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The influence of temperature
on cellulose swelling at constant
water density

Jonathan Torstensen®*, Vegar Ottesen 2, Sandra Rodriguez-Fabia®3,
Kristin Syverud ©23, Lars Johansson®3 & Anders Lervik ®*

We have in this paper investigated how water sorbs to cellulose. We found that both cellulose
nanofibril (CNF) and cellulose nanocrystal (CNC) films swell similarly, as they are both mainly
composed of cellulose. CNF/CNC films subjected to water at 0.018 kg/m? at 25 °C and 39 °C, showed a
decrease in swelling from ~ 8 to 2%. This deswelling increased the tensile index of CNF-films by ~ 13%.
By molecular modeling of fibril swelling, we found that water sorbed to cellulose exhibits a decreased
diffusion constant compared to bulk water. We quantified this change and showed that diffusion of
sorbed water displays less dependency on swelling temperature compared to bulk water diffusion.

To our knowledge, this has not previously been demonstrated by molecular modeling. The difference
between bulk water diffusion (D) and diffusion of water sorbed to cellulose (D) increased from
Dyww=Dcc~3x107° cm/s? at 25 °C to Dy - D¢ ~ 8.3 x 1075 cm/s? at 100 °C. Moreover, water molecules
spent less successive time sorbed to a fibril at higher temperatures.

Nanocelluloses are cellulosic nanomaterials (CNMs) with at least one dimension on the nanometer scale (below
100 nm). They are rod- or ribbon-shaped nanoparticles made from multiple cellulose polymer chains, with typi-
cal widths below 10 nm and lengths in the nm-um region. The ensemble of cellulose chains forms an intricate
amorphous/crystalline bundle structure which is highly debated"*. Nanocelluloses display properties character-
istic of both cellulose and nanomaterials®. Some of the main features of nanocelluloses are their hydrophilicity,
multifunctionality and potential for chemical modification. Moreover, nanocelluloses have a large surface area,
are biocompatible, and are biodegradable*®. Depending on the cellulosic source and production method, nanocel-
luloses may be classified into cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs), tunicate nanocellulose,
or bacterial nanocelluloses (BNCs)®. CNCs are typically obtained from hydrolysis of cellulose fibers*S. Conversely,
CNFs are produced by extracting nanocellulose from the plant cell wall by various methods, whereas BNCs are
obtained from bacteria. Nanocelluloses from different sources or made by different methods may vary in degree
of crystallinity, surface chemistry and aspect ratios’.

CNF and CNC films differ in mechanical properties due to the morphology and dimensions of their nano-
structures. While CNFs typically have large aspect ratios and form entanglements, CNCs predominantly consist
of shorter, rod-like bundles with high crystallinity. These differences affect the properties of CNF and CNC
films. CNF films typically have an elastic modulus of 10 GPa and a strength of 100 MPa, although they can reach
20 GPa and 240 MPa, respectively®. On the other hand, CNC films have fewer entanglements and thus have poor
mechanical properties and low toughness. Bras et al.” investigated the tensile strength of a series of CNC films
from various sources and reported values between 0.4 and 11 GPa. The tensile moduli seemed to increase with
the increasing aspect ratio of the CNCs. However, other factors, such as the films’ porosity, density, or the crystals’
alignment, can influence their mechanical properties. The mechanical properties of CNC'*!* or CNF* films can
be improved by chemical modification or decreasing crystallinity.

Water swelling has a negative impact on cellulosic material applications in packaging'>!* and as composite
additives®. It is thus important to investigate such behaviour in neat cellulosic materials, to better be able to
tune or reduce water swelling.

Studies in this paper were performed with constant water present, and varying temperature. This was done to
highlight the importance of temperature in cellulosic material swelling. This paper briefly summarizes relevant
experimental work on cellulose water swelling. We then investigate cellulose film water vapour swelling in CNF/
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Figure 1. Illustration of water sorption models as described by Belbekhouche et al.'” (for the MFC type of
nanocellulose) and Hakalahti et al., for TEMPO-oxidized CNF®,

CNC films. Then, molecular dynamic simulations is done to describe the diffusion of water molecules sorbed
to a nanocellulose.

Theoretical background

Water vapour sorption of a cellulosic film. Water vapour sorption models have been investigated by
Hakalahti et al. for TEMPO-oxidized CNF films'®, and with dynamic water vapour sorption by Belkebouche
et al.”7, for mechanically fibrillated CNF films. They observed three distinct types of water sorption and found
that the Park model was the best fit for the adsorption isotherm. The Park model has three sorption modes: Lang-
muir monolayer sorption, Henry’s law type sorption, and water clustering. Water vapour sorption is expressed
as a function of the water activity, a=%RH/100%. For mechanically fibrillated cellulose, the three different sorp-
tion phases were observed: The initial low humidity Langmuir monolayer sorption, where the first monolayer of
water is sorbed onto cellulose, was found to be dominating at water vapour activity, a<0.1. In the second phase,
from 0.1 <a<0.6, Henry’s law was representative of the swelling, . g. a linear increase of film water content with
relative humidity. Finally, from a> 0.6, clustering dominated swelling. A very similar model was later devised by
Hakalahti et al.'® for TEMPO-oxidized CNF films. Langmuir (water monolayer) sorption was most prominent
at a<0.05. The second phase, ending at a=0.6, was described by a Flory-Huggins approach. While Henry’s law
interpretation is seemingly fair in this relative humidity regime, it does not account for conformational changes
in the polymer during swelling. Polymers generally undergo conformational changes upon swelling, known
from Flory-Huggins mixing theory. Hakalahti et al.'® devised an expression for the water sorbed in the Flory
Huggins regime (approximately the same as the Henry regime in Belbekhouche et al.'”). For activities above
a=0.6, Hakalahti et al. applied a clustering model with a clustering term. In both studies, the water activity is
the relative humidity fraction. The sorption models devised by Belbekhouche et al.'” and Hakalahti et al.'® are
summarized in Fig. 1 and Table 1.

Other relevant sorption models are discussed by Belbekhouche et al.'”. Another possible model is the GAB
swelling model. This model describes sorption as first monolayer then multilayer sorption. The GAB and Park
model give similar sorption isotherms. However, they may also yield material-dependent differences. At present,
it is not evident which model is more physically accurate!”!®. The degree of crystallinity in nanocellulose films has
also been found to affect swelling. Highly amorphous cellulose films were compared to 60% crystalline cellulose
films". Swelling was nearly identical in these films up to 75%RH at 23 °C. However, the difference between crys-
talline and amorphous cellulose was more pronounced at 97%RH. The amorphous cellulose films swelled 33.4%,
and the 60% crystalline films swelled 45.8%. Other works® find a more noticeable difference between CNF/CNC
films at lower relative humidities and attribute increased CNF film swelling to their more amorphous structure.

