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Abstract
Cellulose nano�brils, CNFs, show a great potential in many application areas. One main aspect limiting
the use of the material is the slow and energy demanding dewatering of CNF suspensions. Here we
investigate the dewatering with a piston press process. Three different CNF qualities, two laboratory
grades (high and low charge) and one industrial grade (low charge) were tested. The chemical conditions
were varied by changing salt concentration (NaCl) and pH. For the original suspensions, the dewatering
rate is substantially slower for the high charge CNFs. However, by changing the conditions it dewatered
as fast as the two low charge CNFs, even though salt/acid additions also improved dewatering rate for
these two CNFs. Finally, by tuning the conditions fast dewatering could be obtained with only minor
effect on strength and barrier performance of �lms prepared from the CNFs.

Introduction
Nanocelluloses comprise a group of cellulosic materials with dimensions in nanoscale that are
hydrophilic, crystalline, stiff, and high aspect ratio �ber-like particles isolated from various natural
sources. Their small width (2 to 100 nm) provides a very large speci�c surface area. Often nanocelluloses
are chemically modi�ed to add functionalities by for example introducing ionizable groups (surface
charges), which also facilitates isolation of the particles and provides good dispersibility and stability in
water. The isolation of nanocellulose particles has allowed for bottom-up formation of many types of
materials (e.g. �lms, foams and �bers) with fascinating properties such as strong and light, transparent
and with great gas barrier.

Nanocelluloses have also been used in wet applications. Because dispersions of nanocelluloses are
highly viscous and shear thinning different types of nanocelluloses have been studied as rheological
modi�ers (Herrick et al.1983; Pääkkö et al. 2007; Karppinen et al. 2011; Dimic-Misic et al. 2017; Aaen et al.
2019a; Heggset et al. 2019). Additionally, as �brillar networks are formed at very low concentrations
nanocelluloses have been utilized to disperse several exotic materials in water media by trapping them in
the network, e.g. carbon nanotubes (Hajan et al. 2017), graphenes (Yang et al. 2017) and metal organic
frameworks MOFs (Zhu et al. 2016).

However, nanocellulose suspensions are hard to dewater, providing tedious and costly drying procedures,
which signi�cantly limit the industrial use of nanocelluloses. This is especially true for cellulose
nano�brils (CNFs), which are the focus of this study. As CNFs are hydrophilic, have high aspect ratio, are
relatively stiff rod-like particles that produce kinetically arrested networks (gels) at extremely low solid
contents, water is strongly held by the CNF networks. In addition, rigid �brillar CNF networks are created
that need to be compressed to remove water from the system. The network strength increases
exponentially with the CNF concentration (Naderi et al. 2014a; Aaen et al. 2019a). Finally, the particles are
often charged, increasing their hydrophilicity and providing an osmotic driving force holding/absorbing
water (Aaen et al. 2019b). All these factors provide a very high water-holding capacity and strength,
making it energy demanding and time consuming to dewater CNF suspensions.
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For complete isolation and the possibility to form homogenous networks the nanocellulose qualities need
to be prepared below the network concentration (Geng et al. 2018; Nordenström et al. 2017; Håkansson
2021). If the starting concentration is too high, particle �ocs are formed, resulting in inhomogeneous
material distribution and reduction in material properties, e.g. strength of �lms (Håkansson 2021). Due to
the high aspect ratio of CNFs this demands material formation often below 1 wt%, generally between 0.1
to 0.2 wt% (Håkansson 2021), requiring subsequent removal of a lot of water. Removing all this water
purely by heat driven evaporation from 0.2 wt% suspension would result in very high cost of drying,
exceeding $40 per dry kilogram of CNF. Hence, water needs to be removed by other more energy e�cient
means to make CNF materials industrial viable.

