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dewatering with the substantially slowest dewatering 
for the highest charged CNFs. However, by chang-
ing the conditions it dewatered as fast as the two 
lower charged CNFs, even though the salt/acid addi-
tions also improved the dewatering rate for these two 
CNFs. Finally, by tuning the conditions, fast dewater-
ing could be obtained with only minor effect on film 
properties (strength and oxygen barrier) produced 
from redispersed dispersion. However, dewatering 
gives some reduction in viscosity of the redispersed 
dispersions. This may be a disadvantage if the CNF 
application is as e.g. rheology modifier or emulsion 
stabilizer.

Abstract  Cellulose nanofibrils, CNFs, show great 
potential in many application areas. One main aspect 
limiting the industrial use is the slow and energy 
demanding dewatering of CNF suspensions. Here 
we investigate the dewatering with a piston press 
process. Three different CNF grades were dewatered 
to solid contents between approx. 20 and 30%. The 
CNF grades varied in charge density (30, 106 and 
604 µmol/g) and fibrillation degree. The chemical 
conditions were varied by changing salt concentra-
tion (NaCl) and pH and the dewatering rates were 
compared before and after these changes. For the 
original suspensions, a higher charge provides slower 
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Introduction

Nanocelluloses comprise a group of cellulosic materi-
als with dimensions in nanoscale that are hydrophilic, 
crystalline, stiff, and high aspect ratio fiber-like par-
ticles isolated from various natural sources. Their 
small width (2–100  nm) provides a very large spe-
cific surface area (30–200 m2/g) (Spence et al. 2010). 
Often nanocelluloses are chemically modified to add 
functionalities by, for example, introducing ionizable 
groups (surface charges), which also facilitates isola-
tion 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., films, foams and fib-
ers) with fascinating properties such as strong and 
light, transparent and with great gas barrier (Dufrense 
2012).

Because dispersions of nanocelluloses are highly 
viscous and shear thinning, different types of nano-
celluloses have been studied as rheological modi-
fiers (Herrick et al. 1983; Pääkkö et al. 2007; Karp-
pinen et al. 2011; Dimic-Misic et al. 2017; Aaen et al. 
2019a; Heggset et al. 2019). Additionally, as fibrillar 
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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 (Chu et al. 2020), e.g. carbon nanotubes 
(Hajan et al. 2017), graphenes (Yang et al. 2017) and 
metal organic frameworks MOFs (Zhu et al. 2016), as 
well as using them for co-fibrillation and high shear 
grinding of agglomerated particles into smaller, dis-
persed suspensions (Dimic-Misic et al. 2019).

However, nanocellulose suspensions are hard to 
dewater, providing tedious and costly drying proce-
dures, which significantly limit the industrial use of 
nanocelluloses. This is especially true for cellulose 
nanofibrils (CNFs), which are the focus of this study. 
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 
with preserved properties by the receiver. It is claimed 
that the dewatering – drying process is a key barrier 
to successful commercialization (Sinquefield et  al. 
2020). CNCs can even be dried with good redispers-
ibility 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 sus-
pensions upon redispersion.

The reasons that CNFs are hard to dewater are their 
high hydrophilicity, small dimensions which pro-
vides large specific surface area, and high aspect ratio 
(Hubbe et al. 2017). These properties generates kinet-
ically arrested networks (gels) at low solid contents 
that holds water very strongly. The concentration of 
the network formation depends on many factors, for 
example fibrillation degree, aspect ratio and surface 
chemistry (Mendoza et  al. 2018). These networks 
needs to be compressed to remove water but the net-
work strength increases exponentially with the CNF 
concentration (Naderi et al. 2014; Aaen et al. 2019a), 
making it increasingly hard to dewater. Finally, the 
particles are often charged, increasing their hydrophi-
licity and providing an osmotic driving force holding/
absorbing water (Aaen et al. 2019b). All these factors 
provide a very high water-holding capacity and net-
work strength, making it highly energy demanding 
and time consuming to dewater CNF suspensions.

