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ABSTRACT: Cellulose spheres were prepared by dissolving cellulose
fibers and subsequently solidifying the solution in a nonsolvent. Three
different solution concentrations were tested and several nonsolvents
were evaluated for their effect on the formation of spheres. Conditions
were highlighted to create cellulose spheres with a diameter of ∼1 mm
and a root-mean-square surface roughness of ∼1 nm. These solid
spheres were shown to be easily chemically modified without changing
the mechanical properties significantly. Contact adhesion measurements
were then implemented with these spheres against a poly-
(dimethylsiloxane) (PDMS) elastomer in order to quantify the
adhesion. Using Johnson−Kendall−Roberts (JKR) theory, we quanti-
fied the adhesion for unmodified cellulose and hydrophobic cellulose
spheres. We highlight the ability of these spheres to report more
accurate adhesion information, compared to spin-coated thin films. The application of these new cellulose probes also opens up
new possibilities for direct, accurate measurement of adhesion between cellulose and other materials instead of using uncertain
surface energy determinations to calculate the theoretical work of adhesion between cellulose and different solid materials.
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■ INTRODUCTION

Cellulose has been an extensively studied material over several
decades, because of the natural abundance and the excellent
mechanical properties of fibers that consist primarily of
crystalline cellulose.1−4 Advances in the production of various
types of cellulose and cellulose derivatives have enabled a
plethora of applications to be realized, including structural
composites,4,5 energy-related devices,6,7 and food modifiers.8

Considerable research has also been focused on the stability of
cellulosic products in solution.8 New strategies have been
utilized to form stable nanocellulose dispersions in order to
introduce these robust materials into composites or to control
the fiber orientation upon drying.9,10 Through chemical
modification of the accessible cellulose surface molecules,
stable and more mechanically robust interfaces have been
produced. Typically, modification of fibers, either through
covalent bonding or through electrostatic attachment of
polyelectrolytes or nanoparticles, has been shown to be
effective to suppress the aggregation of cellulosic materi-
als.1,5,11−16 One successful example has been the chemical
modification of cellulose to enable their incorporation into
synthetic polymers for fiber-reinforced composites.4,5 However,
it has been challenging to quantify the adhesion between the
cellulose fibers and matrix polymers, since the measurement of
molecular interactions requires smooth and homogeneous

surfaces, as well as specific bulk material properties (i.e.,
modulus). Furthermore, since the surface roughness plays a
vital role, there is no general strategy to understand the normal
adhesion at length scales larger than what is allowed in atomic
force microscopy (AFM) colloidal probe testing,17,18 using thin
cellulose model surfaces.19−21 Model films are commonly
attached to silicon wafers, using cationically charged anchoring
polymers, and thin films of cellulose have been the primary
method to quantitatively measure interfacial behavior of
cellulose. Adhesion of cellulose interfaces have been studied
through AFM probe measurements and surface force apparatus
(SFA) measurements, which have provided quantification of
these interfaces.17,18,22,23 While these techniques have provided
useful information on the effect of the modification of cellulose,
it must be stressed that the adhesive strengths evaluated in this
manner were measured in a highly confined thin-film regime.
Wag̊berg and co-workers have demonstrated cellulose adhesion
measurements with a macroscopic contact adhesion apparatus
in order to elucidate more-comprehensive data, such as the
advancing and receding surface energies.19−21 While these
measurements provided the first platform for imaging and
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quantifying the adhesion, the surface interactions were still
predicated on the use of thin films with anchoring polymers.
Other researchers have documented significant discrepancies
that can arise in the adhesion energies from using thin films
compared to bulk materials.24−26 In order to elucidate the true
adhesion interactions of cellulosic interfaces, smooth bulk
materials are needed.
In this report, we describe a procedure to form bulk cellulose

spheres with minimal roughness at the surface. Specifically, we
highlight the conditions that enable spheres with a dry diameter
up to 1 mm and a root-mean-square (rms) roughness of 1 nm
to be formed. To our knowledge, cellulose interfaces with rms
values of 1 nm have only been approached by spin-coating thin
films or by implementing monolayers of crystalline nano-
cellulose.27 However, the cellulose spheres presented in this
study were then utilized in macroscopic contact adhesion
testing to determine the work of adhesion as the interfaces are
brought into contact and separated while using the bulk
mechanical properties of both cellulose and matrix material. We
also show that it is possible to quantify the change in the work
of adhesion through simple chemical modification of the
cellulose spheres to a lower surface energy material, and we also
discuss the potential implications of these new abilities.4