Liquid water sorption of a native fibril or cellulosic fiber. In a very instructive paper written by
Grignon et al.”!, the swelling of a (nano) cellulose surface was modeled. They showed that the distribution of
ions and water in the surface and gel region surrounding the fibril differs from that of the bulk. An asymmetric
ion distribution between the gel and bulk and cellulose-water interactions were considered the driving forces
of surface water (ad)sorption. Ottesen et al. quantized fibril liquid water swelling by atomic force microscopy,
finding degrees of swelling around 30-40%?2. Seemingly, these values are similar to amorphous cellulose liquid
water swelling, e. g. 35% found by Esker et al.* The principle difference between CNFs and CNCs, is crystallinity
if one disregards surface charge- and type. Crystalline cellulose is impregnable to water, used as an argument to
characterize CNC water sorption as only adsorption and not absorption*!. However, most CNC types are not
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Sorption type Expression %RH regime

Belbekhouce et al.'”

Langmuir capacity constant, A; =1

Langmuir affinity constant, B; =200

Henry’s solubility coefficient, K;=13.7
Equilibrium constant for water clustering, Ko=18.2
Number of water molecules in a cluster, n=11
Water activity, a (= %RH/100%)

Langmuir (monolayer) fraction, F| FL = figf: <10
Henry’s law fraction, Fy Fy = Kpa 10-60
Water clustering fraction, F Fc = Kcna” >60

Hakalahti et al.’®

Concentration of specific sorption sites, A; =1.41
Concentration of specific sorption sites, B =223

The Flory-Huggins interaction parameter, x =0.67
Equilibrium constant for water clustering, K (not stated)
Number of water molecules in a cluster, n=10

Water activity, a (= %RH/100%)

Langmuir (monolayer) fraction, F, FL = l_le'-{a <5
Flory-Huggins fraction, Fgy In(a) = In(Frg) + (1 — Fru) + X(1 — Fey)? | 30-70
Water clustering, F Fc = Kca® >70

Table 1. Water sorption model—expressions as described by Belbekhouche et al.'” for the MFC type of
nanocellulose and Hakalahti et al., for TEMPO-oxidized CNF'°.

entirely crystalline, and most CNF types contain crystallites”. We thus reason that one possible adaption would
be incorporating the degree of crystallinity in the applied sorption models.

Experimental

Materials. Cellulose nanocrystals (CNCs).  Cellulose nanocrystals were purchased from the University of
Maine USDA Forest Products Laboratory and were of the sulfate ester (sulfate hydrolysis process) type (~11-
12 wt% slurry)?. This nanocellulose is subsequently referred to as CNC in the remainder of this paper.

Cellulose nanofibrils (CNFs). 'The preparation of cellulose nanofibrils is described by Ottesen et al.'. Briefly,
two types of CNFs were prepared from cotton linters (Celsur, Spain). One type had a high degree of crystallinity
(CNEF-H), while one had a low degree of crystallinity (CNF-L). The degree of crystallinity was modified before
fibrillation. Reduction in the degree of crystallinity was achieved by ammonia treatment followed by boiling
in water. Linters were submerged in liquid anhydrous ammonia (99.98%, R717, AGA, Oslo) at atmospheric
pressure for 8 h. After 8 h had elapsed, cooling was stopped, and ammonia could evaporate overnight. After
ammonia evaporation, the treated linters were boiled in de-ionized water for 5 h before drying in air at 100 °C
overnight. CNFs with a low degree of crystallinity (CNF-L) were treated thrice in this manner before mechanical
treatment. CNFs with a high degree of crystallinity (CNF-H) were not ammonia-treated but were boiled for 5 h
and then dried overnight at 100 °C. The chemically treated linters were then beaten at 10,000 revolutions in a
PFI mill (Hamjern Maskin, Hamar, Norway) at 10 wt% solid content. After beating the linters, they were passed
through a Masuko supermasscolloider (Masuko, Japan) at 1 wt% solid content. Grinding was performed by 12
passes at 2000 RPM. After grinding the linters, now slightly below 1 wt% solids, they were homogenized using
a Rannie 15 type 12.56 x homogenizer (APV, SPX Flow Technology, Silkeborg, Denmark) 5 times. The first pass
was done at a 600 bar pressure drop, and all subsequent passes were performed at 1000 bar.

Suspension characterization. Suspension macroscopic morphology characterization. An L&W Fib-
ertester PLUS (Kista, Sweden) was used to investigate the macroscopic sample morphology. Three paral-
lels (3x0.1 g) were run per sample type (CNC, CNF-L, and CNF-H). Fines were defined as constructs with
lengths >7 pum and <200 pm (lower detection limit supplied by the manufacturer). Objects are constructs with
widths between 75 pm and 10 000 pm and lengths between 100 um and 10 000 pm. Reported errors are standard
errors.

Suspension nanoscopic morphology characterization. ~Suspension nanoscopic morphology was characterized by
atomic force microscopy (AFM). Samples for AFM investigation were prepared in the following manner: CNF
suspensions with a concentration of 0.02 wt% were prepared and sonicated for 2 min with an Elmasonic P 30 H
(Singen, Germany), 37 kHz at 100% power. One droplet of the fibril suspension was then deposited onto a flat
substrate. Most of the water was wicked away using a non-linting paper, and the sample was baked for 20 min at
85 °C. The substrate used for AFM samples was mica (grade V1 muscovite, Ted Pella, Redding, CA, USA). The
mica was freshly cleaved and had been plasma treated (O,, 1 min) to activate the surface before droplet addition.
Images were acquired on a Veeco Multimode V AFM (NY, USA), using Nanoscope 8.15 software using an
E-scanner (s/n 10054EVLR). Micrographs were recorded using Bruker’s proprietary ScanAsyst tapping-mode.
Scan rate was set to 0.888 Hz (CNF-L) and 0.977 Hz (CNEF-H). At 1024 x 1024 pixels. The tip used was a Bruker
ScanAsyst Fluid tip, reported to have a nominal tip radius of 20 nm and a maximal tip radius of*® 60 nm.
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Nanocellulose film fabrication and characterization. Film preparation. Films were prepared by sol-
vent casting 50 g of 0.5 wt% suspensions in Petri dishes (circular, diameter: 9 cm, height: 1.5 cm). Films were am-
biently dried and stored in a desiccator for more than five days before swelling and mechanical characterization.