Vacuum �ltration is used in papermaking and applied in academia to dewater CNF suspensions.
However, the process is too slow, taking hours for �ne qualities of CNFs. In addition, the concentration
reached by vacuum dewatering is relatively low, 5–10 wt%. In papermaking wet pressing is often used for
dewatering of pulp. Its energy e�ciency and rapidness (Unbehend and Britt1982) are intriguing, however,
the dewatering time by pressing is substantially increased if CNFs are added to pulp (Rantanen and
Maloney 2015). It has been shown to be hard to press pure CNF suspensions. Instead of dewatering the
pressing often breaks the CNF gels in fragments or squeezes out the CNF suspension from the press
geometry. By using a con�ned pressing con�guration Wetterling et al. (2017) was able to dewater
suspensions of the larger sized non-charged microcrystalline cellulose (MCC) particles, and later
suspensions of charged cellulose nanocrystals (CNCs) (Wetterling et al. 2018). A constant mechanical
pressure of 3 bars was used and the effect of the chemical environment (ionic strength and pH) and the
application of an electrical �eld were investigated. The dewatering of the pure MCC suspension was slow
(0.2–1 mL/min, faster in the beginning, slower towards the end), but changing the environment or
applying an electrical �eld increased the rate by more than an order of magnitude. Combining the two
further increased the rate, but at the cost of a higher energy demand. The addition of ions resulted in a
higher voltage for the same electrical �eld. Dewatering of CNC suspensions were facilitated in a similar
manner. Similar trends are expected for CNF suspensions.

Dimic-Misic et al. (2013a) combined rheology measurements with vacuum �ltering to better understand
why CNF suspensions are so slow to dewater. High and low charged CNFs were compared. The former
was substantially slower, even though the rheological properties (viscosity and storage modulus) were
lower and less affected by the dewatering. The higher homogeneity in combination with the smaller size
of the �ner CNFs was suggested to be the prime reason for these effects. In another study by Dimic-Misic
et al. (2013b), oscillatory and rotational shear was altered during dewatering of furnishes including
nanocellulose. It was argued that this altering may induce a restructuring of the particles favoring
dewatering. These new insights are intriguing. Still, more knowledge is needed on how dewatering can be
facilitated by chemical and structural changes without hampering decisive properties of the �nal
material.

From the CNF producers’ point of view, excessive amounts of water in CNF suspensions increase the
shipment cost. Thus, concentrated suspensions are preferred for shipment which then can be redispersed
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with preserved properties by the receiver. CNCs can even be dried with good redispersibility if charged and
dried with a metal counterion (Beck et al. 2012). However, most CNFs irreversibly aggregate during drying,
causing loss in properties. Their higher aspect ratio leads to increased particle
interactions/entanglements, rendering clustered suspensions upon redispersion. Additives have been
shown to improve redispersibility, for example: NaCl (Missoum et al. 2012), glycols (Herrick 1984; Schnell
and Jensen 2007), and polysaccharides (Herrick 1984; Häggblom and Vuorenpalo 2014; Beaumont et al.
2017). But these additives are often unwanted in the �nal products and, thus, an extra cleaning step is
needed for its use. Hence, concentrated suspensions are the current preferred alternative for shipment
and storage. However, if they are concentrated too much the redispersibility is reduced. Ding et al. (2019)
studied redispersibilty of both CNC and CNF suspensions as a function of solid content (up to 65 wt%).
The CNFs were TEMPO oxidized which is similar to the carboxymethylated CNFs in our study. Reduced
redispersibility was found for all samples concentrated above 20 wt%, which was argued to be due to
horni�cation. From AFM images they saw a clear increase in particle size with increasing solid content.
This was con�rmed by a correlating reduction in accessible hydroxyl groups assessed by using
�uorescent labeling of the nanocelluloses.

In this study we have investigated the dewatering of CNF suspensions from 1 wt% to about 20–30 wt%.
Three different qualities were investigated: enzymatic pre-treated (low-charge), carboxymethylated (high-
charged), and an industrial grade (low-charge). The chemical environment was changed by adding
different levels of salt (NaCl) or acid (HCl). The main objective has been to study the dewatering rate and
correlating it to the suspension properties of the different samples. The aim was to facilitate dewatering
without hampering suspension and material properties of the different CNF qualities.

