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to relatively weak gels that were highly sensitive to 
salts. Screening of the electrical double layer could 
not explain the results at such low ion concentrations. 
To understand cellulose-ion interactions, we used 
computational molecular dynamics simulations. The 
results provide an explanation by the effect of ions on 
the structure of the hydration layers of the cellulose. 
Understanding how and why ions affect the proper-
ties of native CNF hydrogels can help in for example 
manufacture of CNFs and when using CNFs as mate-
rial components, substrates for enzymes, or as rheol-
ogy modifiers. Ion-effects on the hydration layer of 
cellulose may also be important for more fundamen-
tal understanding of interfacial interactions of cellu-
lose with water under different conditions.

Abstract Hydrogels formed by cellulose nanofib-
ers (CNFs) find use in a variety of applications. CNF 
hydrogels generally stiffen and ultimately flocculate 
with increasing salt concentrations. While charge 
repulsion explains the behavior of nanocellulose vari-
ants that have been stabilized by charged groups, it 
has been a puzzle why ions have such a pronounced 
effect also on CNFs with unmodified surfaces. We 
studied the effect of ionic solutes on native CNF 
hydrogels, and found that already at very low con-
centrations of around 1  mM, ions cause crowding 
of the hydrogels. The ionic solutes used were NaCl, 
 Na2SO4, NaI, NaSCN, and sodium acetate. For the 
hydrogels, we used low densities of CNFs which lead 
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Introduction

The processing of cellulose to separate it into fib-
ers with small diameters opens possibilities for a 
wide range of new uses for cellulose. These fibers 
are often called cellulose nanofibers (CNFs) because 
their diameters are in the nanometer-range. The 
CNFs have a largely crystalline packing of long cel-
lulose molecules and have lengths of several microm-
eters (Pääkkö et  al. 2007; Hubbe et  al. 2017; Heise 
et  al. 2021; Li et  al. 2021b). CNFs therefore have 
an extremely high aspect ratio, which is the basis of 
many properties that have practical utilizability. Prop-
erties are also affected by the nature of prior chemical 
processing of the cellulose, leading to variability in 
content of hemicellulose, possible covalent modifica-
tions, or other residues present (Arola et al. 2012).

One property that stands out above others is that 
CNFs readily form hydrogels (Ajdary et  al. 2021). 
The hydrogel properties dominate the use of CNFs 
and dictate routes for further processing. Typically, 
already at solids contents below 1% gels are formed 
in aqueous media. Because of this high tendency to 
form gels, high solids contents are difficult to achieve 
and typical processes give around 5% as the maxi-
mal solids content. So-called high consistency pro-
cessing, can give to up to 20% cellulose, but leads 
to incomplete fibrillation (Jaiswal et  al. 2021). The 
basis for the pronounced gel-forming ability of CNFs 
is that it is a colloid dispersion forming a percolated 

network. The high aspect ratio cellulose fibrils are 
rigid and form an inherently entangled network struc-
ture (Pääkkö et  al. 2007). CNF hydrogels are tough 
and strong compared to polymeric hydrogels at simi-
lar concentrations. Because the gelation depends on 
forming a percolated network of strong and relatively 
rigid fibrils, the gels are shear thinning and thixo-
tropic, i.e. an applied shear can orient the fibrils lead-
ing to a less connected network. CNF gels are not 
chemically crosslinked which means that the stabiliz-
ing fibril contact points can rearrange under deforma-
tion forces (Kontturi et al. 2018).

Preparing nanocellulose in other ways that lead to 
short fibrils of up to a few hundred nanometers result 
in a low colloidal dispersibility in water and low gel-
ling properties (Fang et al. 2016). Such short, and low 
aspect-ratio fibrils are called cellulose nano-crystals 
(CNCs). By modifying CNCs with strongly ioniz-
ing groups such as sulphate, a colloidally stabilizing 
charge repulsion can be obtained leading to a good 
dispersibility in water (George and Sabapathi 2015; 
Heise et al. 2021; Li et al. 2021b). By using TEMPO-
mediated oxidation of cellulose, yet another type of 
small-diameter cellulose fibrils can be made. The 
TEMPO-CNFs have an aspect ratio in between that 
of CNCs and CNFs, and show enhanced colloidal sta-
bility by charge repulsion from the carboxyl groups 
that are formed on the fibril surfaces during oxidation 
(Saito et al. 2006).