Thermogravimetric analysis and differential scanning calorimetry. Thermogravimetric Analysis (TGA) and Dif-
ferential Scanning Calorimetry (DSC) were run using a NETSCH STA 449F3 (Selb, Germany). About 10-20 mg
sample was used, and two parallels were run per sample. Samples were desiccated for > 5 days before the analysis.
Specimens were then analyzed in the range of 30 °C to 800 or 1000 °C, with heating of 10 °C/min. Presented
curves are the average of two interpolated sample curves. TGA and DSC were performed in 100% nitrogen
(99.999%, Linde, Oslo, Norway) or atmospheric air.

Film relative humidity swelling. Relative humidity (RH) swelling tests were performed on films cast from
0.5 wt% suspensions. Swelling trials were conducted at two different temperatures and relative humidities. One
series was subjected to 25 °C, and 80%RH (state A), and the same film specimens were then subjected to 39 °C
and 36%RH (state B). Films were kept in the environmental chamber between state transitions. The temperature
and RH uncertainties were+/—0.3 °C and +/-0.4%RH. State A corresponds to a vapor pressure of 2.52 kPa
(3.169 kPax 0.8)%. State B corresponds to a vapour pressure of 2.54 kPa (6.9969 kPa x 0.36)%. This corresponds
to ~ 0.018 kg/m? water, calculated by the method of Wagner et al.?%. States A and B were chosen to obtain the larg-
est difference in temperature while retaining the same absolute humidity/water vapour partial pressure. Swelling
tests were performed in a Termaks Environmental Chamber (Bergen, Norway). Tests were done with four or five
replicates. The swelling, S, was calculated as.

s= (Y _ 1) « 100% (1)
= (we ,

where W, is the weight at t hours after swelling initiated, and W, is the dry weight. The reported errors are
standard errors.

Film mechanical testing. Films were cut into square test specimens and swollen at State A and then State B as
described above. Mechanical testing was performed on a Zwick/Roell ZMART.PRO (Ulm, Germany), employ-
ing the ISO 1924-3 Standard® with a force of 2.5 kN. At least four parallels were run per sample type.

Molecular modeling.  Nanocellulose models. Our model’s cellulose molecules were built from a cellobiose
template (ATB molecular ID 32,442)*-32, This template was used to construct a cellulose chain consisting of 52
glucose units (25 cellobiose units + two end glucose residues), ca. 26.9 nm in length from the first C4 to the last
C1 atom. We recognize that glucose is the repeating unit in cellulose®>. However, cellobiose was found to be the
most appropriate starting point for our model, as it has incorporated the 180° rotation of the C6 OH-group along
the screw-axis of cellulose.

The cellulose elementary fibril was modeled inspired by Sébe et al.**. A grid was made of 6 x 6 chains (36 in
total). We chose a 36-chain system instead of the most probable 18-chain configuration®*-?’. to provide a larger
system. A larger cellulose structure provides a larger surface and bulk. It also facilitates data interpretation and
thus provides a better model for fundamental cellulose-water interactions. The model gives 6 + 6 +4 +4 =20
surface chains, or a surface fraction of 20/36=0.56 (Fig. 2).

Chains were positioned 0.57 nm apart (from Fig. 10 in Sébe et al.**). The chain unit vector was calculated
from the first C4 to the last C1. This vector was used to rotate the chains, approximating the shape in Fig. 8b
in Sébe et al.**, where chains make 43° and 47° with either the x- or y-axis (Fig. 2). Overview of simulations is
given in Fig. 2B. The initial configuration for the fibril was created using Maestro®® and exported to GROMACS,
version 5.1.4%. This initial configuration was geometry optimized in GROMACS using a steepest-decent energy
minimizer. The interactions were modeled using the OPLS-AA force field*’, where we obtained Coulombic forces
using the smooth particle mesh Ewald (PME) method (with a real-space cut-off of 1 nm)*!. The van der Waals
interactions were truncated at 1 nm, and dispersion corrections were applied to the energy and pressure terms.
We applied periodic boundary conditions in all directions, and all bonds were constrained with the LINCS
algorithm®2. After the energy optimization, the fibril was solvated in water using the TIP4P force field*. For all
simulations, 69,545 water molecules were used. The box had dimensions L, =8.956, L), =9.198 and L,=31.438 nm.
These dimensions were chosen to fit the water molecules and bundle and to ensure more than 1 nm (the cut-off)
space around the bundle. The chosen dimensions corresponded to a box volume of V, =2590 nm®. The water
density was 803 kg/m? (= ((69,545/6.022 x 10* mol™!)/2590 nm?) x 18 x 10~* kg mol ' x 10 nm*/m?). At all tem-
peratures, the water density was lower than the TIP4P water density, which was above 900 kg/m? in the entire
investigated temperature regime**. Following a geometry optimization of the solvated system, we performed
molecular dynamics (MD) simulations at the target temperatures (25, 50, 90, or 100 °C). For these simulations,
the temperature was controlled using the thermostat of Bussi et al.**, with a time-constant of 0.5 ps. The simula-
tion time step was 0.1 ps, and simulations lasted 45 ns (45,000 ps). Data were recorded with a time-step of 10 ps.

Modeling data analysis. ~ For all analyses, carbon atoms were used to represent the fibril construct, while oxygen
atoms represented water. Only oxygen atoms were used to be computationally able to analyze all timeframes.
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Figure 2. Overview of the initial cellulose bundle/nanofibril and modeling in this paper. (A) The fibril structure
and (B) the performed modeling.

Nearest neighbor (NN) analysis. The default algorithm in Matlab (knnsearch) applies the Euclidean distance to
locate the 50 nearest oxygen neighbors of each carbon atom. These were used to determine the nearest neighbour
distance between water and cellulose during swelling.

Fibril volume. The fibril volume was calculated using the convhull (convex hull) Matlab function on the car-
bon atom point cloud.

Delaunay triangulation. The delaunayTriangulation Matlab function was applied to represent the fibril.
Together with pointLocation it was used to determine the position of water molecule oxygen atoms relative to
the fibril, i. e. sorbed to or in the bulk. For molecular modeling, the pointLocation function was used to deter-
mine W, in Eq. 1.

