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The mechanical properties as well as the size changes of swollen
cellulose beads were measured in situ during solvent evaporation
by atomic force microscopy (AFM) indentation measurement
combined with optical microscopy. Three factors are proposed to
govern the mechanical properties of the cellulose beads in the
swollen state and during drying: (i) the cellulose concentration,
(ii) the interaction between the cellulose entities, (iii) the hetero-
geneity of the network structure within the cellulose beads.

Due to its abundance, renewability, biodegradability and excellent
mechanical properties, cellulose has been used as an engineering
material for thousands of years."*> More recently, the demand
for sustainable products has increased and cellulose has been
used in a variety of applications including high tenacity
rayon,>* hydrogels and aerogels,>” transparent films,*'° and
microspheres and beads,"" just to mention a few. Many of such
products are shaped during the regeneration of the dissolved
cellulose polymer and are largely used in dry environments
where they maintain good strength and toughness. However,
the mechanical properties of cellulose-based materials drasti-
cally change in wet or humid environments, which has been a
severe drawback in many applications. While overall mechan-
ical properties of cellulose-based materials are often lower in
the wet state, it should be stressed that this is not the result of
reduced stiffness of individual cellulose fibres (or cellulose
nanofibrils) but specifically due to the loss of fibre/fibre and
fibril/fibril interactions. Therefore, to expand the potential use
of sustainable products it is important to prepare a model
sample system for cellulose-based materials and to evaluate its
mechanical properties in the wet state, and also the evolution
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of these properties during the drying process. However, the
model systems must be well-defined and have very smooth
surfaces to allow them to be used in model adhesion testing. In
a recent development it was shown that it is indeed possible
to prepare nm smooth cellulose spheres, consisting mainly
of non-ordered cellulose.'” It has also been shown they are
suitable for fundamental swelling studies."*>"*

Atomic force microscopy (AFM) is a powerful technique that
has been used to investigate the morphology and mechanical
properties of a variety of materials, such as cells,">'® enzymes,"”
polymer films,'®'® among a countless number of others materials,
either in dry or wet state. Using AFM, the mechanical properties
(eg Young’s modulus) of a material can be determined by
measuring force as a function of indentation depth, and fitting
such data with contact models, such as the Hertz model,?® the
Derjaguin, Muller and Toporov (DMT) model,>" or the Johnson,
Kendall and Roberts (JKR) model.”* These three different contact
mechanic models were developed to suit different conditions
based on the type of adhesive interactions between the probe
and the sample. The Hertz model is used when no adhesion is
present, the JKR model is used for large probes, soft samples and
large adhesion, while the DMT model is used for small probes,
stiffer samples and moderate adhesion. Thus, with AFM it is
possible to perform indentation measurements and fit the
captured data with the above-mentioned models to accurately
evaluate the mechanical properties of materials.

Millimeter-sized and nm smooth amorphous cellulose gel
beads, were used as model materials. They were successfully
prepared by precipitating the solution of cellulose, dissolved
in a mixture of lithium chloride and N,N-dimethylacetamide
(LiCl/DMAc), into a non-solvent (ethanol or water).">"'*?%2*
Apart from being used in fundamental swellings studies
these cellulose gel beads have also been used as a model
material to study the adhesion between cellulose surfaces and
to determine influence of polymer grafting on the adhesion
between modified beads on a molecular scale.'>>* Additionally,
the kinetics of microstructural changes during the drying
of the beads were investigated by using small/wide angle
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X-ray scattering (SAXS/WAXS).>* Furthermore, AFM indentation
has been used to measure the elasticity of cellulose beads in the
wet state as well as cellulose fibres in liquid.>*"*” However, as
many cellulose based materials are prepared by drying from a
swollen state where cellulose fibres/fibrils are dispersed in
water or other solvents, it is of outmost importance to deter-
mine how the mechanical properties of the beads, used to
mimic the behavior of the fibres are developing during the
removal of water or other solvents removal. Together with the
adhesion between the surfaces, this behavior will determine
how well the surfaces will consolidate towards each other to
create a dry adhesive joint. This can be performed by AFM
indentation measurements during drying of the beads.

In the present work, two different cellulose beads (water
swollen and ethanol swollen) were prepared according to our
previous work.>* Details of the cellulose beads fabrication are
summarized in the ESI.f Water swollen beads were selected
since most industrial processes of cellulose today are water
based. However, to evaluate differences during the drying pro-
cess, based on the solvent used, ethanol swollen beads were
selected since ethanol has lower surface tension and lower vapor
pressure compared to water. Also, the dissociation of carboxylic
acids groups, usually found in cellulose-rich materials, behave
differently in ethanol and the arrangement of the solvent mole-
cules around the hydroxyl groups will differ in ethanol compared
to water as solvent. AFM indentation measurements were con-
ducted to determine the in situ mechanical properties of these
two types of cellulose beads during the solvent evaporation
(Fig. 1a). The measured force vs. indentation profiles were then
fitted to a linearized DMT model, due to adhesion between the
indenting probe and the bead, to extract the Young’s modulus
for water swollen and ethanol swollen cellulose beads during the
drying process.