Materials And Methods
The laboratory grade CNFs were prepared by �brillation of softwood sulphite dissolving pulp (Domsjö
Dissolving plus, Domsjö Fabriker, Sweden). Two different pretreatments were applied to the pulp prior to
�brillation; enzymatically pretreatment (Päkkäö et al. 2007; Henriksson et al. 2007) and
carboxymethylation (Wågberg et al. 2008) with modi�cations described by Naderi et al. (2016a, b),
respectively.

Enzymatically (Enz) pretreatment was done, using 2.5 L phosphate buffer (pH=7). To produce the Enz
CNF the treated pulp was micro�uidized (M-110EH, Micro�uidics Corp., USA) at 2%, passed 1 time at
1700 bar through two Z shaped chambers in series with diameters of 200 and 100 µm. The charge of Enz
CNF produced from this pulp is typically around 30 µeq/g. The carboxymethylated (Carb) pulp was
micro�uidized as previously described for Enz CNF. The charge of Carb CNF was 604 µeq/g, determined
by conductimetric titration on the pulp. The industrial grade CNF (Ind CNF) was Exilva provided by
Borregaard, Norway. It was delivered at 10 wt% solid content and dispersed using deionized water to 2
wt% solid content according to instructions from the manufacturer.

Analytical grades of NaCl and HCl were purchased from VWR.
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Table 1
CNF suspensions with alternation of salt concentration and pH. Enz = enzymatically

pretreated CNFs, Carb = carboxymethylated CNFs, Ind = industrial quality, i.e. Exilva from
Borregaard.

CNF System Kind of CNF Salt concentration (mM) pH

Enz CNF Enzymatically pretreated 0 7

Enz CNF 10 mM NaCl Enzymatically pretreated 10 7

Enz CNF 100 mM NaCl Enzymatically pretreated 100 7

Enz CNF pH 3 Enzymatically pretreated 0 3

Enz CNF pH 5 Enzymatically pretreated 0 5

Carb CNF Carboxymethylated 0 7

Carb CNF 10 mM NaCl Carboxymethylated 10 7

Carb CNF 100 mM NaCl Carboxymethylated 100 7

Carb CNF pH 3 Carboxymethylated 0 3

Carb CNF pH 5 Carboxymethylated 0 5

Ind CNF Industrial 0 5

Ind CNF 10 mM NaCl Industrial 10 5

Ind CNF pH 3 Industrial 0 3

Alteration of salt concentration and pH
The original 2 wt% CNF suspensions were diluted with deionized water to 1 wt%. For the samples with
adjusted chemical environment salt or acid was added using 1M NaCl or 1M HCl solutions, respectively.
The pure CNF samples was only diluted with deionized water. After adjustments/dilution the samples
was passed once through the micro�uidizer at 400 bar. Hence, all samples were homogenised equal
number of times. Overview of the CNF suspensions is given in Table 1.

The pH of the pure suspensions was 7 for Carb and Enz CNF and pH 5.3 for Ind CNF.

The conductivity was measured on 1 wt% suspensions before and after dewatering and redispersion. The
ion conductivity of 100 mM NaCl suspensions was reduced by 88-92% by the dewatering and
redispersion. Dewatering

A piston-press with �lter paper (Munktell 00H) was used for the dewatering. 91 g of the CNF dispersions
with 1 wt% dry content was used per test. The dewatering was carried out according to the following
pressure pro�le: 0.5 bar for 30 min, 1 bar for 30 min, 2 bar for 30 min, 4 bar for 30 min, and 6 bar for 30
min. The pressure gradient was crucial in order to avoid squeezing out CNF suspension from the press



Page 6/18

geometry. Due to low dewatering rate, the systems Carb CNF, Carb CNF 10 mM, and Carb CNF pH 5 were
kept at 6 bar for 15-17 h (overnight) in order to reach equilibrium. The mass of the released water (�ltrate)
was recorded continuously and used for calculation of the dewatering rate, which was calculated as the
slope between 10 and 30% mass loss. Each experiment was run in triplicate. The �nal weight of the �lter
cakes was used to calculate the �nal dry content. The curves presented are the average of the three
batches for each CNF system.