Results

Part I: Experimental characterization of nanocellulose and nanocellulose film swelling.  Size,
morphology, and charge. The CNFs and CNCs employed in this paper have been previously characterized.
A summary of the characterization is given in Table 2 and Fig. 3. CNCs are well characterized by Sacui et al.’,
described as rods of the length of 100-200 nm and width of 6-7 nm. Similar dimensions were also verified by
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Parameter CNC CNF-L CNF-H

Charge (umol/g) ~300% ~ 2507 ~250047
Crystallinity (%) 607 431;424(—}{21)()NUMR) ES?QR%()IEMR)
Fiber length (mm)* 0.7+/-0.1 0.43+/-0.01 0.44

Presence of total fines (%)* 93.4+/-2.4 82.1+/-0.2 81.8

Presence of secondary fines (%)* 90+/— 1.4 56.90+/-0.02 57.7

Objectsx 10~3/g* 0 1.5+/-0.3 5+/-2

Object length (mm)? Not detected 0.4+/-0.1 0.44+/-0.05
Object width (mm)? Not detected 0.27+/-0.05 0.28+/-0.02

Table 2. Summary of suspension properties and films employed in this paper. CNF-L/H films were virtually
indistinguishable. The error estimates are standard errors. *Measured on nanocellulose suspension using
Fibertester. ®Measured on the native pulp. No errors indicate that values were identical between parallels.

Figure 3. Nanocellulose films used for swelling tests in this paper. Bottom row: AFM micrographs. AFM of
CNCs are adapted from Torstensen et al.* (with premission from Elsevier).

Torstensen et al.*. The CNCs have a crystalline fraction of 60% (determined by NMR)’. The CNFs have been
characterized by Ottesen et al.'%, and have a fibrillar shape and a width >3 nm and lengths in the nm—pm scale.
The crystallinity of CNF-L is between 30 and 40%, while CNF-H is >60% (determined by NMR and XRD).

The macroscopic suspension morphology probed by Fibertester indicated that the CNF-L and CNF-H suspen-
sions were similar. Residual fiber length was 0.4 mm, while fines were ~ 80% and secondary fines ~ 60%. However,
the CNCs contained significantly more nanosized material and fewer larger pulp remnants. This observation is
supported by the number of secondary fines in CNC, which was ~ 90% compared to ~60% in CNF-L/H. A higher
presence of secondary fines indicates more nanocellulose in the suspension*®. Moreover, the CNC suspensions
contain close to zero objects, also suggesting that more of the suspension is nanosized*®.

Thermal properties. 'The thermal properties were consistent with CNF/CNC materials.A detailed analysis of
TGA and DSC profiles is provided in SI-1.

Film swelling and mechanical properties.  Film swelling was investigated at 25 °C and 80%RH (state A), and then
39 °C and 36%RH (state B) (Table 3). These two states have a density of 0.018 kg water/m? or ~2.5 kPa water
vapour pressure. Swelling (S, Eq. 1) was ~ 7-8% at State A for both CNC and CNF-L/H films. We note that 7-8%
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Film type State A (25 °C and 80%RH) State B (39 °C and 36%RH)
CNC 7.9+/-0.5 1.2+/-0.2

CNF-L 7.6+/-0.4 2.2+/-0.4

CNF-H 7+/-0.4 2+/-0.2

Table 3. Film swelling, S (Eq. 1), after t=168 h at either state A or state B. Both states correspond to an
absolute humidity of ~0.018 kg/m?® water. The reported errors are standard errors.

swelling is similar to Belbekhouche et al.'” results of 13% of mechanical CNF films. When examining AFM,
TGA, and DSC profiles, it should be evident that CNF-L/H films are essentially very similar. The nanocellulose
morphology and thermal decomposition properties are interchangeable. However, they have a degree of crystal-
linity difference of ~20%. It is worthwhile to reflect on the crystallinity differences between CNF-H and -L. It is
either 21% (XRD) or 37% (NMR) (found in Table 2). The difference in crystallinity corresponds to 0.21 g/g film
or 0.37 g/g film of additional crystalline cellulose in CNF-H films. Our findings of similar swelling agree with
the notion that higher relative humidities are required to observe differences between amorphous and crystalline
cellulose’.

The transition from state A to state B is marked by decreased swelling. Similar studies by Belbekhouche
etal.’” (see Fig. 1) show that swelling at 80%RH at 25 °C is in the clustering regime of sorption. We note that a
temperature increase of 14 °C is enough to reduce swelling to 1-2%. By a direct comparison (Fig. 3 in Belbek-
houche et al.'”), this modest temperature increase corresponds to a reduction in swelling values equivalent to
reducing the relative humidity of about 70-75% (from 80% to below 10%RH) if all swelling experiments were
conducted at ambient conditions. This highlights that temperature has a significant influence on swelling. The
reason is most likely that the entropic gain of deswelling increases with temperature (AG=AH - TAS). The
reduced sorption at higher temperatures has been discussed by e. g. Nelson et al.*. Furthermore; swelling
results can be interpreted considering Lindman’s paper™. They discuss the enhanced solubility of cellulose that
arises in polar solvent systems at lower temperatures. Several reasons for this behavior have been debated, and
the leading opinion is that cellulose acquires a more hydrophobic conformation at elevated temperatures, thus
hindering dissolution®!. This should also lead to water desorption at higher temperatures if the amount of water
present in the system is constant.

As all film types are essentially cellulose, the swelling should be comparable, with the discrepancies that CNCs
may pack more densely due to their smaller dimensions. Denser packing may impede swelling, as observed by
Torstensen et al.>* They found that CNF films cast at higher temperatures (in the range of 25-50 °C) had a more
complex film structure with dense regions as well as macroscopic bubbles. Therefore, films cast at higher tem-
peratures swelled less. The effect of film preparation on the accessible surface area has been highlighted by e. g.
Torstensen et al., where drying methods were instrumental in controlling the film 3D morphology>. Moreover,
increased nanocellulose charge increases swelling®*. However, the native pulp for CNF production used in this
study has a charge of*” ~ 250 umol/g, while CNC had ~ 300 pmol/g (Table 2). Since the swelling of CNF/CNC in
state A is similar, we reason that charge does not play a role in the water clustering regime. The slight difference
between CNC/CNF swelling at state B is most likely due to a difference in monolayer sorption capacity. These
differences could also be caused by the difference in charged group (sulfate ester in CNC, carboxylic acid in CNF)
or film structural features, i. e. available area for sorption or chemical dissimilarities. Swelling in liquid water
of CNF-L and -H nanocellulose fibrils has been reported as 44-45% and 30-34%, respectively®?. This observed
differences in liquid but not in vapour in this study is in agreement with the literature and is most likely due to
differences in crystallinity caused by ammonia treatment.