Vacuum filtration is used in papermaking and 
applied in academia to dewater CNF suspensions. 

However, the process is too slow, taking hours for 
fine qualities of CNFs. In addition, the concentra-
tion reached by vacuum dewatering is relatively low, 
5–10 wt%. In papermaking wet pressing is often 
used for dewatering pulp. Its energy efficiency and 
rapidness (Unbehend and Britt 1982) are intriguing, 
however, the dewatering time by pressing is sub-
stantially increased if CNFs are added to pulp (Ran-
tanen and Maloney 2015). It has been shown 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 confined pressing configuration 
Wetterling et al. (2017) was able to dewater suspen-
sions 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 field 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 
field increased the rate by more than an order of mag-
nitude. Combining the two further increased the rate, 
but at the cost of a higher energy demand. The addi-
tion of ions resulted in a higher voltage for the same 
electrical field. The dewatering of CNC suspensions 
was facilitated in a similar manner. Similar trends are 
expected for CNF suspensions.

Dimic-Misic et  al. (2013a) combined rheology 
measurements with vacuum filtering to better under-
stand why CNF suspensions are so slow to dewater. 
High and low charged CNFs were compared. The for-
mer was substantially slower, even though the rheo-
logical properties (viscosity and storage modulus) 
were lower and less affected by the dewatering. The 
higher homogeneity in combination with the smaller 
size of the finer 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 includ-
ing 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 final material.
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Coagulation or flocculation are common tech-
niques to obtain separation of solids and liquid water 
in e.g. water treatment of sludge. Suspended material 
is destabilized by diminishing their surface charge by 
adding coagulants of opposite charge. The destabi-
lized particles aggregate and settle down (Wei et  al. 
2018). In water treatment of sludge, dispersibility is 
not an issue. However, additives have been shown to 
improve redispersibility in CNF samples, for exam-
ple: NaCl (Missoum et al. 2012), glycols (Schnell and 
Jensen 2007), and polysaccharides (Häggblom and 
Vuorenpalo 2014; Beaumont et  al. 2017). But these 
additives are often unwanted in the final products 
and, thus, an extra cleaning step is needed for its use. 
Hence, concentrated pure suspensions are the current 
preferred alternative for shipment and storage. How-
ever, if they are concentrated too much the redispersi-
bility is reduced. Ding et al. (2019) studied redispersi-
bilty 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 carboxym-
ethylated CNFs in our study. Reduced redispersibility 
was found for all samples concentrated above 20 wt%, 
which was argued to be due to hornification. From 
AFM images they saw a clear increase in particle size 
with increasing solid content. This was confirmed 
by a correlating reduction in accessible hydroxyl 
groups assessed by using fluorescent 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, an industrial grade, and carboxymethyl-
ated CNF, varying in charge, from low to high. The 
chemical environment was changed by adding dif-
ferent 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 dif-
ferent samples. To assess whether the dewatering 
reduced the quality of the CNF dispersions, CNF 
films were prepared from the CNFs both before and 
after dewatering and redispersion. Their mechani-
cal properties as well as oxygen permeability were 
assessed and compared. The aim of the study 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 fibril-
lation of a softwood sulphite dissolving pulp (Dom-
sjö Dissolving plus, Domsjö Fabriker, Sweden). The 
hemicellulose content of the pulp was in previous 
study determined to be 4.5% (Naderi and Lindström 
2016). Two different pretreatments were applied to 
the pulp prior to fibrillation; enzymatically pretreat-
ment (Päkkäö et  al. 2007; Henriksson et  al. 2007) 
and carboxymethylation (Wågberg et  al. 2008) with 

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 Added 
NaCl 
(mM)

pH adjustment Conduc-
tivity (µS/
cm)

