)

The first part of the model describes the viscoelas-
tic behavior of the furnish under vacuum and the
second linear part represent air displacement.[19,54]

Table 3 shows some analytical parameters which have
been extracted from the normalized volume curves in
Figure 7. To compare the sheet sealing of two differ-
ent furnishes, the initial drainage rate was calculated
for the first two seconds. The initial drainage rate of
furnishes without bubbles is almost half the initial
drainage rate of the separated layer with bubbles. This
indicates the reduction of sheet sealing by the addition
of cationic bubbles. Moreover, fitting the Eq. (2) to
the normalized curves yields the time constant s,
which is shown in Table 3. s is the viscous damping
which gives an indication of sheet sealing,[19,54] and is
direct proportional to the amount of MNFC, support-
ing the notion that MNFC leads to high sheet sealing.
However, when bubbles are introduced into the sys-
tem, s is significantly reduced. The R2 is a statistical
measure evaluating the goodness of fitting. The better
a model fits the data, the closer the value of R2 is
to 1.[57]

The cationic bubbles are not just acting in a flota-
tion capacity but have other effects that influence the
dewatering. The cationic bubbles will attach to the
anionic fibers and flocculate the MNFC. Both bubbles

(as in foam forming) and cationic particles (in clas-
sical papermaking) have pronounced effects on
improving the dewatering of fiber furnishes. In the
current study, there is a hybrid system in which the
bubbles separate, flocculate and structure the MNFC
and fiber elements. The net effect on couch solids can
be seen in Figure 8a. For the furnish without bubbles,
the couch solids increase from 16% to about 20% at
about 15% MNFC content then decreases significantly.
There is a maximum in this curve because reducing
sheet permeability increases sheet compression and
water displacement under vacuum up to a point.
When the sheet becomes sufficiently impermeable, air
no longer overcomes the surface tension of water in
the interfiber pores to displace the water. In Figure 8b
the experiment is repeated without bubbles by using
the same solids content as in a separated layer (Figure
4). The maximum in the couch solids curve is still
observed, but the overall couch solids is around 20%
compared to the value of 24% when cationic bubbles
are used. There appears to be a significant positive
effect of component structuring and surface tension
effects on couch solids when cationic bubbles are
used. The increase in the consistency of the separated
layer does not explain this effect. Regardless of the
furnish consistency or the use of cationic bubbles, the
results indicate that addition of moderate amounts of
MNFC can increase the couch solids, helping to
improve overall paper machine dewatering efficiency.

The cationic bubbles were also found to have a
profound effect on retention. Hydrodynamic shear
and turbulence in the forming section can easily wash
the relatively small MNFC particles from the web and
reduce retention. Figure 9a reveals that for the furnish
without bubbles, the retention decreases with increas-
ing MNFC, however, for the furnish with bubbles, the
retention remains almost constant. This is due to the
flocculation of anionic particles to the cationic bubble
surface, preventing them from washing through the
web.[58,59] Increased consistency can also improve
retention, but in this case, Figure 9b indicates consist-
ency has a negligible impact. The improvement in
retention appears to be related to charge neutraliza-
tion and aggregation effects of the bubbles.

Table 3. Empirical normalized dewatering parameters of the furnishes (the values are nondimensional).

Samples

Normalized initial drain rate Time constant, s R2

Without bubbles With bubbles Without bubbles With bubbles Without bubbles With bubbles

P-MNFC0% 23.6 47.3 0.024 0.0030 0.97 0.99
P-MNFC5% 20.8 47.3 0.030 0.0037 0.98 0.99
P-MNFC10% 20.3 47.2 0.034 0.0037 0.99 0.99
P-MNFC15% 20.2 43.9 0.042 0.0073 0.99 0.99
P-MNFC20% 18.2 37.9 0.040 0.0110 0.96 0.90
P-MNFC25% 17.3 34.6 N/A 0.0100 N/A 0.90
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In Figure 10, the SEM images of the wire side
show less MNFC on the exit layer of the sheets with
cationic bubbles. This reduces sheet sealing thus
improves dewatering. On the other hand, the SEM

images of the top sides in Figure 11d shows an
enriched layer of MNFC for the sheets with bubbles
which is clearly greater than for the sheets produced
without bubbles in Figure 11b. This indicates that

Figure 7. Normalized volume which is drained. (a) Furnishes without bubbles. (b) Furnishes with bubbles.

Figure 8. Couch solids content. (a) Furnish with bubbles vs without bubbles. (b) Furnish in high consistency vs without bubbles,
the consistency of the green points are: 0% MNFC ¼ 1.15wt%, 5% MNFC ¼ 0.98wt%, 10%MNFC ¼ 0.83wt%, 15%MNFC ¼
0.72wt%, 20%MNFC ¼ 0.65wt%, 25%MNFC ¼ 0.6wt%.

Figure 9. Retention. (a) Furnish without bubbles vs with bubbles. (b) Furnish without bubble vs furnish at elevated consistency.
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Figure 10. SEM images of a wire side of freeze-dried sheets of (a) P-MNFC0% without bubbles. (b) P-MNFC0% with bubbles. (c) P-
MNFC15% without bubbles and (d) P-MNFC15% with bubbles. Images on the left side are without bubbles and on the right
with bubbles.