To investigate if the material was stiffer in state A compared to state B, the strength of CNF film types was
characterized (SI-2). This was not possible for CNC films due to the inherent brittleness of such films. In this
study, the transition from swollen state A to state B was followed by a significant increase in the tensile index,
namely 13%. For CNF-L this increase was (66.5+/—1.6) kKNm/kg to (79.6+/—-3.3) kNm/kg and for CNF-H the
increase was from (61+/- 1) KNm/kg to (76+/—3.3) kNm/kg. We note that the swelling ratios are ~ 7%/2% = 3.5
(state A/state B), while tensile index ratios were ~ 1.2 (state B/state A) for CNF-L / CNF-H films. No difference
in elongation at the breaking point was detected.

Part Il: Molecular dynamics simulation of fibril swelling. The molecular modeling aims to under-
stand the experimental observations of swelling better. In the experimental section, the swelling was investigated
at a constant absolute humidity of ~ 0.018 kg water/m?. In this section, we study this process with constant water
content in a fixed-volume simulation box (Fig. 2).

Fibril analysis before swelling. A detailed fibril morphological analysis is provided in SI-5. After energy mini-
mization (EM), the result was a fibril with Vo fibsi =354 nm? (estimated by Delaunay triangulation) and a
corresponding density of 1.4 g/cm?’. The calculated density is close to literature values for cellulose® (1.5-1.6 g/
cm?), and the slight discrepancy should be considered an artefact of the nanometric size of the studied object.
Moreover, determining fibril volume regardless of technique is associated with an error, discussed and reviewed
by Connolly®. Volume inaccuracies may also be due to OPLS forcefield inaccuracies.
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Figure 4. Swelling at 25 °C. (A) Nearest neighbour (NN) distance, (B) the bundle volume, (C) the number of
sorbed water molecules, and (D) the total time water was sorbed to a fibril.

Water sorption at 25 °C. This section describes the swelling/water sorption process at 25 °C. The swelling
was characterized by the 50 nearest neighbor (NN) water molecules of each carbon (Fig. 4A). The initial aver-
age nearest-neighbour (NN) distance was about 1.3 nm due to the initial placing of water molecules in the
simulation setup. The average value decreased from 1.3 nm to a threshold of ~1 nm after the first 10 ps. The
NN-distance reached equilibrium at this point. No volumetric expansion was detected during swelling (Fig. 4B).
Fibril volumetric expansion was found by Ottesen et al.*> They measured the fibril swelling by AFM to be
34% and 44% for CNF-H and -L, respectively. The mean number of sorbed water molecules in this study was
(14/-0.2) x 10*(Fig. 4C), corresponding to S=(1000x 18 g mol~'/6.023 x 10%* mol™")/5.06 x 10~ g~ 7% (Eq. 1).
This value is far from water liquid swelling of film and fibrils, except for studies by Aulin et al.*’” finding between
7 and 26% swelling for films in liquid water. We note first and foremost that the modeled system is single fibril,
where Ottesen et al.?? is a reasonable comparison (30-40% swelling of a single fibril). We reason that swelling
is reduced since our system has a density below that of liquid water. The mean total sorption time of water was
(692+/—-639) or approximately 1.53% of the total simulation time (Fig. 4D).

To understand the phenomenological difference between water diffusion in the bulk and water sorbed to
the fibril, the diffusion of the same water molecule is plotted for successive 800 ps in the bulk and sorbed to the
bundle (Fig. 5A). Clearly, water molecules experienced trapping when sorbed to the bundle. A water molecule
could be in the bulk and sorbed during the simulation. Of interest was the distribution of continuous time that
a water molecule spent sorbed to a fibril before desorbing to the bulk (Fig. 5B).

Based on the observations in Fig. 5, water-trapping occurred when molecules were sorbed to the fibril. This
observed trapping was analyzed by investigating the diffusion coeflicient. The method for determining the dif-
fusion coefficient (D) is explained in SI-6 and was based on the equation:
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where the interval (t, t + 10) is one step with At=10 ps, and where n; is the total number of steps experienced
by all water molecules in each phase (P). The total time in each phase was t,, p This method was verified against
other methods of calculating D. The steps of diffusion in one phase were recorded. The diffusion coefficient in
that phase, Dy was calculated by the method "From all measurements with two intervals", where the two intervals
were (0, t, p/2) and (t, p/2, ti p) respectively. Phases corresponded to water molecule diffusion in the bulk water
phase (WW) diffusion, sorbed to the cellulose bundle (CC) or across the interphase (either WC or CW). Diffu-
sion phases are illustrated in Fig. 6. We determined the type of diffusion by the pointLocation-function in Matlab.

Diffusion in bulk water was Dy = (3.7000+/—0.0014) x 10> cm?*/s. The bulk diffusion was comparable to
water diffusion in a water system without a fibril, Dyyypeq = (3.6000+/—0.0017) x 10-° cm?/s. Moreover, there was
a clear decrease in D from water to the fibril, with Dy e ~2.2 % 107> cm?/s and D ~ 0.65 x 10~° cm?/s. Reduced
diffusion coeflicients at boundaries and cellulose indicated that water molecules were "stuck” to the fibril and
strongly sorbed to cellulose. Detailed calculations are given in SI-7.
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Figure 7. Swelling at different temperatures. Curves in (A) and (D) represent a moving average with n=100. In
(D), points are actual measurements.

Water sorption at elevated temperatures. Methods in the previous section analyzed the swelling at elevated tem-
peratures. The nearest neighbour distance did not change with increasing swelling temperature (SI-8). Neither
did the fibril volume (Fig. 7A). The fluctuations in volume and atom coordinates did not allow for a detailed
examination of the bundle chain conformation. The total time a water molecule spent sorbed to the fibril is
shown in Fig. 7B (the results for 25 °C are also shown in Fig. 5D). There was a clear peak narrowing with increas-
ing temperatures. A more in-depth analysis is given in SI-8. A reduction was also observed from 25 °C to 100 °C
in the continuous path distribution [Fig. 7C (25 °C also in Fig. 5B)]. It is worthwhile to reflect on the difference
in swelling from 25 to 100 °C. Water molecules spend on average the same time sorbed in these temperatures.
However, due to kinetic fluctuations, water molecules are more continuously sorbed to the fibril at lower tem-
peratures. The number of water molecules sorbed to the fibril was independent of temperature (Fig. 7D). Given
the lower density (803 kg/m?) of the water phase compared to actual TIP4P density (above 900 kg/m? in the
entire investigated temperature regime*!), we would expect desorption of water from the bundle. The reason for
not detecting this is at present not known.