■ EXPERIMENTAL SECTION
Materials. Dissolving pulp (Domsjö Dissolving Plus) was provided

by Aditya Birla, Domsjö Fabriker AB, Sweden. These fibers contained
93% cellulose with a surface charge of 29 μmol charges/g fibers with a
degree of polymerization of ∼780 (provided by the manufacturer).
N,N-dimethylacetamide (DMAc) (>99.5%, GC grade), lithium
chloride (LiCl), tetrahydrofuran (THF) (99.9%, anhydrous), ethylene
glycol (99.8%, anhydrous), methanol (99.93%, bioreagent grade),
acetone (>99.9%, HPLC grade), heptane (99%, anhydrous), silicone
oil, methylene iodide (99%), and undecenoyl chloride (97%) were
purchased from Sigma−Aldrich and used as received. Triethylamine
(TEA) (99+%), silicone oil, and dichloromethane (DCM) (99.8%,
HPLC grade) were purchased from VWR and used as received.
Sylgard 184 prepolymer and curing agent was purchased from Dow
Corning.
Preparation of Cellulose Solution. The cellulose fibers were

dissolved in a mixture of 5 wt % LiCl in DMAc, according to a
previously described protocol.28 Before adding cellulose to the solvent
mixture, which is highly hygroscopic, the solvent was heated to 105 °C
for 30 min to remove traces of water. If water is still present in the
solvent, it impairs the dissolution of cellulose29 and promotes the
formation of molecular aggregates.30 Different amounts of oven-dried
pulp were then rewetted and swollen in the LiCl−DMAc mixture and
subsequently added in different amounts to reach different cellulose
concentrations, using a final total volume of 100 mL. The solution was
then reheated to ∼80 °C to further facilitate the dissolution of
cellulose. The cellulose solution was then centrifuged at 14 000 rpm
for 15 min and filtered through a 0.45-μm polytetrafluoroethylene
(PTFE) syringe filter to remove traces of nondissolved cellulose, if
present.
Preparation of Cellulose Spheres. Cellulose spheres were based

on a solution solidification method.31 Dissolved cellulose in LiCl−
DMAc solution (3 mL) were added dropwise from a height of ∼1 cm
into 30 mL of a bath of a nonsolvent, Milli-Q water, ethanol, acetone,
THF, or methanol, where the cellulose solidified as spherical drops.
The prepared cellulose spheres were then left to equilibrate first for 24
h, resting in the nonsolvent. Next, for 1 week, the spheres were
exchanged one time per day with fresh nonsolvent to ensure a proper
removal of the cellulose solvent. Finally, the probes were dried at room
temperature for 48 h. Spheres dried from methanol at 5 °C were dried
for 7 days. The sphere diameter was determined using optical
microscopy to obtain images of the spheres and ImageJ software to

quantify the diameter. The sphere diameter was determined over an
average of 12 different spheres.

Acylation. Acylation of the cellulosic material was performed by
weighing the solidified, amorphous cellulose spheres to be modified.
After measuring this weight (typically ∼0.01 g), the number of moles
of hydroxyl groups was calculated by dividing the measured mass by
the molecular weight of the glucose repeat unit in cellulose. A 10-fold
molar excess of TEA (compared to number of glucose repeat units)
was added to 10 mL of THF in a glass vial. The vial was subsequently
capped with a rubber septum and then placed in an ice bath for 5 min
to cool the solution down. Next, a 10-fold molar excess of undecenoyl
chloride (equimolar to TEA) was added dropwise via syringe. The
reaction mixture was subsequently heated to room temperature and
reacted overnight (∼15 h). After this reaction, the cellulose spheres
were washed thoroughly 3 times with DCM. The spheres were placed
in a vial with DCM and sonicated with a sonication bath for 5 min; the
wash was subsequently discarded and repeated three more times to
ensure the removal of unreacted reagents and TEA salts from the
cellulose. The remaining cellulose spheres were allowed to dry at room
temperature for 48 h before subsequent analysis or adhesion testing.