Enz CNF Enzymatically pretreated 0 No (pH 7) 41
Enz CNF 10 mM NaCl Enzymatically pretreated 10 No (pH 7) 1501
Enz CNF 100 mM NaCl Enzymatically pretreated 100 No (pH 7) 6910
Enz CNF pH 3 Enzymatically pretreated 0 Adj to 3 714
Enz CNF pH 5 Enzymatically pretreated 0 Adj to 5 84
Carb CNF Carboxymethylated 0 No (pH 7) 272
Carb CNF 10 mM NaCl Carboxymethylated 10 No (pH 7) 1580
Carb CNF 100 mM NaCl Carboxymethylated 100 No (pH 7) 7000
Carb CNF pH 3 Carboxymethylated 0 Adj to 3 1277
Carb CNF pH 5 Carboxymethylated 0 Adj to 5 599
Ind CNF Industrial 0 No (pH 5) 39
Ind CNF 10 mM NaCl Industrial 10 No (pH 5) 1547
Ind CNF pH 3 Industrial 0 Adj to 3 854



7653Cellulose (2022) 29:7649–7662	

1 3
Vol.: (0123456789)

modifications described by Naderi et  al. (2016). 
Enzymatically (Enz) pretreatment was done, using 
2.5 L phosphate buffer (pH = 7). To produce the Enz 
CNF the treated pulp was microfluidized (M-110EH, 
Microfluidics Corp., USA) at 2%, passed one 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 was 30 µmol/g (Naderi 
and Lindström 2016). The carboxymethylated (Carb) 
pulp was microfluidized as the Enz CNF. The charge 
of Carb CNF was 604 µmol/g, determined by con-
ductimetric titration on the pulp. The hemicellulose 
content of the raw material (see sulphite pulp above) 
is not expected to change by the production of the 
CNFs, hence the hemicellulose content is assumed 
to be 4.5%. The industrial grade CNF (Ind CNF) 
was Exilva, a mainly mechanically fibrillated CNF, 
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. The charge was 106 µmol/g 
(Heggset et  al. 2018) and the hemicellulose content 
4.5% (assessed by manufacturer).

Analytical grades of NaCl and HCl were purchased 
from VWR.

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 
in this step using 1  M NaCl or 1  M HCl solutions, 
respectively. After dilution/adjustments all samples 
were passed once again through the microfluidizer at 
400 bars. 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 the 1 wt% sus-
pensions before and after dewatering and redisper-
sion, using 50 mL of dispersion and the instrument 
inoLab Cond Level 2 (WTW GmbH, Germany). Con-
ductivity of the redispersions is presented in supple-
mentary information (Table SI1).

Dewatering

A piston-press with filter paper (Munktell 00 H) was 
used for the dewatering. 91 g of the CNF dispersions 

with 1 wt% dry content was used per test. The dewa-
tering was carried out according to the following 
pressure profile: 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 stepwise pressure increase was to avoid 
squeezing out the CNF suspensions from the press 
geometry. Due to low dewatering rate of the original 
Carb CNF suspension, Carb CNF 10 mM NaCl and 
Carb CNF adjusted to pH 5 the highest pressure of 
6 bars was kept for 15–17  h (overnight) in order to 
reach equilibrium. The mass of the released water (fil-
trate) as function of time was recorded continuously 
using a balance. The dewatering rate was calculated 
as the slope between 10 and 30% mass loss. Each 
experiment was run in triplicate. The final weight of 
the filter cakes was used to calculate the final dry con-
tent. The curves presented are the average of the three 
batches for each CNF system.

Re‑dispersion

The dewatered CNF filter cakes, 3 for each sam-
ple 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 final CNF concentration 
was 1 wt%.

Structure characterization

The samples were characterized using Atomic Force 
Microscopy (AFM), ultraviolet–visible (UV–Vis) 
spectroscopy.

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 Scientific 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 = 70  kHz), Bruker AFM Probes (Bruker 
Nano Inc., Camarillo, CA, USA). The surface 
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roughness was calculated using the NanoScopeAnal-
ysis software, version 1.5.