Another possible hypothesis was that water was more evenly distributed in the fibril at lower temperatures
and that water was located more to the fibril surface at higher temperatures. This would agree with water mol-
ecules spending less successive time sorbed to a fibril at higher temperatures. The distribution of sorbed water
was investigated at different temperatures (S1-9). Water ordering could not be verified as the minimal water
displacement between frames was 0.2-0.4 nm. This "resolution” is too low to distinguish if water was on the
fibril surface or inside the fibril. The diffusion constant was calculated for water molecules in different parts of
the water/fibril system (Fig. 8). Water diffusion for neat water (as described in SI-6) and the bulk water in the
water/fibril system (Dyy) were compared to validate the modeling results. These values were in close agreement,
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Figure 8. Diffusion coeflicients in bulk water (Dyyy) and for water molecules sorbed to the cellulose bundle
(Dce). The diftusion in the bulk phase was validated against the diffusion of water calculated by Gromacs
(Gromacs_MSD, ref. 8 in SI, Eq.1 in SI-6) in a system without a cellulose bundle (Dyywpea» described in SI-6).

thus validating the chosen method (Eq. 2). The diffusion in water was Dyyy,5 was (3.7000 +0.0014) x 10~° cm?/s,
while Dy 100 was (10.4 £0.003) x 107> cm?/s However, diffusion of water molecules sorbed to the cellulose
bundle (D) was reduced compared to Dy, at all temperatures. D¢ ,5 was (0.65 +0.0042) x 1075 cm?/s, while
D 100 Was (2.1£0.02) x 107° cm?/s. Moreover, this reduction was more pronounced at higher temperatures with
Dyywas— Do 25~3 %107 cm/s? at 25 °C, while Dyyw100— Dec.ioo ~ 8-3 x 10~ cm/s?. Diffusion of the TIP4P water
model used is discussed by Rozmanov et al.*®. They found D at about 3 x 10~5 cm?/s (0.3 A%/ps) in ambient condi-
tions, in agreement with our data. In general, linearity is found for elevated temperatures (above ambient), and
diffusion is underestimated above 270 K, e. g. not following the traditional Arrhenius relationship above this tem-
perature. From 280 to 310 K (7-37 °C), they found the activation energy of diffusion to be 17.1 kJ/mol. By fitting
In(D)=D,exp(E,/RT) in our entire range we found E, = 14.7 kJ/mol. This supports the notion that D is underes-
timated at higher temperatures. Linear regression gave Dy (T)=1.3+0.09x T and D¢(T) =0.1+0.02 x T, where
T is the temperature in °C. We note here that the slope is 4.5 x higher in bulk water self-diffusion and that the
temperature dependence of D is not as prominent compared to water sorbed to cellulose. Comparable values
experimentally determined for water diffusion in cellulose are 10~ to 10-7 cm?/s below 263 K (- 10 °C). They
also determined the water diffusion coefficient to be 10~° cm?/s at temperatures below 263 K (- 10 °C).

Restricted water self-diffusion in cellulose is in good agreement with others®. Restricted diffusion of water
absorbed into cellulose is typically related to material pore sizes, and the diffusion constant is reduced if the
path is larger than the pore size. However, in our case, most water molecules probably diffuse along the cellulose
surface. Cellulose is believed to restrict diffusion physically and through cellulose-water molecular interactions.
These restrictions also exist at increasing temperatures, disrupting the otherwise linear increase in diffusion for
the TIP4P model.

Ethics approval. The authors confirm that there were no ethical conflicts in preparing this manuscript.
Consent to participate. All authors consent to participate in this work.

Conclusions

In this paper, we have investigated the swelling of nanocellulose films by swelling experiments and molecular
dynamics. We find that temperature significantly influences swelling compared to relative humidity. At fixed
absolute humidity of 0.018 kg/m?, increasing the temperature by 14 °C, from 25 to 39 °C corresponds to reducing
swelling of CNC/CNF films from 7 to 2%. This result underlines temperature as a highly efficient way of control-
ling cellulosic material swelling and possibly counteracting the detrimental effects of subjecting cellulosic mate-
rials to high relative humidity. Moreover, we find partial evidence of reduced sorption in molecular modeling.
Water molecules spend less time inside the fibril between 25 to 100 °C. However, we did not observe desorption
in our experiments. We investigated the diffusion coefficient of water in the bulk and bound to cellulose. The dif-
fusion in bulk water (Dyy,) was Dywas = (3.7000£0.0014) x 107> cm?/s, while Dy 100 = (10.4 £0.003) x 10~ cm?*/s
However, diffusion of water molecules sorbed to the cellulose bundle (D) was reduced compared to Dy at
all temperatures. The diffusion constant of water sorbed to cellulose at 25 °C, was D¢ 5 = (0.65+0.0042) x 107
cm?/s, while D¢ 10 = (2.1£0.02) x 1075 cm?/s. Our results confirm that modeling supports deswelling experi-
ments. However, no gravimetric deswelling is observed in modeling, even after a large increase in temperature.
More work is needed to understand why water sorbed to cellulose experiences a smaller diffusion coefficient
increase than bulk water as temperature increases.

Scientific Reports |

(2022) 12:20736 | https://doi.org/10.1038/s41598-022-22092-5 nature portfolio



www.nature.com/scientificreports/

Code availability
Modeling scripts are given in the supporting information.

Received: 8 March 2022; Accepted: 10 October 2022
Published online: 01 December 2022