■ INSTRUMENTATION
Characterization of the Cellulosic Sphere Morphol-

ogy, Shape, and Surface Profile. The cellulose sphere’s
dimensions and morphology were characterized from images
collected with a field-emission scanning electron microscopy
(FE-SEM) system (Hitachi, Model S-4800) operating at high
vacuum.
The topography and surface roughness of the dried cellulose

spheres were characterized using an atomic force microscopy
(AFM) system (Multimode Nanoscope IIIa, Bruker Corp.,
USA) operating in Scanasyst mode with a cantilever that had a
spring constant of 5 N m−1 and a radius of ∼8 nm (Bruker
Corp., USA).
X-ray diffraction (XRD) was conducted with a PANalytical

XPert Pro powder diffractometer with Cu Kα radiation (λ =
0.1541 nm) at 25 °C. The scanning angle (2θ) was measured
from 5° to 70° at a step size of 0.0172°.

Tensile Bulk Mechanical Properties of Cellulose Film.
The mechanical properties of cellulose films were prepared by
pouring 1.5 wt % cellulose solution into a large glass Petri dish.
Next, the solution was solidified by allowing the film to absorb
water from the ambient environment until a solid film was
formed at room temperature. The films were washed
continuously with ethanol for 48 h. The films were then
allowed to dry at room temperature for 7 days. Cellulose films
were cut into dogbone-shaped test pieces of 16 mm in length
and 4 mm in width. Samples that were acylated were
functionalized in the same manner as the spheres. The samples
were then conditioned at 23 °C and 50% relative humidity for
24 h prior to tensile testing. PDMS dogbone-cut films were
analyzed using an Instron 5566 with a 500-N load cell. Three
16-mm dogbone samples of the different cellulosic materials
were strained at 1.6 mm/min.

Contact Adhesion Measurement. A transparent cellulose
sphere with a typical radius of 0.9 mm carefully attached with a
cyanoacrylate glue to a silicon wafer. In our contact adhesion
setup,21 the cellulose probe was moved toward the opposing
flat, 4-mm-thick PDMS film at a rate of 10 μm min−1 to a
trigger value of 1 g (9.8 mN). After this critical load was
reached the probe was retracted from the PDMS surface at a
rate of 10 μm min−1 until separation of the surfaces occurred.
The data acquisition rate for both the loading measurements
and contact radius images was 120 data points min−1. The
cellulose probe and the PDMS surface had been allowed to
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equilibrate before the experiment in a controlled environment
of 23 °C and 50% relative humidity for at least 24 h.
Contact Angle Measurements of Cellulose Model

Surfaces. Static contact angle measurements were performed
with Milli-Q purified water, methylene iodide, and ethylene
glycol, using a KSV CAM 200 contact angle monometer (KSV
Instruments, Helsinki, Finland) for three different cellulose
model surfaces and for three different acylated cellulose model
surfaces. The model surfaces were prepared similar to standard
procedures,32 where a drop from the same dissolved cellulose
solution, as used for the sphere preparation, was deposited on a
silica surface and then spin-coated using a KW-4A spin-coater
(Chemat Technology, CA, USA) operating at initial speed of
1500 rpm for 15 s, and then 3500 rpm for another 30 s, and
were dried at room temperature. Prior to the contact angle
measurements, the model surfaces were conditioned at 23 °C
and 50% relative humidity for 24 h. The contact angles
reported in this study were measured 20 s after the drop was
applied on the model surfaces to get stable static contact angles,
since the initial contact angles were not stable, because of liquid
penetration into the model films. The surface energies were
calculated according to eq 1,33,34 where the surface energy is
separated into a dispersive energy component (γd) and polar
energies consisting of acid (γ+) and base (γ−) contributions:

θ γ
γ γ γ γ γ γ

+
= + +− + + −(1 cos )

2
l

s
d

l
d

s l s l (1)

The method requires the use of three different solvents, since
the equation consists of three unknown variables. Here, we
used water, methylene iodide, and ethylene glycol with known
surface energy components taken from the literature.35 The
calculated values of the surface energies of the cellulose and the
acylated cellulose surface can be found in the Supporting
Information.

■ RESULTS
Preparation of Smooth Cellulose Spheres and Films.