The hydrogels formed by CNFs have found a 
wide range of uses. In particular, such hydrogels 
have turned out to form excellent matrices for grow-
ing mammalian cells (Bhattacharya et  al. 2012; 
Lou et  al. 2014). Because the CNF network forms 
a structurally rigid environment with a low solids 
content, the cells can thrive as nutrients can flow 
and the CNF network crosslinks do not inflexibly 
restrict growth while still keeping cells well dis-
persed. The CNF gels are shear thinning which 
is useful in the processing and application of the 
gels. Similar properties lead to uses of CNFs as 
wound dressings, scaffolds for controlled release of 
drugs, and immobilization matrices in bioanalyti-
cal devices. CNF hydrogels have also been applied 
as rheology modifiers in paints, cosmetics, and 
in the food industry (Hubbe et  al. 2017; Li et  al. 
2021b). The biologically neutral properties of cel-
lulose leads to low non-specific binding of biomol-
ecules, low immunological response, and generally 
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low toxicity and good biocompatibility (Lin and 
Dufresne 2014). In the absence of cellulose-degrad-
ing microbes, the CNFs remain chemically and 
physically highly stable. The very wide range of 
uses of CNFs in combination with the low environ-
mental burden of both production and final disposal 
are additional factors making CNF materials attrac-
tive for applications (Barhoum et al. 2020).

An understanding of how gels are affected by solu-
tion conditions such as ionic solutes is important for 
many applications. The variants of CNFs that have 
been chemically modified to have charged surface 
groups, such as in TEMPO-CNFs, show a decrease 
of colloidal stability when salts are added (Fuku-
zumi et al. 2014). The widely known Derjaguin–Lan-
dau–Verwey–Overbeek (DLVO) theory predicts that 
at low ionic strength the electric double layer repul-
sion keeps the cellulose fibrils separated. At increased 
ionic strength, the repulsion is screened, with the 
screening measured by the decrease of Debye screen-
ing length. With the resulting decreasing extent of 
electrostatic forces, van der Waals attractions become 
dominant leading to aggregation and stronger net-
works. Experimental observations for TEMPO-CNFs 
and other charged variants are in line with these pre-
dictions (Nordenström et al. 2017; Hubbe et al. 2017; 
Mendoza et  al. 2018). Because the native cellulose 
does not naturally have ionizable groups, it would 
follow that CNFs obtained by direct fibrillation of 
cellulose should be insensitive to increased salt con-
centrations. This is however not what is observed. At 
increased salt concentrations, gel stiffening and floc-
culation occurs even for unmodified CNF gels. Sim 
et  al. showed that the increasing amount of salt in 
the cellulose hydrogel system (10 mM to 3 M NaCl) 
induced flocculation and higher water drainage dur-
ing drying (Sim et  al. 2015). Saarikoski et  al. came 
to the a similar conclusion showing in their study that 
NaCl concentrations of 0.1 and 1 mM did not show 
significant effects on the rheology of unmodified CNF 
hydrogels but addition of 10  mM and more caused 
significant flocculation (Saarikoski et al. 2012). Stud-
ying divalent cations, Rahmini et al. observed that gel 
strength increases with higher concentrations of ions 
(Rahmini et  al. 2020). These results together show 
clearly that the use of unmodified CNFs is strongly 
affected by the presence of ionic cosolutes, thus 
demonstrating the need for a deeper understanding 
of underlying mechanisms. One such reason for this 

unexpected salt-dependency of the gelling properties 
has been suggested to relate to residual sugar acids 
present in the CNFs stemming from remaining hemi-
cellulose (Li et al. 2021a).

To gain further understanding of the unexpected 
salt dependency of the rheological properties of 
unmodified CNFs, we here studied the effects of dif-
ferent salt ions at concentrations between 0.25 and 
50 mM by conducting small deformation oscillatory 
rheology experiments. In order to explain our experi-
mental results, we used molecular modelling together 
with assessment of expected fibril-fibril separations 
to assess the interactions of salt ions with the fibril 
surface and to aid in interpretation of the data.