Re-dispersion
The dewatered CNF �lter cakes, 3 for each sample type, were immersed in water over night. After
immersion the samples were propeller mixed for 2 min at 2000 rpm and thereafter mixed with Polytron
for 30 s at 20 000 rpm. The �nal CNF concentration was 1 wt%.

Structure characterization
The samples were characterized using Atomic Force Microscopy (AFM) and ultraviolet–visible (UV-Vis)
spectroscopy and by measurement of the nanofraction before and after redispersion.

AFM
The microscopic features of the samples were studied by AFM, using a Bruker Multimode V AFM
equipped with a Nanoscope V Controller (Veeco Instruments Inc., Santa Barbara, CA, USA). The
instrument was located at the NorFab facility NTNU Nanolab in Trondheim, Norway. When analyzing the
suspensions, 25 µL of the solution (concentration of 0.1 wt%) was placed on freshly cleaved 10 mm mica
(Agar Scienti�c Ltd., Essex, UK), and dried using compressed nitrogen gas (N2) before imaging. Images
were obtained by ScanAsyst mode in air at ambient conditions, with silicon nitride ScanAsyst-air AFM
tips (Nom. Spring constant=0.4 N*m−1, resonance frequency= 70kHz), Bruker AFM Probes (Bruker Nano
Inc., Camarillo, CA, USA). The surface roughness was calculated using the NanoScopeAnalysis software,
version 1.5.

Ultraviolet–visible (UV-Vis) spectroscopy

The change in transmittance for the CNF dispersions before and after dewatering and redispersion was
studied using a UV-vis Spectrophotometer (UV-1800, Shimadzu, Tokyo, Japan). The samples were diluted
to a concentration of 0.08 wt% and mixed properly using a IKA T18 Digital Ultra-Turrax at 4200 rpm for 7
min. Subsequently, the transmittance was measured at a wavelength of 500 nm using a cell path length
of 1 cm and a slit width of 2.0 nm. Four parallels were measured for each sample.

Nanofraction measurement

The nanofraction was measured as the relative amount of material which do not sediment during
centrifugation at 1000g for 15 min at a consistency of 0.02 wt% of CNFs (Naderi et al. 2014b).

Rheology measurements
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Rheology measurements were performed on 1 wt% CNF suspensions using a Kinexus stress-controlled
rotational rheometer (Malvern Instruments, Malvern, UK) following previously reported protocol (Naderi et
al. 2016a) with an integration time between measuring points of 30 s.

Preparation and evaluation of CNF �lms
Vacuum �ltrated �lms were prepared, tensile strength and oxygen permeability were evaluated following
previously reported protocols (Naderi et al. 2016a). The permeability measurements were conducted at
23°C and 50% RH.

Results And Discussion

Suspension properties and particle structure
The particle structure and rheological properties of the suspensions were characterized, and they are
summarized in Figure 1. The three types of CNFs are clearly different. Carb CNF is the most �brillated
showing a �ner structure in the AFM image (Figure 1Ai) and higher transmittance, nanofraction, and
viscosity (Figure 1B–D). The AFM image of Enz CNF (Figure 1Aii) shows coarsest structure. It also has
low nanofraction and the lowest transmittance and viscosity (Figure 1B–D) of all the three CNFs,
indicating the lowest degree of �brillation. The AFM image of Ind CNF (Figure 1Aiii) show �ner and more
homogenous particle structure than Enz CNF, but still clearly larger than Carb CNF. Similarly, its
transmittance and viscosity are in between the other two CNF qualities (Figure 1C&D). The effect of
changing the chemical environment, i.e. reducing the electrostatic repulsion, was investigated by adding
salt or acid. The properties of Enz CNF do not change much by the additions. The viscosity and the
transmittance are only slightly affected (Figure 1C&D, solid blue bars). The changes in ionic strength and
pH have larger effect on the viscosity of Ind CNF (Figure 1D, black solid bars)), however, the transmittance
stays unaffected (Figure 1C). The largest effect, as expected, is observed for Carb CNF. It is highly
charged and changes in ionic strength and pH affects the charge interactions. Both addition of salt and
acid to the Carb CNF suspensions reduce the viscosity (Figure 1D, red solid bars), with largest reduction at
100 mM NaCl and pH 3, while the transmittance reduces the most at pH 3 (Figure 1C). All this indicates
aggregation of Carb CNF at 100 mM NaCl and at pH 3, which is in accordance with the literature (Fall et
al. 2011).

