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A B S T R A C T

Cellulose nanopapers are attractive materials with outstanding mechanical and optical properties, yet their 
production is slow. The use of non-aqueous suspension media, in particular ethanol, for nanopaper production 
reduced filtration times by 73 %. Nanopapers prepared from ethanolic suspensions possessed higher porosities 
than those prepared from aqueous suspensions, reducing their transparency and tensile properties. Rewetting 
nanopapers prepared from ethanolic suspensions with water and subsequent drying yielded nanopapers with 
densities essentially the same as those prepared from aqueous suspensions, which in turn greatly increased 
mechanical properties and transparency. The strain to failure of rewetted and dried nanopapers prepared from 
ethanolic suspensions increased from 2.8 % to 7.5 %. The strain to failure of rewetted and dried nanopapers 
prepared from ethanolic suspensions was also greater than that of nanopapers prepared from aqueous suspen
sions (3.3 %) albeit at the expense of a 20 % decrease in tensile strength and modulus, which was shown to be 
attributable to a lower bonding contribution between fibrils in the network. The increased strain to failure results 
in significantly increased work of fracture. The rewetting and drying treatment also yielded nanopapers with 
high total luminous transmittance and haze.

1. Introduction

Cellulose, and in particular nanocellulose, is among the most 
prominent research topics in the quest for sustainable, renewable, and 
green engineering materials with attractive mechanical and barrier 
properties. Cellulose is naturally produced by green plants, bacteria and 
even some animals (Moon et al., 2011). Cellulose fibres are a structural 
component of plants and can be either mechanically or chemically 
defibrillated to yield cellulose nanofibrils (CNF) (Herrick et al., 1983; 
Klemm et al., 2005; Saito et al., 2007; Turbak et al., 1982). The widths of 
CNF usually range from 5 to 60 nm whereas their length can be up to 6 
μm (Klemm et al., 2018), thus constituting a nanomaterial with a high 
aspect ratio and exceptional physical and mechanical properties (Moon 
et al., 2011; Saito et al., 2013). Films and membranes prepared from 
CNF are often termed cellulose nanopapers (CNP) and have been widely 

investigated showing favourable physical and chemical properties such 
as good chemical stability, low thermal expansion, tuneable optical 
properties, and high tensile strength and modulus (Henriksson et al., 
2008; Miao et al., 2020; Syverud & Stenius, 2008). The possibility to 
utilise the abundant surface hydroxyl groups of CNF for a variety of 
chemical modifications such as click-type reactions or the introduction 
of charged moieties, (Liu et al., 2015; Saito et al., 2007; Thomas et al., 
2018) and hence tune the properties of the resulting CNPs, has made 
them promising candidates for a variety of applications, e.g. separators 
in, e.g., supercapacitors and fuel cells (Mashkour et al., 2021; Tafete 
et al., 2022; Zhang et al., 2018). Owing to their excellent oxygen barrier 
performance and tuneable optical properties CNPs have been explored 
as alternative packaging materials (Ahankari et al., 2021; Kargarzadeh 
et al., 2018; Wang et al., 2017).