Materials and methods

CNFs were prepared according to earlier work (Skog-
berg et al. 2017). Briefly, never-dried bleached Kraft 
birch pulp was disintegrated with an ultra-fine friction 
grinder (Masuko Supermasscolloider) with rotation 
speed of 1500 rpm followed by ten passes through a 
high-pressure fluidizer (Microfluidics). The result-
ing samples with a solid content of 1.69% (w/v) were 
then stored at 4 °C.

Reagents. All salts were of analytical grade and 
purchased from Sigma.

Sample preparation A CNF stock solution of 
0.82% (w/v) was prepared in MQ water and 1.446 mL 
of the stock was homogenized by tip sonication on 
ice for 4 min (2 s on/off cycles) with 20% amplitude 
(QSonica Q500). After sonication, 1.172 mL of CNF 
stock solution was taken separately and diluted with 
different salt stock solutions (0.426  mL) and MQ 
water (344  mL) to yield a final CNF concentration 
of 0.6% (w/v) CNFs and salt between 0 and 50 mM. 
The dispersion was mixed for 5  s using a lab-bench 
vortex. The pH of the solutions was measured to 
verify the effect of each salt on the CNF solution pH. 
The pH varied between 6.7 and 7.3 for samples with 
0.25–2  mM of salt. The rheology experiments were 
carried out always 25 min after sample preparation.

Rheological measurements were carried out with 
an Anton Paar MCR302 strain-controlled Rheometer 
(Anton Paar GmbH) using a cross-hatched 25  mm 
parallel plate geometry and a Peltier element. First, 
a time sweep with constant strain (1%) and constant 
frequency (0.628  rad/s) was done to equilibrate the 
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sample. The frequency sweep with a constant strain 
(1% strain) was measured from 0.1 to 628 rad/s angu-
lar frequency. The strain sweep with a constant angu-
lar frequency (0.628  rad/s) was measured from 0.01 
to 100% to ensure covering the linear visco-elastic 
region (LVR) of each sample.

Crowding points were extracted based on continu-
ous curves obtained by cubic spline fitting by Mat-
lab to the measured Tanδ values vs salt molarity. To 
enhance the stability of the spline fit in the few to tens 
of mM measurement range, between the 20.0  mM 
and 50 mM measured data points, spline fit stability 
points were added at 2 mM intervals positioned line-
arly based on the 20.0 mM and 50 mM measured val-
ues. The actual cubic spline interpolation was done 
using a logarithmic axis for the salt molarity and a 
linear axis for the Tanδ values.

The all-atom molecular dynamics simulations 
employ GROMACS-2016.6 and GROMACS-2019.3 
software (Berendsen et  al. 1995; Spoel et  al. 2005; 
Páll et  al. 2014; Abraham et  al. 2015). The glucose 
chains of cellulose are described by the carbohy-
drate parameters of the CHARMM36 force field 
(Vanommeslaeghe et al. 2010; Guvench et al. 2011). 
The explicit water was described by the TIP3P water 
model (Jorgensen et al. 1983).  Na+ and  Cl− ions fol-
low the CHARMM forcefield.

For the simulations, a cellulose 1ß crystal struc-
ture was constructed using Cellulose Builder (Gomes 
and Skaf 2012). The modelled crystal consisted of six 
glucose chain layers containing six glucose chains 
of 10 glucose units each. Periodic boundary condi-
tions were implemented such that the glucose chains 
spanned the simulation box as infinite chains. The 
layers were oriented such that they formed a slab 
with uniform {100} cleavage plane ({− 100} plane at 
opposite facet of the crystal) in the simulations box. 
The cleavage plane exposes a layer of origin chains of 
cellulose. The periodic simulation box followed crys-
tal symmetries and had initially box vector lengths of 
5.2 nm, 4.9 nm, and 14.0 nm, see Fig. 1.

Temperature in the simulations was controlled 
by the stochastic V-rescale thermostat (τ = 0.2  ps) 
with 300  K reference temperature while anisotropic 
Parrinello-Rahman coupling (τp = 2.0  ps) with 1  bar 
reference pressure is used for pressure control (Par-
rinello and Rahman 1981; Bussi et  al. 2007). Long 
range electrostatics employed the smooth Particle-
Mesh Ewald (PME) algorithm with 4th order cubic 

interpolation and 0.16  nm grid spacing for the FFT 
(Essmann et al. 1995). The short-range electrostatics 
and Lennard–Jones truncation distance was 1.0  nm. 
Dispersion corrections for energy and pressure were 
applied. A time step of 2 fs and the leap-frog integra-
tor was used for the simulations.