References
1. O’Sullivan, A. C. Cellulose: The structure slowly unravels. Cellulose 4, 173-207 (1997).
2. Nishiyama, Y. et al. Periodic disorder along ramie cellulose microfibrils. Biomacromol 4, 1013-1017 (2003).
3. Dufresne, A. Nanocellulose: From Nature to High Performance Tailored Materials (De Gruyter, 2012).
4. Klemm, D. et al. Nanocelluloses: A new family of nature-based materials. Angew. Chem. Int. Ed. Engl. 50, 5438-5466 (2011).
5. Huang, ], Dufresne, A. & Lin, N. Nanocellulose: From fundamentals to Advanced Materials (2019). https://doi.org/10.1002/97835
27807437.
6. Bondeson, D., Mathew, A. & Oksman, K. Optimization of the isolation of nanocrystals from microcrystalline cellulose by acid
hydrolysis. Cellulose 13, 171-180 (2006).
7. Sacui, L. A. et al. Comparison of the properties of cellulose nanocrystals and cellulose nanofibrils isolated from bacteria, tunicate,
and wood processed using acid, enzymatic, mechanical, and oxidative methods. ACS Appl. Mater. Interfaces. 6,6127-6138 (2014).
8. Huang, J., Ma, X., Yang, G., & Alain, D. Introduction to nanocellulose. In Nanocellulose (Wiley, 2019). https://doi.org/10.1002/
9783527807437.
9. Bras, J., Viet, D., Bruzzese, C. & Dufresne, A. Correlation between stiffness of sheets prepared from cellulose whiskers and nano-
particles dimensions. Carbohyd. Polym. 84, 211-215 (2011).
10. Nan, F. et al. Enhanced toughness and thermal stability of cellulose nanocrystal iridescent films by alkali treatment. ACS Sustain.
Chem. Eng. 5, 8951-8958 (2017).
11. Guidetti, G., Atifi, S., Vignolini, S. & Hamad, W. Y. Flexible photonic cellulose nanocrystal films. Adv. Mater. 28, 10042-10047
(2016).
12. Ottesen, V., Larsson, P. T., Chinga-Carrasco, G., Syverud, K. & Gregersen, @. W. Mechanical properties of cellulose nanofibril films:
effects of crystallinity and its modification by treatment with liquid anhydrous ammonia. Cellulose 26, 6615-6627 (2019).
13. Rodriguez-Fabia, S., Torstensen, J., Johansson, L. & Syverud, K. Hydrophobisation of lignocellulosic materials part I: Physical
modification. Cellulose 29, 5375-5393 (2022).
14. Rodriguez-Fabia, S., Torstensen, J., Johansson, L. & Syverud, K. Hydrophobization of lignocellulosic materials part ITI: Modifica-
tion with polymers. Cellulose https://doi.org/10.1007/510570-022-04660-0 (2022).
15. Dagnon, K. L., Shanmuganathan, K., Weder, C. & Rowan, S. J. Water-triggered modulus changes of cellulose nanofiber nanocom-
posites with hydrophobic polymer matrices. Macromolecules 45, 4707-4715 (2012).
16. Hakalahti, M., Faustini, M., Boissiere, C., Kontturi, E. & Tammelin, T. Interfacial mechanisms of water vapor sorption into cellulose
nanofibril films as revealed by quantitative models. Biomacromol 18, 2951-2958 (2017).
17. Belbekhouche, S. et al. Water sorption behavior and gas barrier properties of cellulose whiskers and microfibrils films. Carbohyd.
Polym. 83, 1740-1748 (2011).
18. Mericer, C. et al. Water sorption in microfibrillated cellulose (MFC). Carbohyd. Polym. 174, 1201-1212 (2017).
19. Tammelin, T., Abburi, R., Gestranius, M., Laine, C. & Setl4, H. Correlation between cellulose thin film supramolecular structures
and interactions with water. Soft Matter 11, 4273 (2015).
20. Guo, X., Wu, Y. & Xie, X. Water vapor sorption properties of cellulose nanocrystals and nanofibers using dynamic vapor sorption
apparatus. Sci. Rep. 2017(7), 1-12 (2017).
21. Grignon, J. & Scallan, A. M. Effect of pH and neutral salts upon the swelling of cellulose gels. J. Appl. Polym. Sci. 25, 2829-2843
(1980).
22. Ottesen, V. & Syverud, K. Swelling of individual cellulose nanofibrils in water, role of crystallinity: An AFM study. Cellulose 28,
19-29 (2020).
23. Kittle, J. D. et al. Equilibrium water contents of cellulose films determined via solvent exchange and quartz crystal microbalance
with dissipation monitoring. Biomacromol 12, 2881-2887 (2011).
24. Niinivaara, E., Faustini, M., Tammelin, T. & Kontturi, E. Water vapor uptake of ultrathin films of biologically derived nanocrystals:
Quantitative assessment with quartz crystal microbalance and spectroscopic ellipsometry. Langmuir 31, 12170-12176 (2015).
25. Postek, M. T., Moon, R. ]., Rudie, A. W. & Bilodeau, M. A. Production and Applications of Cellulose Nanomaterials (TAPPI, 2013).
26. SCANASYST-FLUID. Bruker AFM probes. https://www.brukerafmprobes.com/p-3727-scanasyst-fluid.aspx.
27. Lide, D. R. & Company, C. R. CRC Handbook of Chemistry and Physics: A Ready-Reference Book of Chemical and Physical Data
(CRC Press, 1991).
28. Wagner, W. & Prufi, A. The IAPWS formulation 1995 for the thermodynamic properties of ordinary water substance for general
and scientific use. J. Phys. Chem. Ref. Data 31, 387-535 (2002).
29. ISO. Tensile properties: ISO 1924-3:2005. 10 Preprint at (2005).
30. Canzar, S. et al. Charge group partitioning in biomolecular simulation. J. Comput. Biol. 20, 188-198 (2013).
31. Koziara, K. B. et al. Testing and validation of the automated topology builder (ATB) version 2.0. J. Comput. Aided Mol. Des. 28,
221-233 (2014).
32. Malde, A. K. et al. An automated force field topology builder (ATB) and repository: version 1.0. J. Chem. Theory Comput. 7,
4026-4037 (2011).
33. French, A. D. Glucose, not cellobiose, is the repeating unit of cellulose and why that is important. Cellulose 24, 4605-4609 (2017).
34. Sebe, G., Ham-Pichavant, E, Ibarboure, E., Koffi, A. L. C. & Tingaut, P. Supramolecular structure characterization of cellulose II
nanowhiskers produced by acid hydrolysis of cellulose i substrates. Biomacromol 13, 570-578 (2012).
35. Kubicki, J. D. et al. The shape of native plant cellulose microfibrils open. Sci. Rep. 8, 13983 (2018).
36. Song, B., Zhao, S., Shen, W, Collings, C. & Ding, S. Y. Direct measurement of plant cellulose microfibril and bundles in native cell
walls. Front. Plant Sci. 11, 479 (2020).
37. Jarvis, M. C. Structure of native cellulose microfibrils, the starting point for nanocellulose manufacture. royalsocietypublishing.org
376 (2018).
38. Schrodinger. Schrodinger Release 2020-2: Maestro. Preprint at (2020).
39. Abraham, M. J. et al. Gromacs: High performance molecular simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1-2, 19-25 (2015).
40. Shivakumar, D. et al. Prediction of absolute solvation free energies using molecular dynamics free energy perturbation and the
opls force field. J. Chem. Theory Comput. 6, 1509-1519 (2010).
41. Essmann, U. et al. A smooth particle mesh Ewald method. J. Chem. Phys. 103, 8577-8593 (1995).
42. Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E. M. LINCS: A linear constraint solver for molecular simulations. /.
Comput. Chem. 18, 1463-1472 (1997).
Scientific Reports|  (2022) 12:20736 | https://doi.org/10.1038/s41598-022-22092-5 nature portfolio


https://doi.org/10.1002/9783527807437
https://doi.org/10.1002/9783527807437
https://doi.org/10.1002/9783527807437
https://doi.org/10.1002/9783527807437
https://doi.org/10.1007/S10570-022-04660-0
https://www.brukerafmprobes.com/p-3727-scanasyst-fluid.aspx

www.nature.com/scientificreports/

43. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 79, 926-935 (1983).