The three main CNP manufacturing routes currently discussed in 
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literature are casting, coating and filtration (Liu et al., 2022; Österberg 
et al., 2013): casting nanocellulose suspensions and evaporating the 
suspension medium as reported for cellulose nanocrystals for film pro
duction by Revol et al. (1992) was adapted by Dufresne et al. (Dufresne 
et al., 1997) for CNF. This was the first method used to produce CNPs 
and is still widely utilised at laboratory scale to tune the properties and 
microstructure of the resulting CNPs by controlling the evaporation 
parameters and addition of solutes (Hubbe et al., 2017). The coating 
method usually involves the permanent deposition of a CNF suspension 
on a porous carrier material to create a hybrid material with CNP 
(Hubbe et al., 2017) with the drawback, that usually no freestanding 
CNPs are obtained. Filtration followed by hot pressing allows production 
of CNPs in analogy to traditional papermaking techniques. The main 
obstacles for the efficient preparation of CNPs however can be found 
both in the high viscosity of concentrated CNF suspensions and the high 
water-retention of CNFs, as these facilitate the need to use very dilute 
suspensions as feedstock for CNP production, which require substantial 
amounts of time and energy to dewater by both filtration or evaporation 
alike (Lindström & Aulin, 2014; Nadeem et al., 2022; Österberg et al., 
2013; Sehaqui et al., 2010; Sethi et al., 2021; Sinquefield et al., 2020). 
The dewatering time of CNPs also increases dramatically with increasing 
paper grammage and density, further affecting productivity (Hervy 
et al., 2018) when producing denser or thicker CNPs. Indeed, industrial 
processes for the high-volume manufacture of tracing paper utilise hot 
process water to reduce its viscosity and hence increase drainage speed. 
The dewatering of nanocellulose suspensions is an intensely studied 
topic and a wide variety of methods have been reported ranging from 
the use of electro-assisted filtration, surface modification or the addition 
of salts, to supercritical CO2 drying; the reader is referred to several 
extensive reviews on the topic (Sinquefield et al., 2020; Solhi et al., 
2023). One pathway to reduce the dewatering time of CNF suspensions, 
which is not as widely reported, is to replace water with other liquids as 
suspension medium that interact less with the cellulose fibrils or have 
higher vapour pressures, thus requiring less energy to remove. Although 
Henriksson et al. (2008) and others Huang et al. (2023); Sim, Ryu, & 
Youn (2015) have used solvent exchange to facilitate efficient drying of 
wet filter cakes, the approaches still formed filter cakes from aqueous 
suspensions. Onyianta et al. (2023) used several solvent exchange and 
conditioning steps with isopropyl alcohol (IPA) to produce redispersible 
CNF powders and found that filtration times dropped significantly with 
increasing IPA content. Most studies reporting on the use of non-aqueous 
suspension media during CNP preparation, do not document the impacts 
on the filtration speed but found that the use of lower surface tension 
solvents influences other properties of the resulting nanopapers, such as 
porosity, transparency, and haze (Ferguson et al., 2016; Hsieh et al., 
2017; Huang et al., 2023; Mautner et al., 2020; Mautner & Bismarck, 
2021). Ferguson et al. (2016) reported a correlation between the surface 
tension of the CNF suspension medium and the resulting CNP porosity, 
with lower surface tension solvents yielding more porous CNPs. Huang 
et al. (2023) used solvent exchange to ethanol and hexane after filtration 
of TEMPO oxidised CNF filter cakes and observed that lower surface 
tension yielded CNPs with significantly increased pore volumes and 
larger interlayer pore spaces. Hsieh et al. (2017) reported, that using 
ethanol as suspension medium during manufacture yielded CNPs with 
high transparency and haze. Importantly, the use of organic solvents as 
suspension medium for CNP preparation reduces the mechanical prop
erties of the CNPs significantly (Mautner & Bismarck, 2021). A reduction 
in density inherently reduces the extent of inter-fibril contact and, thus 
the tensile strength of the resulting papers. In a classic and seminal 
contribution, Campbell (1959) postulated that the use of suspension 
media with different surface tensions could also affect the intrinsic 
properties of produced papers (and by extension, nanopapers): during 
removal of the liquid content during drying, capillary forces, which are 
proportional to the surface tension of the suspension medium, act in 
interfibril spaces and pull the fibres together. These ‘Campbell forces’ 

aid compaction of the resulting fibre network resulting in increased 
density and hence an increased fibre-fibre bonding area, which, along
side the zero span tensile index directly contributes to the tensile index 
as elaborated in the theory of Page (1969), which may be stated as: 

1
T

=
9

8 Z
+

12 δ
b P L Φ

(1) 

where T [kN m kg−1] is the specific strength or ‘tensile index’ of a (nano) 
paper, Z [kN m kg−1] the zero span tensile index, δ [kg m−1] the linear 
density of nanofibrils with perimeter P [m] and mean length L [m]; Φ 
represents the relative bonded area and b [N m−2] the shear bond 
strength per unit area.

The tensile strength of (nano)papers is influenced also by horn
ification between fibrils during water removal at elevated temperatures, 
first described by Jayme (1944) as “Verhornung” and further elucidated 
by Minor (1994), who coined the term “hornification”. The absence of 
water during hot pressing when using non-aqueous suspension media 
directly influences the hydrogen bond structure of the formed cellulose 
network, resulting in a less “crosslinked” CNF network (Fernandes Diniz 
et al., 2004).

The development of strong and tough CNPs has been of great interest 
in the scientific community, with studies outlining various approaces to 
achieve this goal. The addition ionic liquids to the suspension medium 
has recently been reported by Chen et al. (2020) who disclosed that 
adding 30 wt.-% of 1-ethyl-3-methylimidazolium acetate to the sus
pension medium yielded CNPs with exceptionally high tensile strength 
(up to 233 MPa) and modulus of toughness (up to 38 MJ m−3), as well as 
Liu et al. (2025) who reported that the addition of up to 2 wt.-% of 
various imidazolium based ionic liquids to the suspension medium more 
than doubled the tensile strength and tensile toughness of produced 
CNPs. Another promising strategy to increase the ductility and tough
ness of CNPs is to partially transform the stiff and brittle cellulose I 
crystal allomorph to the more ductile cellulose II allomorph, either by 
way of partially dissolving the cellulose fibrils (Abbott & Bismarck, 
2010; Gindl & Keckes, 2005) or strong alkaline treatment called 
mercerization (Mayer et al., 2024; Wloch et al., 2023). While these 
methods yield CNPs with excellent mechanical properties, they also 
suffer from the aforementioned drawbacks of CNP production in the 
form of long dewatering and/or drying times, as well as the consumption 
of expensive and potentially harmful chemicals. Sethi et al. (2019) re
ported the use of a hybridization approach combining CNF with non- 
delignified wood nanofibres to increase the hydrophobicity of the 
resulting CNPs as well as the nascent filtercake, leading to a significantly 
increased (75 %) filtration speed and increased water resistance of the 
resulting CNPs albeit at the cost of tensile properties and yellowing/ 
browning depending on the CNF to wood nanofibre ratio.