After solvation of the glucose chain slab, 0.1  M 
or 1.0 M  Na+ and  Cl− as ions were introduced to the 
simulation system by Gromacs tools with the pur-
pose of generating insight on how the added salt ions 
influence molecular level interactions of the cellulose 
fibrils. Of the possible ion binding sites at the {100} 
cellulose surface, the easily accessible O6 oxygen and 
its positively charged hydrogen HO6 were selected as 
the reference  Na+ and  Cl− binding sites, see Fig.  1. 
The ion concentration in the modelling significantly 
exceeds the experimental concentration because the 
resulting 22 or 215  Na+ and  Cl− ions in the simula-
tion volume leads to better statistical sampling. After 
energy minimization, a 1  ns pre-optimization of the 
glucose chain slab in NPT ensemble was performed. 
Following this, to simplify structural analysis when 
assessing the ion and water interactions, the C1 and 
C4 atoms of each glucose chain were constrained by 
a harmonic force (force constant 1000 kJ/(mol  nm2), 
see Fig.  1. This constrains the cellulose crystal but 
enables water and ions relax freely around it. The 
production run was 70  ns in the NPT ensemble out 
of which, the initial 30 ns was disregarded as relaxa-
tion period. In analyzing ion binding to fibril surface, 

Fig. 1  Simulations system. 
a The molecular simula-
tions box with a glucose 
chain slab ({100}/{− 100} 
cleavage planes) facing 
water. b A fragment of the 
glucose chain with atom 
nomenclature used in the 
analysis identified
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a cut-off distance Rcut = 0.57  nm between the ion 
and the oppositely charged surface atom was used to 
determine ion binding. The value was chosen to cover 
ion binding with full hydration shell at all possible 
binding sites based on the radial distribution function 
minimum after the hydrated binding peak. VMD was 
used for molecular visualizations (Humphrey et  al. 
1996).

Fibril mean separation distances as the function 
of fibril length were estimated by a self-implemented 
Matlab script. The fibrils were described as cylindri-
cal rods of 4  nm diameter varying length between 
200  nm and 1  µm. For the estimate, 803–1508 rods 
were placed in a volume of 0.53–3.44 μm3. The 
rods were placed in the volume with their centers of 
mass at random positions in the volume with also 
rod orientations randomized. A 4 nm diameter, esti-
mated based on fibril diameter, was used as a lower 
separation bound, i.e. rod overlap was not permitted. 
Because the randomization of rod orientations leads 
to sparser rod concentration near the box boundaries, 
actual analysis was done with 247–506 rods box vol-
umes of 0.22–1.0 μm3 in the center of the calculation 
volume. The reported quantity is an average of 8 sam-
plings. The standard deviation was used as the error 
estimate.

Results and discussion

Initially we used small deformation oscillatory rhe-
ology to analyze a 0.6% (w/v) CNF dispersion in 
deionized water (Fig.  2a). The dispersion behaved 
as a weak percolating gel network with solid-like 
behaviour at low frequency and a crossover of mod-
uli (G’ = G”) at ~ 103 rad/s (Rosén et al. 2021). The 
CNF dispersion in water had a positive slope of G’ 
with increasing frequency.

As a next step we increased the concentration 
of NaCl in the solution. We noted that at already 
0.25 mM NaCl the network behavior changed, with 
an increase in both G’ and G” (Fig. 2b). In contrast 
to the behavior of CNFs in water, G’ was unvary-
ing over a more extended range at low angular fre-
quencies. Overall, higher concentrations of NaCl 
resulted in increasing values of G’, suggesting that 
NaCl led to a more highly connected percolating 
network (Pääkkö et al. 2007). However, the increase 
of G’ reached a maximum at around 2 mM, where-
after differences were minor. This indicates that 
under 2  mM NaCl, the percolating system had not 
reached a saturating degree of bridging, and after 
2 mM NaCl the bridging became saturating (Otsubo 
1990).