Ultraviolet–visible (UV–Vis) spectroscopy.
The change in transmittance for the CNF disper-

sions 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.

Rheology measurements

Rotational shear ramp measurements were per-
formed on 1 wt% CNF suspensions using a Kinexus 

stress-controlled rotational rheometer (Malvern Instru-
ments, Malvern, UK) with a serrated bob and cup 
geometry. A previously reported protocol (Naderi et al. 
2016) was followed with an integration time between 
measuring points of 30  s. The viscosity at the shear 
rate of 1 s− 1 was collected from the ramps and used for 
comparison between samples.

Preparation and evaluation of CNF films

Vacuum filtrated films were prepared, tensile strength 
and oxygen permeability were evaluated following pre-
viously reported protocols (Naderi et  al. 2016). The 
measurements were conducted at 23 °C and 50% RH.

Fig. 1   AFM height images for Carb CNF (A), Enz CNF (B), and Ind CNF (C)

Fig. 2   In A is the transmittance of 0.08% dispersions shown. B shows the transient viscosity at 1  s−1 taken from the shear ramp 
measurements of 1% CNF dispersions with and without NaCl additions or pH adjustments
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Results and discussion

Suspension properties and particle structure

AFM images of the different CNFs are shown in 
Fig. 1 and transmittance and viscosity in Fig. 2. The 
three types of CNFs are clearly different. Carb CNF 
is the most fibrillated showing a finer structure in 
the AFM image (Fig.  1A) and higher transmittance, 
and viscosity (Fig. 2). The AFM image of Enz CNF 
(Fig.  1B) shows coarsest structure. It has also the 
lowest transmittance and viscosity (Fig. 2A, B) of all 
the three CNFs, indicating the lowest degree of fibril-
lation. The AFM image of Ind CNF (Fig. 1C) show 
finer and more homogenous particle structure than 
Enz CNF, but still clearly larger structures than for 
Carb CNF (Fig. 1 A). Similarly, its transmittance and 
viscosity are in between the other two CNF qualities 
(Fig. 2A and B). Hence the properties correlated with 
surface charge of the CNFs. The effect of changing 
the chemical environment, i.e. reducing the electro-
static repulsion, was investigated by adding salt or 
acid. The properties of the lowest charged CNF (Enz) 
do not change much by the additions. The viscos-
ity and the transmittance are only slightly affected 
(Fig.  2  A and B, blue bars). For the slightly higher 
charged Ind CNF (106 compared to 30 µmol/g) the 
alterations mainly have an effect on the viscosity 
(Fig.  2D, black bars). However, the transmittance 
stays unaffected indicating that aggregation is neg-
ligible (Fig.  2B). The largest effect, as expected, is 

observed for the high charge Carb CNF (604 µmol/g). 
Both addition of salt and acid to the Carb CNF sus-
pensions reduce the viscosity (Fig. 2B, red bars), with 
largest reduction at 100 mM NaCl and pH 3, while 
the transmittance reduces the most at pH 3 (Fig. 2 A). 
This indicates aggregation of Carb CNF especially at 
pH 3.

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 (Fig.  3A). The pure suspensions release water 
very differently (Fig.  3A, solid lines). Dewatering 
of Carb CNF is substantially slower than that of the 
two lower charged CNFs (Enz and Ind CNF). The 
Carb CNF has not reached equilibrium even after 
19  h of dewatering whereas equilibrium is reached 
after approximately 2  h for the others. An explana-
tion of the slow dewatering suggested in the litera-
ture is formation of a dense, strong homogenous gel 
of fine fibrillar structure (Dimic-Misic et al. 2013b). 
In addition, the high charge of the material makes it 
more hydrophilic and osmotically prone to swell and 
hold water. The dewatering rate follows the order Enz 
CNF > Ind CNF > Carb CNF. This is in accordance 
with what to be expected from the order of the charge 
of the samples, Enz CNF < Ind CNF < Carb CNF, and 
the degree of fibrillation, that follows the same order 
(Fig. 1).