Dissolution of the pulp in DMAc−LiCl enabled the formation
of the materials into films and spheres for characterization of
the bulk properties. The dissolved solution was taken and then
solidified in various nonsolvents, shown in Figure 1. In Figure

1c, the cellulose spheres are shown to be stable in various
solvents. This chemical stability allowed for chemical
modifications without dissolving the sphere or inducing defects
on the surface.
Initially, before the dissolution of the cellulose-rich fibers, the

fibers were partially crystalline, containing peaks at 17° and 23°,
which corresponded to the [101] and [002] crystal planes (see
Figure S1 in the Supporting Information). After dissolution of
the cellulose and the subsequent solidification, it was obvious
that the crystallinity of the sample was decreased since a broad
peak appeared at 20°, which corresponded to an amorphous
cellulose polymer.36 Films of the cellulose were then uniaxially
strained to evaluate the modulus. Bulk films of cellulose and
acylated cellulose had a tensile modulus of 3.8 ± 0.2 and 3.1 ±
0.6 GPa, respectively, using a displacement rate of 1.6 mm
min−1.
In order to optimize the conditions for forming spheres,

three concentrations of the cellulose in the DMAc−LiCl
solvent were tested: 1.0, 1.5, and 2.0 wt % (corresponding
viscosities were 70, 300, and 1050 mPa s, respectively), based
on previous procedures for forming hollow spheres.31,37 When
using 1 wt % cellulose concentration, large wrinkles on the
sphere surface were created upon drying (see Figure S2 in the
Supporting Information). Increasing the cellulose concentra-
tion to 2 wt % created elliptically shaped particles (see Figure
S2 in the Supporting Information). By implementing a 1.5 wt %
cellulose concentration, the wrinkles were suppressed and a
spherical geometry was obtained, as shown in Figure 2a. The
prepared spheres were then functionalized by acylating the
cellulose spheres to change the surface energy (see Figure 2b).

Surface Roughness. The surface roughness of the
solidified cellulose spheres were analyzed using AFM where
the rms roughness of the acylated and the nonacylated cellulose
spheres was measured to be 1.0 ± 0.2 nm and 6.3 ± 0.3 nm,
respectively (see Figures 3a and 3b). If the nonacylated spheres
were submerged in THF and dried a second time, following the
same procedure without the esterification, the surface rms
roughness value was further decreased to 2.0 ± 0.2 nm (Figure
3c). This roughness was comparable to previous reported
values on smooth cellulose thin films used for adhesion
measurements.19

Surface Energies Measured by Contact Angle Meas-
urements. Experimental determination of the surface energies

Figure 1. (a) Schematic illustration of the cellulose sphere preparation
method where a dissolved cellulose droplet was deposited dropwise
into ethanol and the cellulose subsequently solidified into a sphere. (b)
Photograph of three dried cellulose spheres, resting on a mirror,
solidified from a 1.5 wt % cellulose solution in ethanol. The cellulose
sphere’s insolubility in various solvents is represented in panel (c),
where the cellulose spheres had been solvent-exchanged with (from
the left to right) water, acetone, ethanol, heptane, and silicone oil.

Figure 2. Cellulose spheres solidified from a 1.5 wt % cellulose
solution in ethanol and dried in room temperature where panels (a)
and (b) represent electron micrographs of the top view morphology of
the cellulose sphere and the acylated sphere, respectively. The left and
right micrographs represent the entire sphere and the surface
morphology of the respective cellulose sphere.
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of cellulose and acylated cellulose model surfaces was
conducted by contact angle measurements using water,
ethylene glycol, and methylene iodide solutions and calculated
using eq 1. A full table of the dispersive and polar contributions
to the surface energy can be seen in Table S1 in the Supporting
Information. Acylation of the cellulose resulted in a more
hydrophobic surface, as shown in Figure S4 in the Supporting
Information. The contact angle measurements showed that the
cellulose probes were chemically modified since the total
surface energy decreased from 64.3 mJ/m2 to 40.3 mJ/m2. The
polar contribution of the surface energy of the acylated
cellulose decreased substantially as expected, where the
dispersive energies remained similar to the cellulose probes,
which also was expected. The work of adhesion from contact
angle measurements (W12) (Table 1) was calculated from eq 2:

γ γ γ γ γ γ= + ++ − + −W 2 2( )d d
12 1 2 1 2 2 1 (2)

where γ1 and γ2 are the surface energies of PDMS and cellulose,
respectively.