At low NaCl concentrations, between 0.25 and 
1 mM, the crossover of G’ and G” appeared earlier 
(below 100 rad/s than for CNFs in only water. On the 
other hand, for samples with over 1  mM NaCl, the 

Fig. 2  Angular frequency sweep at 1% amplitude strain for 
0.6% (w/v) CNF network with increasing amount of NaCl. a 
0.6% (w/v) CNFs in pure water showing a crossover of G’ and 

G” at 103 rad/s. b 0.6% (w/v) CNFs with 0.25 to 50 mM NaCl. 
The crossover points of G’ and G” are indicated by circles. G’ 
is shown as a solid line and G” as dashed a line
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crossover point increased to above 100 rad/s (Fig. 2b). 
The crossover point is inversely proportional to the 
relaxation time of the system as shown in Eq. 1 (Miri 
2010). The relaxation time can be described as the 
time required for the sample to relax after removal of 
an external applied stress.

Therefore, the higher the frequency at which 
the crossover appears, the shorter is the relaxa-
tion time. The systems with low NaCl concentration 
(0.25–1 mM), relax more slowly than CNFs in pure 
water, which means that these systems need more 
time to recover from applied stress. The CNF hydro-
gels with above 2 mM NaCl have a shorter relaxation 
time compared to CNFs in pure water, and their net-
work connections are able to recover more quickly.

Amplitude strain sweeps (Fig.  3) show a linear 
viscoelastic region (LVR) that extends beyond 1% 
amplitude strain for all samples. Samples containing 
low concentrations of NaCl (0.25–1 mM) could with-
stand more strain before the yield point than the CNF 
network without any salt (Fig. 3a and SI Fig. 1). We 
also note that when more than 1 mM NaCl was added, 
the yield point occurred at lower amplitude strains 
and the LVR was shorter (Fig. 3a and SI Fig. 1). Sim-
ilarly, as in the frequency sweeps, adding NaCl above 
1–2 mM did not lead to a further increase in moduli. 

(1)fcrossover ∝
1

relaxation time

The data therefore suggest that a small addition of 
NaCl (0.25–1  mM) led to a more connected CNF 
system than that formed in only water. This resulted 
in an ability for the network to withstand increased 
deformations. At NaCl concentrations above 1  mM, 
the connectivity still increased (higher G’) but their 
nature seemed to change, as the system failed at lower 
strains. The response indicates more connections, yet 
a more easily flowing system.

The amplitude strain sweeps further show that 
with increasing strain, there is a rise in the G” for 
samples with salt after the onset of non-linear behav-
ior (indicated with circles in Fig. 3b). This indicates 
a temporary internal structuring that resists deforma-
tion and forms prior to collapse of the network. This 
structuring can be thought as being temporary flock 
structures within the network, i.e., local points in the 
system with denser population of connections. Such 
a rise in G” at the onset of yield, is typical for col-
loidal systems (Zakani et al. 2018). After the internal 
structures have broken the structure fails completely 
and starts to flow. In our system, these internal struc-
tures seem to be promoted by the presence of the salt. 
The rate of reduction in moduli with increasing strain 
shows some variability that does not correlate with 
any particular change in experimental parameters. 
This variability between samples probably reflects the 
sensitivity of the kinetic mechanisms of floc forma-
tion and the CNF network collapse. Therefore, the 

Fig. 3  Amplitude strain sweeps for 0.6% (w/v) CNFs with 
varying concentrations of NaCl. a Storage modulus, G’, of 
each measured sample. b Loss modulus, G”, for each measured 

sample. The black circles drawn on 0.25  mM NaCl data and 
1 mM NaCl data indicate the rise in G” values prior to collapse 
of the network
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behavior at high strains were not used to draw con-
clusions about the systems, but are shown in order to 
convey a more complete impression of the data.

To further analyze the effect of salt concentration 
on CNF hydrogel network structure we next plot-
ted the Tanδ values (G”/G’) against changing NaCl 
concentration for each measured angular frequency 
(Fig. 4). Cubic spline fitting was used to connect data 
from experiments at different salt concentrations. 
We could identify a transition of the system from gel 
state to strong gel state, i.e. a crowding point induced 
by added NaCl and seen as a crossover of the Tanδ 
curves (Arola et al. 2018). Above the crowding point 
the hydrogel turns into a strong and arrested hydrogel. 
This crowding point occurred close to 2 mM of NaCl 
and was seen only at the lowest end of the frequency 
range (Otsubo 1990; Arola et al. 2018).