Fig. 3   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



7656	 Cellulose (2022) 29:7649–7662

1 3
Vol:. (1234567890)

The effects on the dewatering rate after alter-
ing pH or adding NaCl are shown in Fig. 3A (dotted 
lines) and the results for all the samples are sum-
marized in Fig. 3B. Changing the chemical environ-
ment can have a substantial effect on the dewater-
ing 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 almost completely turned 
off at pH 3 (Fall et  al. 2011), as pKa of carboxylic 
groups attached to cellulose are around 4.8 (Lindgren 
and Öhman 2000. Thus, when turning off the charges, 
higher charged Carb CNF start to behave as the lower 
charged Enz and Ind CNF. Actually, the raw mate-
rial and production process may be more important 
at pH 3 as Enz and Carb CNF, that are produced by 
the same mechanical treatment and using the same 
pulp, behaves more similarly, than Ind CNF that is 
produced from a different pulp and using a different 
mechanical treatment. In addition, at pH 3 Carb CNF 
is expected to aggregate (Fall et al. 2011), however, in 
this study the dispersions are homogenized after the 
pH adjustment (NaCl addition) so aggregation may be 
reduced. Larger aggregated structures would increase 
the distance between structures, creating channels for 
water transport and thus increasing the dewatering 
rate. One should also bear in mind that adjusting the 
pH will increase the ionic strength. By assuming that 
all charged groups are protonated at pH 3, the ionic 
strength will be 7 mM for Carb CNF and 2 mM for 
Ind CNF and 1.3 for Enz CNF. That the three CNFs 
have different ionic strength at pH 3 is verified by the 
conductivity of the dispersions (Table  1), arranged 
in the order of the surface charge. As the dewatering 
is affected more at pH 3 than at 10 mM and even at 
100 mM NaCl, it is suggested that the major effect is 
the pH effect and not the increase in ionic strength. 
The dewatering rates are similar for Enz CNF and 
Carb CNF at 100 mM NaCl. This could be because 
most charge interactions are canceled out at this ionic 
strength, providing very low electrostatic repulsion 
between particles, i.e. low surface potentials (Fall 
et al. 2011). Reducing the influence of charge, makes 
Carb CNF and Enz CNF similar as in the case of pH 
3. For lower charged particles as the Enz and Ind CNF 
the electrostatic repulsion is expected to be signifi-
cantly reduced already at 10 mM NaCl, whereas the 

repulsion is still significant for Carb CNF, explain-
ing why faster dewatering rates are obtain already 
at the lower NaCl level for the two lower charged 
CNF qualities. The effect is the largest for the lowest 
charge Enz CNF, close to the fastest dewatering rate, 
which occur at pH 3 for all CNFs. The slightly more 
charged Ind CNF may still be electrostatically active 
at 10 mM NaCl but not at pH 3, explaining its fur-
ther increase in dewatering rate at pH 3. For the pH 
adjustment the same trend is observed, an increase in 
dewatering rate already at pH 5 is observed for Enz 
CNF whereas Carb CNF stays unaffected (not meas-
ured for Ind CNF). However, the dewatering rate of 
Enz CNF continues to increase with further adjust-
ing the pH to 3. Once again at pH 5 the electrostatic 
interactions are expected to be significantly reduced 
for Enz CNF whereas they are barely affected for 
Carb CNF (Fall et al. 2011). Still the repulsion of Enz 
CNF is expected to be larger at pH 5 compared to at 
10 mM NaCl (Fall et al. 2011), supporting the lower 
dewatering rate at pH 5.