Dewatering
In the dewatering experiments the different CNF suspensions were dewatered in the piston press device,
with stepwise increased pressure from 0.5 to 6 bar (Figure 2A). The pure suspensions release water very
differently (Figure 2A, solid lines). Dewatering of Carb CNF is substantially slower than that of the two
low charged CNFs (Enz and Ind CNF). The Carb CNF has not reached equilibrium even after 19 h of
dewatering whereas equilibrium is reached in approximately 2 h for the others. An explanation suggested
in the literature is formation of a dense, strong homogenous gel of �ne �brillar structure (Dimic-Misic et
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al. 2013b). In addition, the high charge of the material makes it more hydrophilic and osmotically prone
to swell and hold water.

The effects on the dewatering rate after altering pH or adding NaCl shown in Figure 2A (dotted lines) and
the results for all the samples are summarized in Figure 2B. Changing the chemical environment can
have a substantial effect on the dewatering rate, especially when largely changed. At pH 3 all three types
of CNFs dewater considerably faster, as well as at 100 mM NaCl for Carb and Enz CNF (not measured for
Ind CNF). Under these conditions the electrostatic effects are to a large extent cancelled out. The surface
charge is drastically reduced at pH 3 (Fall et al. 2011), as pKa of carboxylic groups attached to cellulose
are around 4.8 (Lindgren and Öhman 2000), and at 100 mM NaCl most of the charges are screened (Fall
et al. 2011). Hence, as the charge interactions are cancelled out it is logical that the high charge CNFs
start to behave as the two low charged CNFs. Both Carb and Enz CNFs are expected to aggregate at these
conditions (Fall et al. 2011), and most likely also Ind CNF as it is expected to behave similar to Enz CNF.
Aggregation would create larger structures and, thus, most likely larger spaces between these structures.
The larger spaces may act as channels for water transport, hence increasing the permeability of the
network. The network strength may also reduce, as aggregation will lead to reduction in aspect ratio and
thus fewer connections between the structures of the network, making it less demanding to compress the
network. Both these aspects should facilitate dewatering.

At more moderate changes (pH 5 and 10 mM), dewatering rate is increased for the low charged CNFs
whereas it is unaffected for Carb CNF (Figure 2B). Under these conditions Carb CNF still has a signi�cant
electrostatic repulsion. The smaller changes in transmittance and viscosity (Figure 1C&D) indicates lower
degree of particle aggregation. Thus, the effects on permeability and on network strength are expected to
be low. The increase in dewatering rate is especially large for Enz CNF. The rate is more increased at 10
mM NaCl but also increases signi�cantly at pH 5. At these conditions the viscosity of Enz CNF is barely
affected, indicating little effect on its structure. Thus, the increased dewatering rate for Enz CNF may be
more a chemical (osmotic) effect, as discussed below. For the other low charge CNFs (Ind CNF), however,
the viscosity signi�cantly reduces. Thus, aggregation may explain its increased dewatering rate at 10 mM
NaCl.