Representative optical microscopy images of water swollen
and ethanol swollen beads during different stages of drying are
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Fig.1 (a) Schematic illustration of the AFM indentation measurements
during the drying of a swollen cellulose bead. Images of (b) water swollen
and (c) ethanol swollen beads during drying on silicon wafer at 21 °C and
24% RH. The scale bars correspond to 500 pm.
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Fig. 2 (a) The diameter and (b) cellulose apparent density (p,) of water
swollen and ethanol swollen beads during solvent evaporation estimated
from optical microscopy images.

shown in Fig. 1b and c, respectively. The bead size decreases
with evaporation time, while the spherical shape is retained
throughout the evaporation process. The diameters of water
swollen and ethanol swollen beads throughout the drying
process at 21 °C and 24% RH are shown in Fig. 2a. It can be
observed that the ethanol swollen beads have a larger initial
diameter (before drying) than the water swollen beads. The
most probable explanation is that cellulose chains, which are in
a fully dissolved state in the cellulose/DMAc/LiCl solution, start
to form small aggregated structures locally during the washing
of the beads that remove the DMAc/LICl. LiCl has a higher
solubility in water than in ethanol, at room temperature,”®>°
which suggests that LiCl will be more readily leached from the
beads when in water. This will likely result in slightly larger
aggregates inside the final water swollen beads, as suggested
from the SAXS results that water and ethanol swollen beads
have 2.8 nm and 2.2 nm aggregate structures, respectively.>*
During drying, the diameter of the water swollen bead decreases
from 1335 pm to 1040 pm during the first 6 min and then
decreases faster to 550 um over the next 7 min, following
a period where the diameter stays relatively constant. These
evaporation kinetics are consistent with the results in our
previous work.?* For the ethanol swollen beads, the diameter
decreases rapidly from 1610 um to a constant value of 650 um
over a period of 6 min. The faster evaporation rate, compared
to the water swollen beads, is due to the lower vapor pressure
and overall faster evaporation of ethanol. Similar results were
obtained when drying the beads under different conditions

This journal is © The Royal Society of Chemistry 2020
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(see Fig. S2 in ESIT). The data points presented in Fig. 2 are from
drying of one water swollen and one ethanol swollen bead
as representative data sets. Due to experimental conditions;
variation in initial diameter between different beads and different
imaging capturing timing, errors for these measurements should
be calculated by “binning” both for the time and the diameters.
This will make a corresponding plot less clear with errors in both
time and diameter. Thus, no error bars in Fig. 2 are added.

The apparent density (p,) of the cellulose inside the swollen
beads was calculated as: p, = m,/V, where m, is the dry mass of
cellulose inside of the beads and V is the volume of the bead.
Using the diameter values (d) plotted in Fig. 2a, V was calcu-
lated through the equation: vV = nd’/6. Thus, p, is calculated
according to: p, = 6mo/nd>. For both water swollen and ethanol
swollen beads m, was obtained by weighing the corresponding
dry beads (dried at 105 °C for 24 hours). Both water swollen and
ethanol swollen beads were measured to have the same mass
per bead (m, = 0.104 mg). The calculated p, values are shown in
Fig. 2b. Following the shape of the curves in Fig. 2b, the develop-
ment of p, can be divided into three distinct drying phases;
(i) initial drying during which p, increases slowly in the first few
minutes, (ii) a rapid increase in density and (iii) a plateau of near
constant density in the later phases of drying.

Fig. 3a shows the representative force vs. separation curve
measured for a water swollen bead after an evaporation time of
16 min. The zero point in separation is arbitrary set at load zero
on approach. The black line shows the force upon approach of
the probe to the bead surface and the grey line displays
the retraction. The force range used to calculate the elastic
modulus of the bead was between 10 to 100 nN. This indenta-
tion part of the approach force curves was fitted to a linearized
DMT model, taking into account the maximum attractive force
on approach (e.g. force at jump-in) as the adhesive contribution
to the applied load during the indentation.?” The linearized
DMT model can be summarized as:*’

4 FE

T VR3? (1)

Fsphere — Faan =

3
2\ 2
E— é A(Fsphere - adh)3 1 —v? (2)
4 A VR

where Fyppere is the force applied on the top of the bead, Faqn is
the maximum attractive force on approach, R is the radius of
the indenter, 6.35 pm, E is the Young’s modulus of the bead,
v is the Poisson ratio (a value of 0.3 was used*>*") and § is the
indentation depth. Using this linearized model, the measured
force vs. indentation depth can be fitted without knowing the
position of the exact contact point between the AFM probe and
the sample surface.