The addition of salt and acid will also reduce 
osmotic driven counter force for releasing water 
from the CNF suspensions. If the ion concentra-
tion of the released water is significantly lower than 
the ion concentration of the CNF suspension, which 
includes both the added ions and the counterions to 
the charges, 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 origi-
nal suspensions pure water will be released and the 
strongest osmotic force will be generated, which will 
be stronger with increased surface charge, as it pro-
vides more counterions. The counterion concentra-
tion at 1 wt% for Carb CNF is about 6 mM, for Ind 
CNF 1 mM and for the Enz CNF around 0.3 mM, 
providing an ionic strength of half of these values (3, 
0.5 and 0.15 mM). If the added salt concentration is 
significantly higher than the native ionic strength of 
the dispersions the osmotic force will be negligible. 
However, note that this osmotic force will increase as 
the sample is dewatered since the counterions will not 
be released. In addition, reducing pH will protonate 
the carboxylic charges and, thus, release the coun-
terions, further reducing the osmotic force. As the 
dewatering rate of Enz CNF is significantly increased 
at 10 mM NaCl and at pH 5, where the viscosity is 
barely affected, the reduction in the osmotic force 
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may be an important factor. For Ind CNF the osmotic 
force is also highly reduced at 10 mM as this is higher 
than the concentration of the counterions, supporting 
the faster dewatering rate. For Carb CNF the higher 
charge provides lower reduction in the osmotic force 
at low additions of salt and acid. At 10 mM NaCl the 
osmotic force is still present. The removed water will 
have an ionic strength of 10 mM whereas the ionic 
strength of the CNF dispersion is initially 13 mM, 
resulting in an osmotic water holding force that will 
increase in strength as the system dewaters. At 100 
mM NaCl the osmotic force is largely reduced for 
Carb CNF as well, which may increase its dewater-
ing rate, 100 mM of the released water compared to 
103 of the dispersion at the initial state. At pH 3 the 
osmotic force is cancelled out as the charges are pro-
tonated, which supports why the dewatering rate is 
faster at pH 3 compared to at 100 mM NaCl.

As the osmotic force is hard to measure or esti-
mate, the parameter that shows the best correlation 
with the dewatering rate in our study is the viscosity, 
i.e. faster dewatering with lower viscosity (Fig. 4). It 
appears to be a threshold in viscosity, above no effect 
is found but below it has a large impact. This thresh-
old may be related to the specific dewatering setup 
and procedure used in the study. The figure shows that 
the coarser qualities of this study, Enz and Ind CNF, 
follow a similar pattern whereas the more fibrillated 
Carb CNF has its own pattern. This is reasonable as 

Carb CNF differs, both chemically and structurally, 
from the two other CNFs.

When salt and acid are added, the viscosity drops, 
and faster dewatering is observed (Fig.  4). How-
ever, many other properties of the suspensions will 
be affected as well, some that might be decisive for 
rapid dewatering. Dewatering is a complicated phe-
nomenon. It is affected by the hydraulic permeability 
and the viscoelasticity of the particle network (Hubbe 
and Heitmann 2007). The viscosity before dewater-
ing describes indirectly how fine the fibrillar struc-
ture is. It has been shown that if the fine particles are 
fractionated out from a CNF suspension, by filtration 
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 (Lars-
son et al. 2019; Ciftci et al. 2020). The studies used 
similar CNFs to the Ind CNF in our study. Our results 
also show significantly higher viscosity for the finer 
Carb CNF. The suspension’s permeability is crucial 
for how fast it dewaters. The structure of fine material 
is strongly related to the systems permeability (finer 
structures, lower permeability), which probably is an 
important factor for the strong correlation between 
the viscosity and the dewatering rate.