The values for the PDMS were taken from literature values.38

The surface energy values of cellulose were experimentally
determined from contact angles using water, ethylene glycol,
and methylene iodide.
Macroscopic Contact Adhesion Testing. Johnson−

Kendall−Roberts (JKR) measurements of cellulose surfaces
have previously been performed using thin films (10−40 nm)
of cellulose model surfaces.19,20,32 Thin films have been utilized
due to the low surface roughness that can be obtained. In the
present work, a macroscopic cellulose sphere was used in
contact adhesion testing and in order to determine the
mechanical properties of these cellulose materials.

The cube of the contact radius, a3, and the applied load (F)
were related to the work of adhesion (W) between the sphere
and the flat surface in contact, according to JKR theory (eq 3).

π π π= + + +⎡⎣ ⎤⎦a
R
K

F WR WRF WR3 6 (3 )3 2
(3)

where K is the elastic constant of the system and R is the radius
of curvature for the two surfaces, which can be described as the
following:

= +
R R R
1 1 1

1 2 (4)

The elastic modulus (E) can be related to K by eq 5:
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where ν1 and ν2 are the Poisson’s ratio for the two materials in
contact and E1 and E2 are the elastic moduli of the respective
materials. The elastic constant of the system was found to be
4.00 ± 0.06 and 4.10 ± 0.10 MPa for cellulose and acylated
cellulose pressed against a PDMS surface, respectively, for both
the loading and unloading sections of the curve.
The adhesion energy at the critical pull-off force (Gc) was

calculated from eq 6:

π=F RG
3
2s c (6)

where Fs is the force when the surfaces spontaneously separate.
The Gc values for the cellulose and acylated samples from eq

6 were 107 ± 10 and 143 ± 12 mJ/m2, respectively.
The results from the JKR measurements are shown in Figure

4 for the cellulose and acylated cellulose probes, respectively.
The work of adhesion for the loading and unloading was
calculated according to eq 3 and is compiled in Table 1.

■ DISCUSSION
Properties of Cellulose Spheres. The preparation

conditions were investigated to prepare spherical cellulose
probes with low surface roughness. First, the effect of the
nonsolvent solidifying the cellulose solution was evaluated.
Water was tested first as the nonsolvent, with a dripping height
of 1 cm above the nonsolvent surface. The cellulose droplets
spread on surface rather than penetrating through the surface.
When the dripping height was increased to ∼10 cm above the
surface, the droplet penetrated through the water surface.
However, this higher dripping height influenced the shape and
surface profile of the cellulose spheres. Water was not an
acceptable nonsolvent, because of the inability of water to form
spheres without creating significant defects on the surface.
Therefore, the surface tension was reduced in order to allow
the droplets to solidify without being affected by the impact of
higher dripping heights.
By incorporating a lower surface tension fluid, acetone (1:1

volumetric ratio with water),39 a dripping height of 1 cm was
sufficient to allow the drop to penetrate the surface and to
induce a rapid solidification. Introducing acetone into the
mixture resulted in buckles on the cellulose surface upon
drying. Using pure acetone also created defects, since the
cellulose droplets were fairly miscible with acetone and
subsequently solidified into spherical shaped particles with
surface defects. Methanol was subsequently tested, since it
possessed a similar surface tension to acetone; however, it has a

Figure 3. Atomic force height measurement (3 μm × 3 μm) of (a) the
cellulose surface functionalized with acylation, which had been swollen
and redried from THF, (b) cellulose surface dried once from ethanol,
and (c) cellulose surface swollen and redried from THF.

Table 1. Work of Adhesion between Cellulose/Acylated
Cellulose and PDMS from Contact Angle Measurements
(W12), Determined Using Equation 2a