We next explored the system with a series of dif-
ferent types of salts. The salts were:  Na2SO4, NaI, 
NaSCN, and sodium acetate (NaOAc). These were 
chosen to span the anionic part of the Hofmeister 
ranking series for salts (Kang et al. 2020). Very simi-
lar frequency and strain behavior was noted regardless 
of the salt used (SI Figs. 2, 3). Analysing Tanδ, a very 
similar crowding behavior with crossover points at 
closely the same concentration (1–2 mM) was noted 
for all data sets (Fig. 5). i.e., there was no correlation 
between our results and the Hofmeister ranking.

We next consider theoretical underpinnings for our 
observations. The salt concentrations at which the 
transitions in the study occur, are very low, between 
0.5 and 2 mM. Electrostatic screening in solution can 
be described by the Debye screening length (Eq. 2).

In this equation, �
0
 is the permittivity of vacuum, 

�r the relative permittivity, k
B
 the Boltzmann constant, 

T temperature, NA Avogadro’s constant, q the elemen-
tary charge, and I the ionic strength of the solution. 
In practice, the Debye screening length measures the 
distance at which the magnitude of electrostatic inter-
actions induced by charges in solutions decreases by 
a factor 1/e, where e is Euler’s number. At 25 °C it is 
around 3  nm for a 10  mM monovalent salt solution 
and 9.6 nm for a 1 mM solution. This means that Cou-
lombic interactions between charged groups or ions in 
the solution can be considered to remain unscreened 
at distances up to 3–10 nm at the salt concentrations 
in which the Tanδ crossover phenomena appear. As 
the observed Tanδ crossover appears in such low 
salt concentrations that the electrostatic interactions 
still remain relatively unscreened, we conclude that 
merely the possible presence of ionized groups and 
their charge distribution at the cellulose surface does 
not provide an explanation for our observations.

To build a hypothesis for the mechanism, we 
turned to molecular modelling in atomistic detail. 
For this purpose, we focus here on the cellulose 
crystal {100} surface in terms of ion binding and 
water interactions. The surface of cellulose has 
several potential binding sites for both  Na+ and 
 Cl− ions. Analysis of the MD trajectories reveals 
that  Na+ and  Cl− ions bind very weakly to the sur-
face, with interactions strengths comparable to the 

(2)λD =

√

�
0
�rkBT

2NAq
2I

Fig. 4  Tanδ versus NaCl concentration for measured frequen-
cies. a Graph showing the whole range of measured frequen-
cies. Local maxima (tip-up triangles) and local minima (top-

down triangles) are indicated on the curves. b Graph showing 
the crossover of Tanδ at lowest range of frequencies indicating 
a crowding point at slightly below 2 mM of NaCl
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thermal energy. At 0.1 M NaCl, about 2–3% of pos-
sible exposed polar oxygens  (Na+) or hydrogens 
 (Cl−) have at any given time an ion closer than 
Rcut = 0.57  nm. Both  Na+ and  Cl− bind to a simi-
lar, low degree, thus not resulting in a net charge 
accumulation. Notably, in the concentrations stud-
ied experimentally in this work, the occupancy frac-
tion can be expected to be very low based on these 
modelling results. This low degree of ion binding, 
together with the lack of effect of changing the spe-
cific anion species (Fig. 5) leads us to look in detail 
at the water interactions and the effect of ions on 
those.

Our simulations showed that, in the absence of 
NaCl, the ordering of water is affected by the cellu-
lose surface to approximately 1 nm distance from the 
surface (Fig.  6a), which is consistent with previous 
works (Heiner and Teleman 1997; Heiner et al. 1998; 
Hakalahti et al. 2017; Mudedla et al. 2021). The addi-
tion of NaCl does not significantly influence this 
ordering of water, as seen in the comparison of water 
density curves in Fig. 6a, which is consistent with the 
low number of ions bound. However, the presence 
of added salt nevertheless can be seen in the corre-
sponding dipole moment orientation peaks (Fig. 6b). 
As the presented data are averaged, the observed 

difference indicates that salt has strong effect on the 
ordering of water molecules locally at the level of 
dipole moments. The significance of this is that water 
becomes more ordered at localized sites when salt is 
present, even though the mean density of water mol-
ecules did not change.