The Young’s modulus of the swollen beads was calculated
using the above linearized eqn (2), as the fitting of a linear
slope of (Fsphere — Faan)?” vs. d is proportional to the Young’s
modulus. The fitting results from representative drying series are
presented in Fig. 3b. For the water swollen bead, the Young’s
modulus increases from 0.45 MPa to 2.60 MPa (estimated by

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) The force vs. separation curves from water swollen bead at
16 minutes. The approach and retraction of the probe from the cellulose
surface are shown in black and grey respectively. The force range used for
the fitting was 10 to 100 nN. (b) Calculated Young's modulus E of water
swollen and ethanol swollen beads at different evaporation time, blue and
grey shaded area indicates the standard deviation, which were calculated
from 5 to 10 curves obtained at the same drying time (like shown in (a)) for
the corresponding beads.

the crossing point of the two dotted lines in Fig. 3b) during the
first 6 min, and then increases to 16.3 MPa over the next 7 min.
In the later stages of drying the modulus decreases and remains
relatively constant near 12 MPa. Similarly, for ethanol swollen
beads, the Young’s modulus rapidly increases from 1.60 MPa
to ca. 20.50 MPa in the first 6 min, ultimately reaching a
maximum of 23.60 MPa (at 7 min), from which the modulus
decreases and remains near 18 MPa. It is interesting to note
that for the water swollen cellulose beads there is a close
correlation to the mechanical properties of wood fibres that
have been delignified to a low yield (i.e. most of the lignin and a
large part of the hemicellulose have been removed) and have a
wet modulus between 1 and 10 MPa as reported.*>** This again
shows that these water swollen beads are excellent models for
cellulose-rich fibres.

The Young’s modulus of water swollen beads before drying
was measured to be 0.45 MPa (Fig. 3b). This value is one order
of magnitude larger than previous results, 0.044 MPa,'*?”
obtained via similar measurements. While this difference is
large, it should be noted that a higher cellulose concentration
was used to prepare the cellulose beads in the present work;
1.5 wt% compared to 1.0 wt% in our previous work.'*?” Thus,
this shows that the Young’s modulus of the swollen beads, as
expected, depends on the cellulose concentration used during
precipitation. This is also supported by the increase of Young’s

Soft Matter, 2020, 16, 6457-6462 | 6459
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modulus for water swollen beads during drying process (Fig. 3b),
in which the cellulose concentration increases with increasing
evaporation time as well as the apparent density. Based on this,
it could be expected that the Young’s modulus of ethanol
swollen beads before drying should be lower than that of water
swollen beads, as the ethanol swollen beads have a lower
cellulose concentration due to their larger diameter at the same
mass of dry cellulose in the beads. However, contradictorily to
this the Young’s modulus of ethanol swollen beads, before
drying, is 1.6 MPa. Previous studies using SAXS** indicate that
the microstructure of water swollen and ethanol swollen beads
are similar before drying. Thus, the difference in the Young’s
modulus between water swollen and ethanol swollen beads is
not the result of differing microstructures within the bead.
Therefore, the important difference between the two swollen
beads is the liquid in which they are incubated: water or ethanol.
It is well known that the interaction between cellulose and water
is stronger than the interactions between cellulose and ethanol,
since water has better hydrogen bonding ability compared to
ethanol. Additionally, the attractive van der Waals interactions
between cellulose and cellulose across a liquid medium are
stronger in water compared to ethanol.>* This will most probably
result in a higher mobility of the cellulose entities inside the
water swollen beads allowing for a higher consolidation of these
structures as the water is evaporated compared with the ethanol
swollen beads. For water swollen systems it is well accepted that
the cellulose surfaces have at least one layer of tightly bound
water molecules which is not the case for ethanol.*® This also
means that the friction will be higher between the cellulose
entities inside the ethanol swollen beads which means that this
structure will be “locked” at a lower solids content compared
with the water swollen beads. This is hence also a plausible
explanation why the water swollen beads have a lower Young’s
modulus than the ethanol swollen beads despite having a higher
cellulose concentration in the early stages of drying. Therefore,
the interaction between the cellulose entities in the different
solvents will have a large influence on the mechanical properties
of the swollen cellulose beads.