Value

parameter cellulose acylated

W12
tot (mJm−2) 65 60

W12
d (mJm−2) 62 59

Wload (mJm
−2) 41 ± 5 40 ± 4

Wunload (mJm
−2) 104 ± 5 142 ± 13

Gc
b (mJ/m−2) 107 ± 10 143 ± 12

aThe W parameter from the loading and unloading experiments were
determined by the Johnson−Kendall−Roberts (JKR) model calcu-
lations (eq 3) using the contact macroscopic adhesion measurement.
bGc represents the work of adhesion at the maximum separation force
(eq 6).
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different polarity. Similar to acetone, methanol produced
defects on the surface of the spheres. However, one
modification to mitigate the roughness with methanol was to
dry the spheres at 5 °C. Although the drying time was
considerably longer (5 days longer), there was a reduction in
the roughness (see Figure S3 in the Supporting Information).
Ethanol was the nonsolvent that produced the best results
regarding particle shape and surface roughness when drying the
spheres at room temperature, shown in Figure 2a. The average
size of the spheres (12 spheres measured) was 0.90 ± 0.03 mm.
Overall, reducing the surface tension by a factor of ∼3 enabled
the materials to be solidified rapidly at a dripping height of 1
cm.39

When using ethanol as the nonsolvent, the cellulose solution
could penetrate the surface effectively and form smooth
spheres. The optimum concentration of dissolved cellulose
solution was 1.5 wt % (Figure 2). When decreasing the
cellulose concentration to 1 wt %, the spheres started to buckle
upon drying (see Figure S2 in the Supporting Information).
Using a 2 wt % cellulose solution created elliptical particles with
a characteristic tail (see Figure S2 in the Supporting
Information). This was presumably due to a higher viscosity
of the cellulose (1095 mPa s, compared to 301 mPa s for the
1.5 wt % cellulose concentrations).31 The concentration of the
dissolved cellulose was important to allow the appropriate

amount of time for the solution to solidify and minimize defects
in the sphere formation.
There was a constraint on how much nonsolvent was

required to form the smooth spheres. At a final concentration
of 9 vol % of the dissolved cellulose solution relative to the total
volume, a phase-separated layer of LiCl−DMAc appeared at the
bottom of the beaker, where the spheres rested. The spheres
remained solidified in this phase-separated layer for 24 h and
were then subsequently solvent-exchanged. We believe this
dwell time in the LiCl−DMAc separated layer slowed the
solvent removal from the spheres and consequently reduced the
defects that were introduced. When the final concentration of
the cellulose solution was decreased (∼1 vol %), the solution
became homogeneous in appearance. Conversely, the spheres
solidified with roughness on the surface. Maintaining a layer of
LiCl−DMAc at the bottom of the ethanol bath was critical in
maintaining a low roughness surface.
In Figure 3, the rms roughness of the cellulose was 6 times

higher, compared with that of the acylated cellulose sphere. It
was unclear whether the difference was from the chemical
functionalization of the cellulose or from the processing
conditions themselves (i.e., reaction solvents). We elucidated
this question by rewetting the dried unmodified cellulose
spheres in pure THF without acylation, and this decreased the
rms roughness from 6.3 ± 0.3 nm to 2.0 ± 0.2 nm. When
spheres swollen with ethanol were directly solvent exchanged

Figure 4. JKR fitting of the results from the adhesion experiments using (a) nonmodified cellulose spheres and (b) acylated cellulose spheres by
forcing the probe in contact with a flat PDMS surface, where the loading is represented by solid squares and the unloading is represented by unfilled
circles. The lines are fitted to the JKR equation (eq 3). The experiment was performed at 23 °C and 50% RH at a displacement rate of 10 μm/min
where the elastic constant (K) of the systems was calculated to be 4.00 ± 0.06 and 4.10 ± 0.10 MPa for cellulose and acylated cellulose, respectively.

Table 2. Cellulose Probes and Films Used for Adhesion Measurementsa

cellulosic interface
thickness/
diameter

average
roughness

Wload
(mJ/m2)

Wunload
(mJ/m2)

Gc
(mJ/m2) ref

nanocellulose layer by layer prepared film versus PDMS sphere 4−9 nm 0−1 nm 49.5 NP 201 21
a solidified cellulose film from a dissolved cellulose in NMMO solution
versus PDMS

30 nm 3.9 nm 47 NP 389 20

dissolved cellulose in DMAc/LiCl solidified on a silica wafer versus PDMS 44 nm 1.9 nm 46 NP 472 20
cellulose nanocrystal film versus PDMS 120 nm 2.3 nm 45 NP 289 20
spin-coated nanocellulose fibrils on a silica wafer versus nanocellulose
fibrils on a PDMS cap