In this study, we investigate the potential of using ethanol, a non- 
aqueous suspension medium that can be considered green and easily 
accessible, for the efficient and fast production of cellulose nanopapers 
via filtration. After filtration we conducted a systematic investigation of 
a family of post-forming treatments using rewetting by water and drying 
to consolidate the resulting nanopapers and investigate the influence on 
their physical and mechanical properties. The objective of these post- 
treatments was to exploit Campbell forces to consolidate and hence 
densify the intrinsically porous nanopapers filtered from non-aqueous 
solvents, with a view to increasing their strength and transparency. 
This approach could offer a route to exploit the faster filtration times 
offered by film formation from non-aqueous solvents, whilst optimising 
network properties.

2. Experimental

2.1. Materials

Cellulose nanofibres (CNF) were produced by mechanical 
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defibrillation (Granomat JP 150, Fuchs, Switzerland) of never dried, 
chlorine-free bleached softwood pulp (picea abies and pinus spp.) with a 
composition of 81.3 % cellulose, 12.6 % hemicellulose and 0.3 % ash 
(Josset et al., 2014) provided by Mercer Stendal (Arneburg, Germany) 
according to a grinding procedure described in a previous publication 
(Mayer et al., 2024). The resulting nanofibrils had an average molecular 
weight Mw of 141.4 kDa, and a crystallinity of ~70 % (Mayer et al., 
2024). Ethanol (93.8 wt.-%) denatured with 1 vol.-% of petroleum ether 
was purchased from Brenntag Austria. If not stated otherwise, deionised 
water was used in all experiments.

2.2. Nanopaper preparation

An overview of the processing parameters and all post processing 
steps of the nanopapers produced in the subsequent sections is provided 
in Table 1. For clarity, a schematic overview over the order of 
manufacturing steps is also provided as Fig. SI 1–1 in section SI 1 of the 
ESI.

Nanopapers with a nominal areal density of 100 g m-2 were prepared 
following a previously reported method (Mayer et al., 2024), which was 
slightly modified by using ethanol as the suspension medium. In brief, 
nanocellulose stock (1.2 g dry mass at a dry matter content of 3.37 wt.- 
%) was combined with 270 g ethanol (93.8 wt.-%) to reach an ethanol 
concentration of 85 wt.-%. This suspension was then further diluted with 
85 wt.-% ethanol to adjust the volume to exactly 1000 mL (to allow for 
comparison of the filtration times later on) followed by homogenization 
via blending (BL-4473, Tristar) at 2000 W for 30 s. The ethanol/CNF 
suspension was subsequently transferred to a Büchner funnel with a 125 
mm diameter fritted glass disk, lined with filter paper (VWR 413, VWR, 
Leuven, Belgium) and filtered at reduced pressure produced by a water 
jet pump until a solid filter cake with a matte surface had formed and the 
flow of suspension medium exiting the Büchner funnel had slowed to 
one drop per 15 s, which – according to previous experience – yielded 
filter cakes with a cellulose content of 70–90 %. The resultant dense, yet 
wet, filter cake was removed from the filter paper, sandwiched between 
two metal plates, each lined with two layers of blotting paper (3MM Chr 
VWR, Lutterworth, UK), and pressed at room temperature (23◦C) using a 
hydraulic press (type 25–12-2H, Carver Inc., Wabash, USA) at 1.6 MPa 
for 30 s to increase its solids content. The cold-pressed filter cake was 
then placed between two metal plates lined with one layer of blotting 
paper as cushioning and one layer of release paper and hot pressed in the 
hydraulic press at 1.6 MPa at 120◦C for 15 min to dry and consolidate 
the network. Of the nine nanopapers filtered from ethanolic suspensions, 
three were used as reference and thus termed ‘Et-CNP-ref’, while the rest 
was used for the production of re-compacted CNPs as described further 

down.
Another set of nanopapers was prepared as described above from 

suspensions of CNF in 85 wt.-% ethanol, but the ethanol-wet filter cake 
was submerged for 5 s in 1 L of deionised water prior to cold pressing – to 
simulate a short dipping bath in a continuous line process, and to pre
vent disintegration of the unconsolidated filter cake into the water – 
followed by hot pressing as described above. These water-dipped Et- 
CNPs were termed ‘Et-CNP-d’.