The addition of salt and acid will also reduce osmotic driven counter force for releasing water from the
CNF suspensions. If the ion concentration of the released water is signi�cantly lower than the ion
concentration of the CNF suspension, which includes both the added ions and the counterions associated
to the CNFs, an osmotic force will be generated to hold the water within CNF network. Note that the
counterions associated to CNFs surface charges will not be released during the dewatering. For the
original suspensions pure water will be released and the strongest osmotic force will be generated, which
will be stronger for the higher charged Carb CNF, as it has more counterions. The counterion
concentration at 1 wt% for Carb CNF is about 6 mM and for the lower charged CNFs around 0.5 mM. If
the added salt concentration is signi�cantly higher than these concentrations the osmotic force will be
cancelled out. In addition, reducing the pH will protonate the carboxylic charges and, thus, release
counterions, further reducing the osmotic force. As the dewatering rate of Enz CNF is signi�cantly
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increased at 10 mM NaCl and at pH 5, where the viscosity is barely affected, the reduction in the osmotic
force may be an important factor. For Ind CNF the effect on the osmotic force is expected to be similar,
but, as the viscosity also is reduced, the increased dewatering rate is expected to be a combination
between the chemical (osmotic) and the structure (viscosity) changes. For Carb CNF it may also be a
combination. The higher charge provides lower reduction in the osmotic force at low additions of salt and
acid, where also low effects on the viscosity is observed. At pH 3 the structure is largely affected by
reduction in nanofraction, transmittance and viscosity, but the osmotic force is also reduced. At 100 mM
NaCl though, the reduction in the osmotic force may be more profound for the increased dewatering rate,
as the structure of Carb CNF is less affected, seen from the small reduction in nanofraction and
transmittance but still the sample has large reduction in viscosity.

As the osmotic force is hard to measure or estimate, the parameter that shows the best correlation with
the dewatering rate in our study is the viscosity, i.e. faster dewatering with lower viscosity (Figure 3). It
appears to be a threshold in viscosity, above no effect is found but below it has a large impact. This
threshold may be related to the speci�c dewatering setup and procedure used in the study. The �gure
shows that the coarser qualities of this study, Enz and Ind CNF, follow a similar trajectory whereas the
more �brillated Carb CNF has its own trajectory. This is reasonable as Carb CNF differs, both chemically
and structurally, from the two other CNFs.

When salt and acid are added, the initial viscosity drops, and faster dewatering is observed (Figure 3).
However, many other properties of the suspensions will be affected as well, some that might be decisive
for rapid dewatering. Dewatering is a complicated phenomenon. It is affected by the hydraulic
permeability and the viscoelasticity of the particle network (Hubbe and Heitmann 2007). The viscosity
before dewatering describes indirectly how �ne the �brillar structure is. It has been shown that if the �ne
particles are fractionated out from a CNF suspension, by �ltration followed by centrifugation, this fraction
provides an almost 10-fold increase in rheological properties, when measured and compared at same
solid content as the original non-fractionated suspension (Larsson et al. 2019; Ciftci et al. 2020). The
studies used similar CNFs to the Ind CNF in our study. Our results also show signi�cantly higher viscosity
for the �ner Carb CNF. The suspension’s permeability is crucial for how fast it dewaters. The structure of
�nes is strongly related to the systems permeability (�ner structures, lower permeability), which probably
is an important factor for the strong correlation between the viscosity and the dewatering rate.

The �nal dry content is shown in Table 2. It seems easier to remove larger amount of water from the
coarser CNF qualities Enz and Ind compared to the �ner Carb CNF, as they reach a higher �nal dry
content. The larger particle structures of Enz and Ind CNF compared to Carb CNF are expected to generate
networks of higher hydraulic permeability, potentially explaining their higher �nal solid content. In most
cases Enz CNF reaches a lower �nal solid content than Ind CNF. This may be explained by its more
heterogeneous structure size indicated by the AFM image (Figure 1A). The smaller particles may
penetrate the network structure generated by the larger particles and plug channels. Similarly, in
papermaking smaller �nes can plug the channels created by larger pulp �bers (Hubbe and Heitmann
2007). When salt and acid is added, a lower �nal solid content is reached for the coarser CNF qualities,
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but a higher for Carb CNF, especially at pH 3. The additions will cause the particle–particle interactions to
go from repulsive to more and more attractive and eventually cause particle aggregation (Fall et al. 2011),
but it may also create stronger �brillar networks (Saito et al. 2011) if the aggregation is limited. As we in
this study homogenize the suspensions after the salt/acid additions, increased structure size by
aggregation is promoted. The large drop in transmittance and viscosity for Carb CNF indicates formation
of larger structures. This provides fewer contacts between aggregated CNFs and is expected to reduce the
network strength. For the other two CNFs the structure size is less effected and the stronger particle–
particle interactions may instead create stronger particle networks. This would potentially explain why the
additions provide higher �nal solid content for Carb CNF and a lower for the other two CNFs.