11 nm 1.7 nm 47 65 59 19

cellulose microsphere versus a cellulose sphere modified with
polycaprolactone

10−15 μm 32 nm NA NA 422b 17

cellulose spheres versus PDMS 920 μm 2 nm 41 ± 5 104 ± 5 107 ± 10 present
work

acylated cellulose sphere versus PDMS 930 μm 1 nm 40 ± 4 142 ± 13 143 ± 12 present
work

aThe table demonstrates where the adhesion has been calculated using two methods: JKR and AFM. Furthermore, the table demonstrates where it
has not been possible (NP) to calculate the adhesion using the JKR theory, because of, e.g., large hysteresis and large deviations from the JKR figure
(a3 versus force). bGc was recalculated from their data, in this example cellulose functionalized with poly(caprolactone) was tested. The Wunload value
for previous studies was not possible (NP), because of inconsistencies in the elastic constant (K). The parameters Wload and Wunload are not
applicable (NA), since there was no controlled way of determining the contact area.
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from ethanol to THF and then dried, rather than redried and
immersed in THF, the surface roughness did not change. When
the spheres were dried from ethanol and then rewetted with
ethanol, the surface roughness also did not change. Using THF
as the nonsolvent was not possible, since the solvent did not
solidify the cellulose fast enough. The cellulose droplets
aggregated into nonspherical cellulose-shaped particles, similar
to that observed when using acetone. It was unclear why the
use of THF with dried spheres decreased the roughness. For
consistency with the acylated probes, the unmodified cellulose
was rewetted with THF and dried to keep the roughness
minimal in the adhesion testing.
Adhesion Measurements Using the Johnson−Ken-

dall−Roberts (JKR) Approach. As can be seen in Table 2,
the large cellulose spheres had comparable roughness as
cellulose thin films previously used for adhesion testing.19,22,27

However, thin films (11 nm in thickness) of cellulose do not
reflect the true bulk properties of cellulosic materials, because
of the high degree of confinement on the supporting silicon
wafer. Thicker cellulose samples have been used, such as
spheres with diameters of 10−15 μm. AFM measurements were
implemented to study the adhesion of these polymer-grafted
cellulose spheres.17 The spheres in the aforementioned study
were relatively rough, having an rms value of 32 nm, which was
an order of magnitude larger than our system, which had an
rms value of 1−2 nm.40 Another drawback was that the contact
area was not measured when using AFM probe testing, because
of the difficulties of imaging small contact areas associated with
probe sizes of 10−15 μm. It was also inconclusive to whether
the AFM probe evaluated the materials in the bulk material
regime or in a confined testing geometry. In this work, the
cellulose probes had an average diameter of 0.90 ± 0.03 mm,
which was almost 2 orders of magnitude larger in diameter than
existing probes.40 However, we would like to emphasize that
our technique is a complementary technique to that of AFM
probe adhesion testing. For example, smoother colloidal probes
(rms roughness of 5.9 nm over an area of 1 μm × 1 μm) and
smooth cellulose model surfaces (the rms roughness over an
area of 1 μm × 1 μm was 1.4 nm)41 was used to determine the
Hamaker constant of cellulose.
The increased probe size has enabled the observation of the

contact area that previously has been unattained. Previous
studies on soft adhesion have shown that, when the contact
radius was greater than 10% of the film thickness (h) (i.e., a/h
> 0.1), confinement effects from the substrate were
observed.24,42 In order to maintain a bulk elastomeric material
while using the cellulose spheres produced from the new
solidification technique, we controlled the elastomer thickness
to keep this dimensionless ratio a/h < 0.1. The unmodified
cellulose sphere had a maximum contact radius of 130 μm with
an applied load of 9.8 mN. Therefore, we created a PDMS
substrate with a thickness of ∼4 mm to allow variability in the
contact radius of the acylated samples and remain outside a
confinement region (a/h ≈ 0.0325).24,43 Bartlett and Crosby43

recently published a study on the effects of the stiffness and
contact area of the system in normal adhesion. At constant
contact area and surface chemistry, the adhesion can be altered
by modification of the stiffness of the system. The compressive
stiffness in the loading section was 5640 ± 930 N/m and 6050
± 400 N/m, for cellulose and the acylated cellulose spheres,
respectively, which represented a 7% difference in the system
stiffness between the two samples. The diameter of the spheres
was 0.92 and 0.93 mm for the cellulose and the acylated

cellulose, respectively. Although the rms roughness (∼1−2 nm)
of the surface of the cellulosic spheres was low, we needed to
ensure that the contact area was not compromised because of
these small asperities. Therefore, we applied an approximation
for the compliant PDMS elastomer to ensure that the material
would conform to the roughness.42,44−46