Reference nanopapers filtered from water were prepared following 
the same procedure but using water as suspension medium (1.23 g of 
CNF dry mass in 1000 mL H2O), but. These samples are termed, ‘H2O- 
CNP’.

2.3. Re-compaction of Et-CNPs

To further consolidate cellulose nanopapers produced from ethanolic 
suspensions they were first submersed in water for 5 min, to allow the 
nanopaper to fully hydrate but not yet start to disintegrate and subse
quently sandwiched between two sheets of blotting paper for 30 s to 
remove excess water. The still water-wet CNPs were then sandwiched 
between steel plates, each lined with a sheet of blotting paper and 
release paper and put under 5 kg-force to prevent cockling during dry
ing. Drying of the wet CNPs was performed at 35◦C, 70◦C, and 110◦C for 
30 h, 20 h, and 2 h, respectively, to ensure the nanopapers had fully 
dried. Consolidated CNPs were termed ‘reEt-CNP-X’ indicating that they 
were rewetted and with X denoting the drying temperature. All 
consolidation experiments were carried out in duplicate.

2.4. Moisture content of nanopapers

The moisture content of prepared nanopapers was determined via 
dynamic vapour sorption (DVS Resolution, Surface Measurement Sys
tems, Wembley, UK). Approximately 20 mg of nanopaper sample were 
conditioned in the same room as the subsequent mechanical testing was 
performed (25◦C, 40–45 % RH) for 1 week, before entering the system 
and being dried in water-free air flow for 15 h until no change in weight 
was detected. The moisture content was calculated from the mass loss 
during drying.

2.5. Thickness, density, and porosity of nanopapers

Thickness d and apparent density ρe of all CNPs were determined 
from specimens cut for tensile testing. From each paper, eight dumbbell- 
shaped specimens were punched out (Zwick ZCP 020 Manual Cutting 
Press, Zwick, Ulm, Germany) in a radial pattern evenly distributed 
across half of each paper to ensure a homogeneous sample composition 
without bias and to conserve the second half for other tests. The 
dumbbell-shape (EN ISO 527-2, Type 1BB) had an overall length of 30 
mm with a 20 mm long and 2 mm wide parallel section and an overall 
area A of 85.8 mm2. The thickness d was measured at five points evenly 
distributed along the specimens’ length using a digital micrometer 
(705–12,229, RS Components, Corby, UK) with a clamping pressure of 
150 kPa as the specimens’ width was below that required for testing 
with a conventional paper thickness meter.

Each specimen’s mass m was determined using a microbalance (MSA 
225P, Sartorius, Göttingen, Germany) and used to calculate the average 
paper grammage Γ (eq. 2), apparent density ρe (eq. 3), and hence to 
estimate porosity ϕ (eq. 4) from A and d of the specimens by approxi
mating the skeletal density ρs of cellulose I to be 1500 kg m−3 (Sehaqui 
et al., 2011). 

Γ =
m
A

(2) 

ρe =
Γ
d

(3) 

Table 1 
Sample codes, preparation parameters and eventual Post treatment steps of 
nanopapers prepared in this study.

Sample Preparation Parameters Notes Post treatment

Suspension 
Medium

CNF dry 
mass [g]

H2O-CNP 1000 mL 
Water

1.2 – –

Et-CNP- 
Ref

1000 mL 
85 wt.-% EtOH

1.2 – –

reEt- 
CNP- 
35

1000 mL 
85 wt.-% EtOH

1.2 – Rewetting and 
drying at 35 ◦C

reEt- 
CNP- 
70

1000 mL 
85 wt.-% EtOH

1.2 – Rewetting and 
drying at 70 ◦C

reEt- 
CNP- 
110

1000 mL 
85 wt.-% EtOH

1.2 – Rewetting and 
drying at 110 ◦C

Et-CNP-d 1000 mL 
85 wt.-% EtOH

1.2 Dipped in H2O 
prior pressing

–
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ϕ =

(

1 −
ρe

ρs

)

× 100% (4) 

2.6. Surface morphology of (consolidated) CNPs

The surface morphology of the produced CNPs was characterised by 
scanning electron microscopy (SEM) (Supra55VP, Zeiss, Austria) oper
ated at an acceleration voltage of 5 kV and a working distance of 7.4 
mm. All specimens were mounted onto aluminium sample holders with 
carbon tape and coated with an 8 nm layer of 80 % Au and 20 % Pt (Leica 
SCD 2020/EM QSG 100).