From the TGA data (Fig. S3, ESIY), it is also shown that both
water swollen and ethanol swollen beads have approximately
6 wt% of solvent remaining after 4 hours of drying, indicating
that solvent is maintained inside the beads throughout the
time selected for the AFM measurements (less than 40 minutes,
Fig. 3b). From these results, it can hence be suggested that the
mechanical properties of the beads are determined both by the
cellulose concentration in the bead and the interaction between
the cellulose entities which should be of similar dimensions as
both types of beads were initially precipitated in ethanol.

Interestingly, both the change in apparent cellulose density,
Pa, and the change in Young’s modulus, E, as a function of
evaporation time show a similar shape (Fig. 2b and 3b respec-
tively). Therefore, the Young’s modulus was plotted as a function
of p, for both water swollen and ethanol beads (Fig. 4). Surpris-
ingly, the Young’s modulus of ethanol swollen beads increases
linearly with p, during the early drying phase (before 6 min). After
6 min the Young’s modulus stays relatively constant and the bead
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Fig. 4 Young's modulus, E, as a function of cellulose apparent density, p,,
for water swollen (black) and ethanol swollen (blue) beads. Different
evaporation times are indicated by arrows.

diameter does not significantly change (Fig. 2a). According to
previously reported in situ SAXS/WAXS measurements,>* there is
no significant microstructure changes and no crystalline struc-
tures formation within the ethanol swollen beads during this
initial drying phase. As a result, the linear increase of the Young’s
modulus is largely attributed to the increase of p, during drying.
This result is consistent with the scaling law proposed by de
Gennes:*®* E ~ cT/N, where ¢ is the concentration, T is the
temperature, and N is the number of monomers. In this work,
pa is a measure of ¢ and consequently E oc p, is applied in the
early drying phase. Similarly, for water swollen beads there is a
linear increase in Young’s modulus with p, during the early
drying phase (before 6 min). However, after that point the
increase of the Young’s modulus with p, slows until the bead
diameter plateaus (around 13 min). During this drying phase
SAXS/WAXS measurements®® have shown a sharp structural
transition within the water swollen beads, where cellulose II
hydrate structure is formed and transformed to cellulose II
structure continuously as the final solvent is removed. However,
the very low degree of crystallinity will not enhance the strength
of the water swollen bead. As a result, a heterogeneous network is
formed, in which large cellulose II aggregated structures (10 nm)
are connected by less associated cellulose chains and the for-
mation of this heterogeneous network is potentially the reason as
to why the Young’s modulus does not increase linearly in this
phase of the drying. This is probably also one of the reasons why
water swollen beads have a smaller diameter than ethanol
swollen beads (Fig. 2a) and why the water swollen beads are
forming solid beads while the ethanol beads are forming porous
beads in the dry state (see SEM images in Fig. S4, ESIt). There-
fore, the heterogeneity of the network structure could be con-
sidered as an additional factor when describing the mechanical
property of swollen cellulose beads.

In summary, the results presented here, in combination
with previous in situ SAXS/WAXS measurements, reveal that
three factors contribute to the overall mechanical properties of
swollen cellulose beads: (i) the cellulose concentration within
the bead, (ii) the interaction between the cellulose entities
within the beads during solvent removal, (iii) the heterogeneity
of the network structure formed in the cellulose beads.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

In this work, two types of regenerated cellulose beads were
prepared by precipitating 1.5 wt% cellulose/LiCl/DMAc solution
into ethanol and thoroughly washing with water or ethanol, to
create water swollen and ethanol swollen beads, respectively.
The evolution of the mechanical properties of the beads were
monitored during drying via AFM indentation measurements.
The size changes of these swollen beads were simultaneously
monitored by optical microscopy. The diameter of both water
swollen and ethanol swollen beads decreases without changing
the overall spherical shape, and the Young’s moduli increase
with the solvent evaporation time. The acquired results indicate
that there are three factors which dominate the mechanical
properties of the beads during the drying process: (i) the
cellulose concentration within the bead, (ii) the interaction
between the cellulose entities within the beads during solvent
removal, (iii) the heterogeneity of the network structure within
the cellulose bead. To the knowledge of the authors, this is the
first time that mechanical property of swollen cellulose beads
has been evaluated throughout the drying process. While, this
work provides significant insight into the evolution of the
mechanical properties of cellulose beads during drying and
an initial insight into the molecular mechanisms responsible
for these changes, more studies are needed to fully understand
the contributions from each of the proposed mechanisms. By
comparison to earlier studies, on the mechanical properties of
wet, cellulose-rich fibre walls, the current results show that the
beads can be used as model systems for these types of fibres.
Since the beads are so much more structurally defined it will be
possible to use these beads to probe the interaction between
cellulose systems and to predict and explain how different
treatments will affect this interaction.
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