44. Jorgensen, W. L. & Madura, J. D. Temperature and size dependence for monte carlo simulations of TIP4P water. Mol. Phys. 56,
1381-1392 (1985).

45. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

46. Torstensen, J., Helberg, R. M. L., Deng, L., Gregersen, @. W. & Syverud, K. PVA/nanocellulose nanocomposite membranes for
CO2 separation from flue gas. Int. J. Greenh. Gas Control 81, 93-102 (2019).

47. Kumar, V,, Ottesen, V., Syverud, K., Gregersen, @. W. & Toivakka, M. Coatability of cellulose nanofibril suspensions: Role of rheol-
ogy and water retention. BioResources 12, 7656-7679 (2017).

48. Colson, J., Bauer, W., Mayr, M., Fischer, W. & Gindl-Altmutter, W. Morphology and rheology of cellulose nanofibrils derived from
mixtures of pulp fibres and papermaking fines. Cellulose 23, 2439-2448 (2016).

49. Nelson, R. M. A model for sorption of water vapor by cellulosic materials. Wood Fiber Sci. 15, 8-12 (1983).

50. Lindman, B., Karlstrom, G. & Stigsson, L. On the mechanism of dissolution of cellulose. J. Mol. Lig. 156, 76-81 (2010).

51. Lindman, B. & Karlstrém, G. Nonionic polymers and surfactants: Temperature anomalies revisited. Comptes Rendus Chimie 12,
121-128. https://doi.org/10.1016/.crci.2008.06.017 (2009).

52. Torstensen, J. et al. Swelling and free-volume characteristics of TEMPO-oxidized cellulose nanofibril films. Biomacromol 19,
1016-1025 (2018).

53. Torstensen, J. et al. Preparation of cellulose nanofibrils for imaging purposes: Comparison of liquid cryogens for rapid vitrification.
Cellulose 25, 4269-4274 (2018).

54. Saito, T. & Isogai, A. TEMPO-mediated oxidation of native cellulose—The effect of oxidation conditions on chemical and crystal
structures of the water-insoluble fractions. Biomacromolecules 5, 1983-1989 (2004).

55. Sun, C. True density of microcrystalline cellulose. J. Pharm. Sci. 94, 2132-2134 (2005).

56. Connolly, M. L. Computation of molecular volume. J. Am. Chem. Soc. 107, 1118-1124 (1985).

57. Aulin, C. et al. Nanoscale cellulose films with different crystallinities and mesostructures—Their surface properties and interaction
with water. Langmuir 25, 7675-7685 (2009).

58. Rozmanov, D. & Kusalik, P. G. Transport coefficients of the TIP4P-2005 water model. J. Chem. Phys. 136, 044507 (2012).

59. O’Neill, H. et al. Dynamics of water bound to crystalline cellulose. Sci. Rep. 7, 1-13 (2017).

60. Topgaard, D. & Séderman, O. Diffusion of water absorbed in cellulose fibers studied with 1H-NMR. Langmuir 17, 2694-2702
(2001).

Acknowledgements

The molecular dynamics simulations were performed on resources provided by UNINETT Sigma2—the National
Infrastructure for High-Performance Computing and Data Storage in Norway, project number NN9718k. Johnny
K. Melbg and Kenneth Aasargd (RISE PFI) are acknowledged for being extremely helpful with the lab work.
The Research Council of Norway is acknowledged for supporting the Norwegian Micro- and Nano-Fabrication
Facility, NorFab, project number 245963/F50. We greatly acknowledge the Research Counsel of Norway and
their funding of the NanoPlasma project (274975). The cotton linters used in the experiments were provided by
Celsur, Spain. Mechanical fibrillation of cotton linter was performed at RISE-PFI.

Author contributions

J.T.: performed the experimental work, prepared the molecular dynamics model, and prepared the manuscript.
V.O.: prepared CNF-H and CNF-L and did the AFM. He also wrote part of the experimental section. S.R.-E.
wrote the introduction and aided in performing TGA/DSC. She also revised the manuscript thoroughly. K.S.
and L.J.: Tutored ].T. and S.R.-E. when the experimental work was performed. They revised the manuscript. A.L.:
Did the MD simulations and guided J.T. in data analysis. Wrote part of the modeling section and revised the
manuscript. All authors consent to participate in this work.

Funding
We greatly acknowledge the Research Counsel of Norway and their funding of the NanoPlasma project (274975).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-22092-5.

Correspondence and requests for materials should be addressed to J.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:20736 | https://doi.org/10.1038/s41598-022-22092-5 nature portfolio


https://doi.org/10.1016/j.crci.2008.06.017
https://doi.org/10.1038/s41598-022-22092-5
https://doi.org/10.1038/s41598-022-22092-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The influence of temperature on cellulose swelling at constant water density
	Theoretical background
	Water vapour sorption of a cellulosic film. 
	Liquid water sorption of a native fibril or cellulosic fiber. 

	Experimental
	Materials. 
	Cellulose nanocrystals (CNCs). 
	Cellulose nanofibrils (CNFs). 

	Suspension characterization. 
	Suspension macroscopic morphology characterization. 
	Suspension nanoscopic morphology characterization. 

	Nanocellulose film fabrication and characterization. 
	Film preparation. 
	Thermogravimetric analysis and differential scanning calorimetry. 
	Film relative humidity swelling. 
	Film mechanical testing. 

	Molecular modeling. 
	Nanocellulose models. 
	Modeling data analysis. 
	Nearest neighbor (NN) analysis. 
	Fibril volume. 
	Delaunay triangulation. 



	Results
	Part I: Experimental characterization of nanocellulose and nanocellulose film swelling. 
	Size, morphology, and charge. 
	Thermal properties. 
	Film swelling and mechanical properties. 

	Part II: Molecular dynamics simulation of fibril swelling. 
	Fibril analysis before swelling. 
	Water sorption at 25 °C. 
	Water sorption at elevated temperatures. 

	Ethics approval. 
	Consent to participate. 

	Conclusions
	References
	Acknowledgements