2.7. Determining the optical properties of nanopapers

Total luminous transmittance and haze of CNPs were determined 
using a UV–Vis spectrophotometer (Lambda 356, PerkinElmer LAS Ltd., 
UK) fitted with a 50 mm integrating sphere in the range of 400 to 700 nm 
at a scan speed of 240 nm min−1 and a slit width of 5 nm.

2.8. Determination of tensile properties of nanopapers

Tensile tests were performed on a minimum of ten specimens for 
each nanopaper sample at 25◦C and 40–45 % RH using a dual column 
universal test frame (Instron Model 5969, Darmstadt, Germany) equip
ped with a 1 kN load cell, specifically calibrated for low loads. The 
tensile strain ε was recorded using an optical non-contact video exten
someter (Gig ProE, iMETRUM, Bristol, UK). The gauge length of the test 
specimen was set at 15 mm, and a crosshead displacement velocity of 1 
mm min−1 was used. The tensile strength σ was calculated from the 
measured load, the width and thickness of the specimen. The paper 
tensile index (cf. specific strength) T was calculated from the load per 
unit width and the grammage Γ of the specimen and the (grammage 
corrected) specific modulus M was determined from the linear elastic 
region of the T vs. ε curves as a secant between strength values separated 
by a strain of 0.2 %. The modulus of toughness Kf , a measure for the 
tensile toughness of a material – i.e. the energy a material absorbs during 
elastic and plastic deformation – (Oh, 2022) was determined by inte
gration of the area under the stress-strain curve of the using the 
dimensionless strain (eq. 5): 

Kf =

∫ εf

0
σdε, (5) 

For comparison we would like to point out, that Kf is in the literature 
often referred to as work of fracture (Chen et al., 2020; Henriksson et al., 
2008; Mayer et al., 2024; Sehaqui et al., 2011; Svagan et al., 2007). 
However, per definition, the work of fracture is energy per unit area (J 
m−2) while Kf is energy per unit volume (Pa or J m−3), which is the 
quantity termed work of fracture reported in those papers. The modulus 
of toughness is the work of fracture normalised over the gauge length.

3. Results and discussion

3.1. Influence of the ethanol content in the suspension medium on the 
CNP porosity

The results of a preliminary study on the impact of ethanol content in 
the suspension medium can be found in section SI 2. of the ESI. The 
results (Fig. SI 2–1), while qualitative in nature, revealed the importance 
of the surface tension of the suspension medium, affecting the strength 
of the capillary/Campbell forces acting on the fibril network during 
drying pulling neighbouring fibrils closer together, improving interfi
brillar contact. Above a certain ethanol content in the suspension me
dium (60 wt.-% to 80 wt.-%) network densification does no longer 
occur, yielding CNPs with a significantly increased porosity. The de
pendency on the surface tension of the liquid in the wet filter cake 

during drying inspired the rewetting and redrying procedure used for 
the re-consolidation of CNPs described in this study.

Based on the preliminary results (section SI 2 in the ESI), we selected 
85 wt.-% ethanol in water mixtures as suspension medium for CNP 
production, as it represented an ethanol content sufficiently above the 
observed threshold for high porosity CNPs (Fig. SI 2–1) while facilitating 
the reuse of the suspension medium by adding only small amounts of 93 
wt.-% ethanol to offset the water introduced by the CNF stock.

3.2. Filtration times during nanopaper preparation

We compared the filtration times of CNPs prepared from 85 wt.-% 
ethanol-water suspensions with those of CNPs prepared from pure water 
suspensions. As baseline, we determined the filtration times of pure 
water and 85 wt.-% ethanol in water using the same Büchner funnel; 
within error we observed no difference in the ‘filtration’ speed for both 
media (Table SI 3–1 section SI 3 of the ESI). However, once nano
cellulose was suspended in either water or 85 wt.-% ethanol, we 
observed a reduction in average filtration time from 71 ± 3 min to 19 ±
1 min, which can be attributed to a variety of factors simultaneously 
which all affect the flow of the solvent through the nascent filter cake: 
the pressure drop acting across the filter cake is the sum of the hydraulic 
pressure of the suspension medium acting from above and the applied 
vacuum from below, which was constant over all experiments. However, 
the hydrostatic pressure (P = Δp + ρ⋅g⋅h) acting from above on the filter 
cake for water is 20 % greater than for the water-ethanol mixture 
resulting in a faster compaction of the filter cake in the aqueous sus
pension resulting in the formation of the initial layers, with high 
filtration resistance, similar to the findings of Mattsson et al. (2012) at 
neutral pH and when using a cellulose based filtration membrane. 
Furthermore, the lower dipole of ethanol compared to water, 1.69 D and 
1.86 D, respectively,(Lide, 2003) would result in a significantly reduced 
interaction between the liquid and the CNFs surface, thus further 
reducing the filtration resistance and would further reduce the thickness 
of the hydration shell around the individual cellulose fibrils, thus 
virtually increasing the porosity of the nascent filter cake. The higher 
porosity of the ethanolic filter cake leads to a further reduction of the 
resistance to flow, as described for granular beds by the Kozeny-Carman 
equation (Carman, 1997). Another factor contributing to the reduced 
filtration times could be the reduced polarity of the ethanolic suspension 
medium, reducing the interaction between the fibril surface and the 
liquid, in analogy to literature utilising different ionic solutions to 
improve the filtration procedures of (carboxylated) CNFs (Fall et al., 
2022; Mautner et al., 2015; Sim, Lee, et al., 2015). These results also 
suggest that the higher viscosity of ethanol-water mixtures compared to 
pure water – 1.7 mPa s for 85 wt.-% ethanol/water mixture compared 
with 1.0 mPa s for pure water (González et al., 2007) – are compensated 
and even outweighed by the reduced filtration resistance of the forming, 
more porous filter cake.