The final dry content is shown in Table  2. The 
levels are mostly between 20 and 30%. According 
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Fig. 4   The relation between transient viscosity and dewatering 
rate. Red marks show Carb CNF, blue Enz CNF and black Ind 
CNF. Filled circles reflect the original suspensions. Squares 
illustrate NaCl additions (filled 10mM and open 100mM), and 
triangles illustrate pH adjustments (filled pH 5 and open pH 3)

Table 2   Dry content at the end of dewatering (starting dry 
content 1 wt%)

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

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
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to Sinquefield et  al. (2020), removing free water 
will give a sold content of about 30%, meaning that 
it is free water that is removed. It seems easier to 
remove larger amount of water from the coarser 
CNF qualities Enz and Ind compared to the finer 
Carb CNF, as they reach a higher final dry content. 
The larger particle structures of Enz and Ind CNF 
compared to Carb CNF are expected to generate 
networks of higher hydraulic permeability, poten-
tially explaining their higher final solid content. Enz 
CNF, generally, reaches a lower final solid content 
than Ind CNF. This may be explained by its more 
heterogeneous structure size indicated by the AFM 
image (Fig. 1). The smaller particles may penetrate 
the network structure generated by the larger parti-
cles and plug channels. Similarly, in papermaking 
smaller fines can plug the channels created by larger 
pulp fibers (Hubbe and Heitmann 2007). When 
salt and acid is added, a lower final solid content is 
reached for the coarser CNF qualities, 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 eventu-
ally cause particle aggregation (Fall et al. 2011), but 
it may also create stronger fibrillar 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 aggrega-
tion 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 parti-
cle–particle interactions may instead create stronger 
particle networks. This would potentially explain 
why the additions provide reduction in solid content 
for these two CNFs.

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

Fig. 5   Relative changes in transmittance (A) and viscosity (B) after dewatering and redispersion. Tensile strength index (C) and 
oxygen permeability (D) for films prepared with the different CNF systems before and after dewatering and redispersion
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Effect of dewatering on suspension properties

Figure  5  A, B show the relative change in the sus-
pension properties transmittance and viscosity after 
dewatering and redispersion compared to the proper-
ties of the original dispersions. The relative values are 
calculated by normalizing the values with the prop-
erties of the original suspensions before dewatering. 
The three different CNFs are affected differently. Carb 
CNF is the most sensitive. However, at neutral condi-
tions it redisperse very well, and the relative proper-
ties are close to 1. The redispersion is also good at the 
colloidal stable conditions (10 mM NaCl and pH 5), 
with only marginal reduction in the relative proper-
ties. However, once Carb CNF aggregates (100 mM 
NaCl and pH 3) the relative properties are signifi-
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 environ-
ment also marginally affect the relative properties of 
Ind CNF, but it redisperses slightly better than Enz 
CNF. Besides the chemical condition of the suspen-
sions, the final dry content may also affect the redis-
persibility. Ding et  al. (2019) showed that above 20 
wt% nanocellulose suspensions start to hornify, caus-
ing irreversible structure formation which reduces 
suspension redispersability. Enz and Ind CNF are 
generally dewatered to a higher final dry content than 
Carb CNF, which, by hornification may explain their 
poorer redispersibility. The lower relative transmit-
tance of Carb CNF pH 3 versus Carb CNF 100 mM 
NaCl may also be explained by the higher solid con-
tent after dewatering at pH 3, 21 wt% and 16 wt%, 
respectively. The dewatering and redispersion reduces 
the NaCl concentration to about 5 mM, thus the Carb 
CNF is in colloidal stable state during the redisper-
sion and de-aggregation can be expected. When the 
pH 3 dispersion is redispersed the counterion has 
been changed from sodium to hydrogen which may 
explain its poorer redispersion. In addition, the dis-
persion will be at pH 4 during the redispersion where 
the Carb CNF is expected to be less colloidally stable 
compared to at 5 mM NaCl.