To conclude, altering the chemical environment is very powerful for increasing the dewatering rate, but it
comes with a cost of lower �nal dry content for the coarser CNFs whereas for Carb CNF both the rate and
the �nal dry content is increased.

Table 2
Dry content at the end of dewatering (starting dry content

1 wt%).
CNF System Final dry content (% (w/w))

Enz CNF 28

Enz CNF 10 mM NaCl 23

Enz CNF 100 mM NaCl 21

Enz CNF pH 3 23

Enz CNF pH 5 32

Carb CNF 15*

Carb CNF 10 mM NaCl 17*

Carb CNF 100 mM NaCl 16

Carb CNF pH 3 21

Carb CNF pH 5 17*

Ind CNF 33

Ind CNF 10 mM NaCl 30

Ind CNF pH 3 25

*Kept at 6 bar for 15-17 h (overnight)

Effect of dewatering on suspension properties
Figure 4A and B shows the relative change in the suspension properties transmittance and viscosity after
dewatering and redispersion. Both the original suspensions and the ones with added salt or acid are



Page 11/18

plotted. The relative values are calculated by normalizing the values with the properties of the original
suspensions before dewatering. The three different CNFs are affected differently. Carb CNF is the most
sensitive. However, at neutral conditions it redisperse very well, and the relative properties are close to 1.
The redispersion is also good at the colloidal stable conditions (10 mM NaCl and pH5), with only
marginal reduction in the relative properties. However, once Carb CNF aggregates (100 mM NaCl and pH
3) the relative properties are signi�cantly reduced, especially for pH 3. In the case of 100 mM NaCl, the
drop is less pronounced for the relative transmittance. Comparing Enz CNF to Carb CNF, the original
suspension of Enz CNF is more sensitive to dewatering, but no further reduction is seen by the addition of
salt or acid. Changes in chemical environment also marginally affect the relative properties of Ind CNF,
but it redisperses slightly better than Enz CNF. Besides the chemical condition of the suspensions, the
�nal dry content may also affect the redispersibility. Ding et al. (2019) showed that above 20 wt%
nanocellulose suspensions start to hornify, causing irreversible structure formation which reduces
suspension redispersability. Enz and Ind CNF are generally dewatered to a higher �nal dry content than
Carb CNF, which, by horni�cation may explain their poorer redispersibility. The lower relative
transmittance of Carb CNF pH 3 versus Carb CNF 100 mM may also be explained by the higher solid
content after dewatering at pH 3, 16 wt% and 21 wt%, respectively. In addition, the nanofraction of
redispersed Carb CNF suspensions was measured (not shown). Also, the nanofraction is much higher for
the redispersed 100 mM NaCl Carb CNF suspension compared to the redispersed pH3 (56% compared to
22%).