3.3. Influence of re-consolidation on the physical properties of CNPs

We investigated the impact of paper re-consolidation after forming 
from ethanolic suspensions as well as dipping of the ethanol wet filter 
cake in water prior to hot pressing (reEt-CNP-35, 70 & 110 as well as Et- 
CNP-d, respectively) on the physical properties, such as thickness and 
density of these CNPs, and compared them to those of reference CNPs 
produced from aqueous suspensions (H2O-CNP), and from ethanolic 
suspensions without post treatment (Et-CNP-ref) (Table 2).

The porosity of the untreated Et-CNP-ref sample is almost double 
that of H2O-CNPs. t-Tests revealed that density and porosity of re- 
consolidated CNPs are not significantly different from those of H2O- 
CNPs, indicating significant network compaction during secondary 
drying steps driven by surface tension/Campbell forces leading to a 
densification of the rewetted fibril network of CNPs formed from etha
nolic suspensions. The compaction during the secondary drying appears 
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to be insensitive to the drying temperature and can be attributed to the 
comparatively higher surface tension of water compared with that of 85 
wt.-% ethanol – 72.8 mN m−1 vs. ~24 mN m−1 for pure water and 85 
wt.-% ethanol in water, respectively (Vazquez et al., 1995) – leading to 
higher Campbell forces during drying; the larger Campbell forces acting 
on nanofibres in the network exerted by water can overcome the 
intrinsic fibril network tension, thus pulling neighbouring fibrils closer 
together and compacting the network. This compaction overwhelmingly 
occurs in the thickness direction of the papers, as the CNFs are deposited 
in-plane during filtration. Dipping wet filter cakes produced from 
ethanolic suspension into water prior to hot pressing resulted in CNPs 
with higher porosities than those produced from aqueous suspensions 
indicating that the short dipping time was insufficient to increase the 
water content of the filter cake sufficiently to produce comparable 
Campbell forces to those achieved with water alone.

The mechanism of network compaction primarily in the thickness 
direction of the nanopaper, as reflected by increased density, is apparent 
in CNP cross-sections (Fig. 1). SE micrographs show a lamellar structure 
of the prepared CNPs, with Et-CNP-Ref (Fig. 1A) exhibiting numerous 
significant interlayer pores. These interlayer pores were less pronounced 
in re-compacted (i.e. reEt-CNP-70, Fig. 1B) CNPs and reference CNPs 
prepared from aqueous suspensions (i.e. H2O-CNP, Fig. 1C) similar to 
the findings of Huang et al. (2023) indicating that re-compaction yields 
nanopapers as dense and compact as if produced directly from aqueous 
suspensions. SE micrographs of Et-CNP-ref’s surface (Fig. 1D) reveal a 
more porous and open structure than observed in the surfaces of nano
papers produced from aqueous suspensions or re-compacted CNPs 
formed from ethanolic suspensions (H2O-CNP and reEt-CNP-70 in 

Fig. 1E & F, respectively). The micrographs also showed a network 
structure with separated individual fibres being visible in the case of Et- 
CNP-ref, while all other nanopapers are composed of a tight fibrillar 
network, consistent with the incidence of inter-layer pores observed in 
the cross-sections. The differences in the fibril networks clearly illustrate 
that the presence of water during drying, either in the initial hot- 
pressing step or during the re-consolidation treatment, resulted in a 
denser network.