Figure 11. SEM images of a top side of freeze-dried sheets of (a) P-MNFC0% without bubbles. (b) P-MNFC0% with bubbles. (c) P-
MNFC15% without bubbles. (d) P-MNFC15% with bubbles.
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MNFC preferentially adheres to the cationic bubbles
which then enrich to the top layer in flotation. With
further refinement, this may potentially give a means
for producing multilayered structures with applica-
tions in e.g., packaging board. A very interesting point
is the imprint of micro bubbles with sizes between
50 mm and 100mm in the MNFC layer (Figure 11d, the
red arrows). This suggests that one mechanism by
which cationic bubbles improve dewatering is by
interfering in the natural film forming tendency of
MNFC in consolidation.

Analysis of the freeze-dried sheets, shown in Table
4, shed some more light on the dewatering mechan-
ism. The permeability of sheets decreases with increas-
ing MNFC content because MNFC plugs the pores
between the fibers. The cationic bubbles have a pro-
found increase in sheet permeability. These results
agree with Figure 6 where it can be seen that fur-
nishes with cationic bubbles have a much lower end
vacuum. The end vacuum decreases when permeabil-
ity is higher, and more air can penetrate through the
sheet. There are likely several mechanisms at play.
The surfactant itself adsorbs onto fiber surfaces and
interferes with the development of hydrogen bonds in
consolidation, leading to sheets with lower density.
This “debonding” effect reduces sheet density and
increases permeability. In addition, it is thought that
the bubbles help organize the fiber structures into a
lower density network, which again will reduce sheet
permeability.[40] At 0% and 5% MNFC content, the
permeability values were out of range of Bendtsen
device which is from 300 to 3500ml/min.

Scanning surface profilometry was used to charac-
terize the topography of the sheets. In this method, a
reference height is defined based on which roughness

height is measured.[58] Table 5 shows that when bub-
bles are used, the top side roughness increases while
in the case without bubbles, the top side roughness is
nearly independent of MNFC content. The cationic
bubbles help distribute the MNFC to the top side
where it can fill in the interfiber voids and reduce sur-
face roughness. These results are in agreement with
the SEM analysis in Figure 11d.

In Table 5, it can be seen that MNFC also
improves the sheet formation. This is because MNFC
particles are comparatively short compared to pulp
fibers and give less mechanical entanglement and
more even mass distribution after dewatering. When
bubbles are used, the formation improves further. It is
thought that bubbles help to evenly structure the
fibrous elements in the suspension and thus improve
formation.[40] The cationic bubbles give a pathway to
improve dewatering, formation and retention simul-
taneously. This is not easy to achieve in conventional
papermaking.

Conclusion

Addition of cationic bubbles to a nanocellulose rich
fiber suspension forms a multifunction system that
can improve dewatering, retention and formation sim-
ultaneously. The bubbles allow one to increase the
amount of MNFC up to 25%, thus increasing the
operation window of MNFC application. For example,
complete dewatering of a suspension with 25% MNFC
was achieved under 5 sec whilst without bubbles,
incomplete dewatering is observed with 200ml fur-
nish remaining.

The important mechanisms for improving the dew-
atering behavior of cellulosic materials were found to

Table 4. Permeability and apparent density of the freeze-dried sheets.

Samples

Permeability (ml/min.cm2) Apparent Density (g/cm3)

Without bubble With bubble Without bubble With bubble

P-MNFC0% >700 >700 0.227 ± 0.003 0.207 ± 0.002
P-MNFC5% 699± 13 >700 0.227 ± 0.002 0.204 ± 0.002
P-MNFC10% 667± 26 >700 0.212 ± 0.003 0.202 ± 0.001
P-MNFC15% 210± 21 657 ± 10 0.257 ± 0.008 0.196 ± 0.006
P-MNFC20% 130± 20 627 ± 38 0.237 ± 0.003 0.162 ± 0.016
P-MNFC25% N/A 560 ± 60 N/A 0.141 ± 0.010

Table 5. Roughness and specific formation of the freeze-dried sheets.

Samples

Top side roughness proportion (%) [±5mm] Specific formation (
ffiffiffi

g
p

/m)

Without bubble With bubble Without bubble With bubble

P-MNFC0% 12.0 ± 0.3 10.5 ± 0.4 1.10 ± 0.07 0.77 ± 0.16
P-MNFC5% 13.9 ± 0.2 10.9 ± 0.7 0.88 ± 0.06 0.88 ± 0.11
P-MNFC10% 13.0 ± 0.1 12.7 ± 0.7 0.88 ± 0.06 0.76 ± 0.05
P-MNFC15% 14.9 ± 0.5 11.3 ± 1.1 0.81 ± 0.01 0.66 ± 0.04
P-MNFC20% 14.1 ± 0.2 8.1 ± 1.3 0.82 ± 0.01 0.62 ± 0.01
P-MNFC25% N/A 4.5 ± 0.2 N/A 0.61 ± 0.02
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be solids separation, elevated consistency of separated
layer, more even solids distribution, interruption of
sheet sealing, debonding and structuring of fibers by
the bubbles. This forming method could potentially
find use for production of high nanocellulose content
papers in a range of packaging and specialty
applications.
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