Vacuum �ltrated �lms were prepared from the different CNF systems before and after dewatering and
redispersion and evaluated with respect to mechanical properties and oxygen barrier (Figure 4C and D). In
general, comparing �lms from the original suspensions, Carb CNF have better properties than Enz and Ind
CNF. This is in line with previous observations (Henriksson et al. 2008; Naderi et al. 2017). Comparing Enz
and Ind CNF �lms, the barrier is better (i.e. lower permeability) for the former and the tensile strength is
higher for the latter. Dewatering and redispersion has little effect on the mechanical properties for all
original CNFs. Addition of salt and acid affects Carb CNF the most, with reduction in �lm strength and
barrier performance. However, the dewatering removes parts of the added salt and acid, and the
redispersed suspensions provide �lms with lower reduction in strength. This effect is especially
pronounced for Carb CNF 100 mM, where redispersion signi�cantly increases the �lm strength. The NaCl
concentration after redispersion is calculated to approx. 5 mM. At this ionic strength Carb CNF is
expected to be in a colloidal stable state during the �lm formation, which may be more important than
that the particles still are aggregated as indicated by the low relative transmittance and viscosity, Figure
4A and B. At pH 3 Carb CNF shows a large drop in �lm strength. This was also observed by Benitez and
Walther (2017), where 50% reduction was reported, larger than the 20% reduction in our study. For this
suspension the redispersion only provided a minor, non-signi�cant, improvement in strength. However,
barrier is generally affected negatively by redispersion (Figure 4D). If salt or acid is added it also provides
higher permeability for Carb and Ind CNF, whereas Enz CNF is little effected. The most negative effect has
the adjustment to pH 3, doubling the permeability of Carb and Ind CNF �lms compared to �lms from the
original suspensions.
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Conclusions
Dewatering of CNF suspensions was studied by using a piston press setup for three different types of
CNFs, two coarser qualities, i.e. one enzymatic pretreated grade and one industrial grade (Enz CNF and
Ind CNF), and one �ner and highly charged grade, i.e. pretreated using carboxymethylation (Carb CNF).
The dewatering rates were substantially increased by altering ionic strength and pH. The most drastic
effect was observed when either 100mM NaCl was added or when the pH was adjusted from 7 to 3. In
both cases the time after which no more water was possible to press out of the gel dropped from 19 h to
less than 1 h for Carb CNF. Under these conditions the Carb CNF releases water equally fast as the
coarser CNFs, even though they also were substantially faster to dewater at these conditions. The
viscosity before dewatering seemed to provide a good qualitative estimate of the dewatering rate, where
lower viscosity gave faster dewatering. Different types of CNFs had different trajectories when plotting
dewatering rate against viscosity, but the general trend of increasing rate with decreasing viscosity was
the same for all three CNFs. For the coarser CNF qualities (Enz and Ind) the dewatering stopped at a
higher �nal dry content compared to Carb CNF (28 and 33 wt% compared with 15 wt%). Changing ionic
strength or pH decreased the �nal dry content for the coarser CNFs whereas it increased for Carb CNF.

Suspension properties and properties of �lms prepared from the CNFs were evaluated after dewatering
and redispersion. Enz CNF was very robust to these treatments preserving both suspension
(transmittance and viscosity) and material properties measured on vacuum �ltered �lms (mechanical
and barrier). Ind CNF was slightly more affected, whereas Carb CNF was highly affected with reduction in
both suspension and material properties, especially after adjusting to pH 3. This condition provided the
fastest dewatering but the reduction in properties is unfortunate. However, the alteration to 100 mM NaCl
almost provides as fast water removal with much lower reduction in properties for Carb CNF, especially
for �lms produced from redispersed suspensions. For the coarser lower charged Enz and Ind CNFs the
fast dewatering rate at pH 3 could be fully utilized as it only provided minor reduction in properties,
actually better properties than when NaCl was added. To conclude, the dewatering of CNF suspensions
can be drastically improved by adjusting the suspensions pH or ionic strength, and the adjustment can be
made so that the effect on suspension and �lm properties are limited.
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Figure 1
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(A) AFM height images for Carb CNF (left, i), Enz CNF (middle, ii), and Ind CNF (right, iii). (B) Nanofraction,
(C) Transmittance at 500 nm (C), and Viscosity at 1 s -1 (D). Red bars show Carb CNF, blue Enz CNF and
black Ind CNF. DI refers to deionized water, and 10mM and 100mM refers to the suspensions NaCl
concentration.

Figure 2

Removed water as a function of dewatering time for the pure CNF suspensions and at pH 3 (A).
Dewatering rate for the different CNF qualities at the different chemical conditions (B). The dewatering
rate is calculated as the slope between 10 and 30 % removed water.

Figure 3

The relation between viscosity and dewatering rate. Red marks show Carb CNF, blue Enz CNF and black
Ind CNF. Filled circles re�ect the original suspensions. Squares illustrate NaCl additions (�lled 10mM and
open 100mM), and triangles illustrate pH adjustments (�lled pH 5 and open pH 3)
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Figure 4

Relative changes in transmittance (A) and viscosity (B) after dewatering and redispersion. Tensile
strength index (C) and oxygen permeability (D) for �lms prepared with the different CNF systems before
and after dewatering and redispersion.
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