3.4. Optical properties of nanopapers before and after re-consolidation

The total luminous transmission of all nanopapers at 572 nm (the 
wavelength used in the TAPPI T425 standard for the determination of 
paper opacity) is presented in Fig. 2. Both total luminous transmittance 
and haze over the full visible light range are shown in section SI 4 of the 
ESI. All three types of nanopapers, exposed to re-wetting and drying 
after hot pressing (i.e. Et-CNP-ref, Et-CNP-d and H2O-CNP) exhibited 
significantly lower total luminous transmittance (Fig. 2) than those 
nanopapers that were post-treated (reEt-CNP-35/70/110). It is impor
tant to note that these nanopapers have lower grammage than those that 
have been re-wetted and hot-pressed, confirming that their lower 
transmittance is not caused by more material present in the beam path 
and can rather be attributable to their greater porosity and hence greater 
degree of light scattering. Over the full tested spectrum (Fig. SI 4-1 A), 
reference nanopapers produced by filtration from ethanolic suspensions 
have the lowest light transmittance (Et-CNP-ref, 10–18 %) followed by 
nanopapers dipped before hot-pressing (Et-CNP-d, 16–27 %) and those 
produced from an aqueous CNF suspension (H2O-CNP, 21–32 %).

Table 2 
Grammage Γ, thickness d, density ρ, and porosity ϕ with standard deviation of the different types of CNPs. Note: the grammage was determined by weighing at ambient 
conditions, thus including sorbed moisture (~4.5–5.9 %).

Sample Γ[g m−2] d  
[μm]

ρ  
[kg m−3]

ϕ [%]

Et-CNP-ref 103.7 ± 2.0 98.9 ± 2.3 1049 ± 25 30.1 ± 1.7
reEt-CNP-35 113.7 ± 2.2 91.2 ± 2.1 1247 ± 25 16.8 ± 1.7
reEt-CNP-70 111.9 ± 1.4 89.1 ± 1.8 1256 ± 32 16.3 ± 2.1
reEt-CNP-110 113.2 ± 2.0 90.8 ± 2.3 1247 ± 33 16.9 ± 2.2
Et-CNP-d 108.2 ± 2.0 90.4 ± 2.6 1198 ± 32 20.1 ± 2.1
H2O-CNP 106.0 ± 3.1 84.9 ± 2.5 1248 ± 29 16.8 ± 1.9

Fig. 1. Representative SE micrographs of the nanopaper break edges after tensile testing (top row) and the nanopapers surface of Et-CNP-ref (A & D), reEt-CNP-70 (B 
& E) and H2O-CNP (C & F).
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Re-compacted nanopapers possessed a minimum luminous trans
mittance of 38 % with reEt-CNP-35 (55–69 %) exceeding those of all 
other nanopapers. To a lesser extent, optical haze (Fig. SI 4-1B) followed 
the inverse trend of the luminous transmittance and ranged from 84 to 
89 % for all nanopapers. Transmittance is determined by light absorp
tion and scattering whereas haze is determined primarily by refraction 
of incident light. Since the post-treatment process does not change the 
CNP’s composition, we expect absorption differences among our sam
ples to be negligible, so only scattering (i.e. reflection and refraction) is 
responsible for changes in transmittance and haze. Scattering occurs at 
interfaces within the network, and the number of interfaces decreased 
with increasing density. The trends for haze and transmittance found 
can be attributed to a higher fraction of pores and voids and hence a 
larger number of interfaces in Et-CNP-ref, which led to more light 

scattering. The luminous transmittance of all re-wetted and dried 
nanopapers compared to all other nanopapers (Fig. 2) exceeded that of 
other nanopapers with similar porosity, consistent with the reduction of 
scattering sites within the paper caused by network compaction and a 
“relaxation” of network tensions.

Fig.SI 5–1 in section SI 5 of the ESI shows a qualitative comparison of 
the coloration all produced CNPs placed on white office paper, showing 
that the recompaction procedure did not lead to yellowing or other 
discolorations.

3.5. Tensile properties of nanopapers

Fig. 3A shows representative stress-strain curves for all nanopapers 
and the mechanical properties are summarised in Table 3.

The moisture content of all samples after conditioning for 1 week 
next to the tensile testing setup was found to be 4.5–5.9 %. All CNPs 
which were not subjected to re-wetting and drying (i.e. Et-CNP-ref, Et- 
CNP-d and H2O-CNP) exhibited low strains to failure, εf of 2.5–3.4 % 
whereas the re-consolidation treatment had a significant impact on the 
ductility of the resulting nanopapers, more than doubling εf to values up 
to 7.5 %. The tensile strength of CNPs prepared from aqueous suspen
sions was significantly higher than that of (re-consolidated) CNPs pre
pared from ethanolic suspensions. The stress-strain curve of water- 
dipped Et-CNP-d followed that of CNPs produced from aqueous sus
pensions (H2O-CNP) yet resulted in premature failure in the plastic 
deformation region.