For the point of building a hypothesis and to 
obtain a qualitative understanding on how the ions 
influence the cellulose surface, we selected for fur-
ther examination the negatively charged and easily 
accessible O6 oxygen as a  Na+ binding site, and its 
positively charged hydrogen HO6 as the  Cl− binding 
reference site, see Figs.  1 and 6d. In our simulation 
model,  Na+ binds preferentially at z-axial distance 
of 0.46 nm and  Cl− at 0.41 nm distance from the ref-
erence site. Figure  6c shows that water around both 
the  Na+ and  Cl− ions orients very strongly with the 
ordering extending to around 0.55–0.6  nm distance 
from the ion center. Around the ions, the first hydra-
tion layer is strongly oriented while the orientation 
of the second hydration shell is weaker and more 
extended, as expected. Comparison of panels A and C 
in Fig. 6 shows that the ions interacting with the cel-
lulose surface oppositely charged receptor sites pen-
etrate the ordered water layer of the cellulose fibril 
surface. However, the data from simulations show 

Fig. 5  Measurement of 
Tanδ for a series of differ-
ent salts. The results show 
crossover points of Tanδ at 
the low range of frequencies 
indicating a crowding point 
at 1–2 mM for all salts. a 
 Na2SO4, b NaI, c NaOAc, 
and d NaSCN
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only minor differences in the water density around the 
ions for bulk solvated ions versus those at the inter-
face at a binding site. Importantly, this means that 
the salt ions do not lose or reorient their hydration 
shells significantly upon binding to cellulose. Instead, 
the water ordering is combined with the hydration 
layer of the cellulose surface, restructuring the water 
at the surface and increasing the amount of ordered 
water. This is shown in Fig. 6b in the change in the 
dipole moment orientation distribution with added 
ions. However, a simple consideration of the widths 
of the hydration shell reveals that the added ions do 
not significantly expand the ordered water layer in 
the direction perpendicular to the surface, i.e. in the 
z-direction. However, at the locations of the ions, the 
degree of water ordering remains strong to the full 
hydration layer distance, i.e. to a much larger distance 
from the fibril surface in the z-direction than in the 
absence of ions. Enhanced ordering in the interfacial 
water extends to about 1.2 nm from the surface in the 
z-direction when ions are at the interface. Approxi-
mately 1 nm of this ordered water is strongly ordered 
(main water ordering peaks in Fig. 6).

Data obtained from the simulations show in a 
qualitative way how the ionic species affects the 
ordering of water around the cellulose surface, but 

the simulations are not applicable for assessing the 
ion binding fraction at experimentally examined con-
centrations. The higher salt concentrations used in 
modelling (0.1 M and 1 M NaCl) than in experiments 
lead to a larger fraction of the CNC fibril surface 
being influenced by the ions in modelling, and con-
sequently, enhanced peak height differences in Fig. 6. 
The higher concentrations were used because they 
allowed improved statistical sampling in the simula-
tions. A possible drawback of the elevated electrolyte 
concentrations could be the appearances of nonideali-
ties in ion solvation and ion pairing in the modelling. 
However, since both examined concentrations lead to 
the same response in terms of peak positions, peak 
widths, and binding sites, we conclude that nonideali-
ties in ion solvation did not appear in the simulations 
at such degree that they would qualitatively change 
the outcome.

To assess the effect of the increased structural 
order of water near the cellulose surface we next con-
structed a model to estimate the frequency of occur-
rence of close contacts between fibrils in a CNF dis-
persion. Figure  7 shows the mean distance and the 
distance distribution calculated for randomly distrib-
uted fibrils of length varying between 200  nm and 
1 µm in a 0.6% (w/v) cellulose fibril solution. For this 