Vacuum filtrated films were prepared from the dif-
ferent CNF systems before and after dewatering and 
redispersion and evaluated with respect to mechanical 

properties and oxygen barrier (Fig.  5C, D). In gen-
eral, the mechanical properties are the best for Carb 
CNF followed by Ind CNF and then Enz CNF, hence 
higher charge and fibrillations seems to generate 
stronger films. Dewatering and redispersion has lit-
tle effect on the mechanical properties for all original 
CNFs. The strength also stays rather unaffected by the 
addition of salt and acid. It is mainly Carb CNF at pH 
3 that shows a clear effect on the film strength, reduc-
ing it by 20%. This was also observed by Benitez and 
Walther (2017), reporting a 50% reduction. At this 
pH all charges (carboxyls) are expected to be turned 
off by protonation. But for Ind and Enz CNF that has 
significantly lower charge, the pH reduction has lim-
ited effect on the film strength. The dewatering and 
redispersion, which removes parts of the added salt 
or acid, generate in most cases stronger films. This 
is especially the case for Carb CNF 100 mM NaCl. 
The NaCl concentration after redispersion is cal-
culated to be approx. 5 mM. At this ionic strength 
Carb CNF is expected to be in a colloidal stable state 
during the film formation, which may explain the 
strength improvement. The effect is not as strong after 
redispersing the dewatered pH 3 Carb CNF disper-
sion. However, in this case the counter ion has been 
changed from Na+ to H+ and the sample also seems 
to be more aggregated, showing both a low relative 
transmittance and viscosity.

Regarding oxygen barrier, Carb CNF performs the 
best once again but here Enz CNF show better barrier 
than Ind CNF films (Fig. 5D). Perhaps a more energy 
intense fibrillation process of Enz CNF (verses Ind 
CNF) could generate a fraction of very small parti-
cles that is beneficial for forming compact films. For 
the dispersions before dewatering and redispersion, 
salt and acid additions affect Carb CNF the most, fol-
lowed by Ind CNF, and Enz CNF the least. Hence, 
higher particle charge results in higher sensitivity of 
the chemical environment. Ind CNF seems to be more 
sensitive to the addition of salt whereas Carb CNF is 
slightly more affected by pH adjustments. Dewatering 
and redispersion generally results in slightly higher 
permeabilities, indicating that the hornification upon 
the concentration increase may be a factor, creating 
slightly larger particle structures that forms less com-
pact films.
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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 finer and highly charged grade, i.e. 
pretreated using carboxymethylation (Carb CNF). 
The charge density of the samples were 30, 106 and 
604 µmol/g for Enz CNF, Ind CNF and Carb CNF, 
respectively, and the degree of fibrillation followed 
the same order. The dewatering rates were substan-
tially increased by altering ionic strength and pH. The 
most drastic effect was observed when either 100 mM 
NaCl was added or when the pH was adjusted 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 condi-
tions the Carb CNF releases water equally fast as the 
coarser CNFs, even though they also were substan-
tially faster to dewater at these conditions. The viscos-
ity before dewatering seemed to provide a good quali-
tative estimate of the dewatering rate, where lower 
viscosity gave faster dewatering. Different types of 
CNFs had different patterns when plotting dewatering 
rate against viscosity, but the general trend of increas-
ing 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 final dry 
content compared to Carb CNF (28 and 33 wt% com-
pared with 15 wt%). Changing ionic strength or pH 
decreased the final dry content for the coarser CNFs 
whereas it increased for Carb CNF.

Suspension properties and properties of films pre-
pared from the CNFs were evaluated after dewatering 
and redispersion. Enz CNF did not affect much by the 
additions of NaCl or adjustments in pH but was clearly 
affected by the dewatering, especially the viscosity 
reduced upon redispersion. Ind CNF was less affected, 
especially regarding the transmittance. Addition of 
NaCl affected the properties of Enz and Ind CNF more 
than the pH adjustments. Carb CNF was highly affected 
with reduction in both suspension and material proper-
ties, especially after adjusting to pH 3. This condition 
provided the fastest dewatering but the reduction in 
properties is unfortunate. However, the addition of 100 
mM NaCl almost provides as fast water removal with 

much lower reduction in properties for Carb CNF, espe-
cially for films 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, actu-
ally 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 film properties are limited.
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