In the electronic supplementary information (section SI 6), we pro
vide the manipulation of Eq. 1 to show that the relative difference in the 
shear bond strength between a pair of nanopapers with different tensile 
index T and porosity ϕ can be estimated: 

b1

b2
=

T1

T2

(Zc − T2)

(Zc − T1)

RBA1

RBA2
, (6) 

when assuming that Zc = 8Z /9 is unaffected by the use of solvents to 
form nanopapers. The relative bonded area RBA can be calculated from 
the porosity ϕ of the respective nanopapers as follows (Sampson, 2008): 

RBA = 1 −
ϕ(1 − ϕ )(2 − ϕ )

ln
(

1
/ϕ

) . (7) 

The change in shear bond strength per unit area was calculated 
relative to that of the untreated reference CNPs formed from ethanolic 
suspensions (i.e. Et-CNP-ref) assuming Z = 140 kN m kg−1 and is plotted 

Fig. 2. Total luminous transmittance of nanopapers. Error bars represent 95 % 
confidence intervals.

Fig. 3. Representative stress-strain curves of all (recompacted) CNPs (A) and the relative bonding contributions to the tensile index normalised to that of Et-CNP- 
ref (B).

F. Mayer et al.                                                                                                                                                                                                                                   Carbohydrate Polymers 370 (2025) 124443 

6 



in Fig. 3B. We note that the reported values and trends are very insen
sitive to the assumed value of Z in the expected range 120 < Z < 150 kN 
m kg−1. On this basis, we can attribute the increased tensile index of 
nanopapers re-consolidated at higher drying temperatures (i.e. reEt- 
CNP-70 and reEt-CNP-110) to an increase in the shear bond strength 
per unit area.

The significantly higher strain to failure accompanied by relatively 
small decreases in strength and modulus (Fig. 3A) of CNPs after water 
rewetting and drying was attributed to network densification (Table 2), 
which was only associated by marginal increase in interfibrillar bond 
strength (Fig. 3B) normalised to Et-CNP-ref allowing fibrils to slide over 
each other until final failure resulting in an increased modulus of 
toughness. Initial hot pressing of CNF films from ethanolic suspension 
resulted in poorly consolidated, highly porous nanopapers with fewer 
connection points between fibrils due to the much-reduced Campbell 
forces acting on the fibrils during removal of the ethanolic suspension 
medium. This is consistent with the findings of Hashemzehi et al. (2024)
who analysed the degree of hornification of macroscopic cellulose fibres 
dried from different solvents. Comparing the mechanical properties of 
CNPs formed from ethanolic suspensions which were rewetted and dried 
at different temperatures revealed that higher drying temperatures 
resulted in slightly stronger yet less ductile nanopapers (Table 3). The 
influence of the drying temperature on the tensile properties was anal
ogous to the temperature dependency of cellulose hornification 
(Sellman et al., 2023); higher drying temperatures resulted in more 
hornified samples and thus in a higher bonding contribution (Fig. 3B). 
The higher strain to failure of rewetted and dried CNPs produced from 
ethanolic suspensions also resulted in a significantly increased (up to 
178 % compared to Et-CNP-ref) modulus of toughness Kf – the area 
under the stress-strain curve – and thus increased tensile toughness 
albeit at a slight (~22 %) loss of tensile strength and modulus.

A comparison of the mechanical and optical properties of our CNPs 
with CNPs manufactured by others can only be made with caution, as 
both the source of the cellulosic material, as well as other pre-treatment 
and refinement steps can significantly influence the properties of the 
resulting nanopapers. With this disclaimer, Fig. 4 juxtaposes the tensile 
strength σ, and the Young’s modulus E, of a wide variety of lignocellu
losic based CNPs from literature (Du et al., 2020; Fein et al., 2021; 
Jaiswal et al., 2021; Kontturi et al., 2021; Liu et al., 2023; Mokhena 
et al., 2021; Rol et al., 2017) and our CNPs.

4. Conclusions

Production of cellulose nanopapers from aqueous suspensions is a 
time-consuming process. Using ethanol-water mixtures as a suspension 
medium for CNF allowed for a drastic reduction of filtration times due to 
the formation of a more porous filter cake reducing the overall filtration 
resistance. Nanopapers produced from ethanolic filter cakes had much 
higher porosities and thus significantly lower mechanical properties 
than papers produced from water-wet filter cakes, because of much 
lower Campbell forces acting on the drying fibril network. We showed 
that rewetting with water and drying of CNPs produced from ethanolic 
suspensions led to significant network compaction, increasing the paper 
density but only slightly the bonding contribution, resulted in CNPs with 
increased tensile strength and strain to failure. While having an overall 

lower tensile strength and modulus compared to papers produced from 
aqueous suspensions, CNPs produced from ethanol-water mixtures 
exhibited a significant increase in their strain to failure and modulus of 
toughness, and thus, tensile toughness. The compaction of the fibril 
network during rewetting and drying yielded high haze nanopapers with 
a much higher optical transmittance than CNPs produced from aqueous 
suspensions.
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