Fig. 6  Molecular level 
water ordering at the cel-
lulose fibril surface and 
around the ions based on 
atomistic detail molecular 
dynamics simulations. 
a Presents water density 
variations near cellulose 
crystal {100} surface at 
different salt concentrations 
and b the corresponding 
z-axial orientational order-
ing of water molecules. 
The angle θz is the angle 
between z-axis and the 
dipole moment of water, see 
cartoon. c The water mass 
density around  Na+ and 
Cl.− ions in bulk solution 
and near the cellulose fibril. 
d Visualizes the distance 
calculation setup. Note that 
the mass density graphs 
show water ordering via 
water oxygen and hydrogen 
mass difference
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estimate, the fibrils were considered to be rigid, cylin-
drical rods of 4 nm in diameter, randomly distributed 
in solution. In Fig. 7, a distribution plot of interfibril-
lar distances is shown for fibrils of different length. 
The length of the fibrils of the CNFs used in the rhe-
ology experiments was well over 1  µm. For fibrils 
over 1  µm in length, we estimate from the calcula-
tions that over 2/3 of the fibrils have contact points 
with separations less than 2.4  nm. This means that 
the properties of the gel network can easily be per-
turbed through affecting the nature of these contact 
points. Additionally, the slope of the curve at around 
2 nm is relatively steep which means that should the 
distance at which the fibrils form contacts increase, 
the number of contact points is affected significantly. 
For example, going from 2 to 2.4 nm, the number of 
contacts increases 10% for 1 µm long rods and almost 
20% for 200 nm long rods.

The data above allows us to build a more complete 
picture of underlying mechanisms. Firstly, the exist-
ence of two regimes with a critical point at around 
2  mM of salt is evident throughout the rheology 
data. Comparisons of Tanδ at different frequencies 
tells us that the observed critical point is a crowd-
ing point (Otsubo 1990; Arola et  al. 2018). More 
generally, crowding points often indicate liquid-to-
gel transitions and indicate a critical gelling concen-
tration (cg) for a given system, for example brought 
forward by an additive causing crosslinking (Otsubo 
1990). In liquid-to-gel transitions, the Tanδ-values are 

independent of the measurement frequency for a large 
range of frequencies (Chambon and Winter 1985; 
Winter and Chambon 1986). However, in this study, 
the system was a gel already prior to salt addition and 
the Tanδ-values were independent of the measure-
ment frequency only for relatively low frequencies. 
This means that the additives did not cause a gelling 
of the system but rather a transition in the gel behav-
ior, such as a transition from a gel to a more arrested 
and stronger gel (Arola et al. 2018).

Considering both the Tanδ response, the insensi-
tivity of the response to salt species and the model-
ling considerations, we conclude that the observed 
critical point and the transition from a gel to a stiff 
gel for the material is caused by the salt ions causing 
bridging of cellulose nanofibrils. This occurs domi-
nantly via water interactions, i.e. by (1) perturbing the 
~ 1 nm ordered surface water layer of the fibrils and 
(2) by ordering the water layer strongly, causing local 
points of stronger orientation of water in the layer 
and increase in the ordered water layer distance at the 
local points. To a lesser degree, also (3) the increase 
in water ordering and possible changes in the distance 
extent of oriented water from the cellulose surface 
contribute. Altogether, these allow more and stronger 
contacts to form between fibrils.

The proposed salt-cellulose interaction helps to 
understand the generally variable results experienced 
in studying the hydrogel properties of dispersions of 
fibrillated cellulose. This is because trace amounts of 

Fig. 7  Estimate of minimum distance R distribution for cel-
lulose fibrils approximated as randomly distributed cylinders 
4 nm in their diameter and varying length L at 0.6% (w/v) con-
centration. a The R distributions for fibril lengths of 200 nm, 
600 nm and 1 μm. The magenta region and percentage indicate 

the fraction of fibrils within 2  nm distance from each other. 
The solid line presents a Gaussian fit to the distribution. Data 
for intermediate lengths provided in Supporting Information 
Figure S4. b Scheme showing the parameters used in the cal-
culations
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salts are easily present, or are introduced in an uncon-
trolled manner in different treatments of the cellulose 
in experimental setups, making it difficult to draw 
conclusions on the exact reasons for observed effects. 
More widely we suggest that the effect of ions on the 
hydration layer can be of importance in the different 
uses of nanocellulose and their assembly processes, 
and that this experimental parameter should be care-
fully considered both in practical applications of cel-
lulose hydrogels and in research using hydrogel prop-
erties to draw conclusions of experimental results. 
Many hydrogel applications of CNFs involve low 
ionic strength formulations or intermediate prepara-
tions with low ionic strength. The high sensitivity 
already at very low salt concentrations shows that this 
parameter must be carefully controlled in any prepa-
ration of CNF hydrogels as key rheological param-
eters are strongly affected. The suggested mechanism 
for the effect of salt is inherent to the structure of cel-
lulose, and forms a key parameter for its use.
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