The ratio of the Gc and the elastic modulus (E) gives an
approximate adhesive length scale that determines the distance
over which adhesive forces are significant, as shown in eq 7:42

δ ≈
G
Ec

c
(7)

In eq 5, there were two elastic moduli in the system;
however, since the elastic modulus of cellulose was 3 orders of
magnitude higher than typical values of Sylgard 184, the
contribution from cellulose was neglected. Application of eq 5
to the fitted constant K and assuming ν1= 0.5 for PDMS,
resulted in a modulus of E = 2.25 MPa, which was consistent
with previously reported values.47,48 The Gc values for cellulose
and acylated cellulose from eq 6 were 107 ± 10 and 143 ± 12
mJ/m2, respectively, at a testing velocity of 10 μm/min. The
length over which adhesion should occur was then calculated
from eq 7, which was 46 and 63 nm for the cellulose and
acylated cellulose, respectively. These adhesive lengths were
over an order of magnitude higher than the rms roughness of
the cellulose surface. This indicated that the roughness would
not prevent molecular contact from being established on the
cellulose surface. Therefore, we anticipated that any differences
in the adhesion would arise primarily from the surface
interactions and not from the increase in the total stiffness or
increase in contact area.
The cellulose and acylated cellulose both have similar work

of adhesion in the loading sections. Although their total surface
energies were different from the static contact angle measure-
ments, the dispersive component of the surface energies were
similar. Previous work on the adhesion of PDMS has suggested
that the dispersive component of the surface energy was the
predominant factor in the loading work of adhesion for JKR
studies, compared to contact angle measurements.49 When the
probes were retracted and subsequently detached, the
unloading work of adhesion was 36% higher with the acylated
cellulose opposed to the unmodified cellulose. There was larger
hysteresis observed for the acylated cellulose probe. We suggest
that this was caused by the interactions between the alkyl
chains on the periphery of the cellulose sphere and the PDMS
elastomer. Since PDMS is a low Tg polymer, this allowed the
monolayers on the acylated cellulose to interact, even at small
contact times.
These smooth cellulose spheres have enabled JKR measure-

ments in the unloading section that previously have been
unable to measure. In these previous studies of cellulosic
interfaces, large hysteresis has been reported and the only data
that could be obtained was the work of adhesion at the critical
pull-off force (Gc) from eq 6 and the loading data from the JKR
analysis. The unloading data in these previous studies could not
be used in the JKR analysis, because of the inconsistent elastic
constant between the loading and unloading sections of the
adhesion test. In these examples, the Gc values were a factor of
∼2 higher than our measurements.20,21 One reason for this
discrepancy was the mechanical stiffness differences between
the cellulosic interfaces. In these prior studies, there was a thin
film of cellulose on a silicon wafer. The thin film was highly
confined and conversely was influenced by the mechanical
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properties of the silicon wafer. However, in our experiments,
the cellulose probe was a true bulk material, thus possessing a
lower effective stiffness than the previously used thin film
examples. Several studies have been published recently
addressing this confinement effect on the critical pull-off
force in unstable crack propagation, noting that higher
confinement with a rigid substrate resulted in higher adhesion
forces.24−26,42,43

The work of adhesion calculated from the surface energies of
the individual materials was also obtained through static contact
angle measurements. Our calculated work of adhesion was not
substantially different (8% between cellulose and acylated
cellulose), which was not consistent with the difference
obtained from contact adhesion testing (i.e., from the receding
part of the measurements). Furthermore, the work calculated
from the contact angles had an intermediate value between the
loading and unloading work of adhesion. Another problem that
has been observed with the contact angle testing was the
influence of the supporting substrate. In previous work, the
same film supported on two different substrates, reported two
different work of adhesion values, which indicated the influence
of underlying material.19

Our cellulosic spheres provided an interface that was smooth
enough to test adhesion measurements, yet replicate the
mechanical response of bulk cellulose. The use of cellulose
directly circumvents the difficulties associated with thin films.
Surface modification of these spheres was shown to be stable.
Since the cellulose probes exhibit high stability in various
solvents, this enabled chemical modifications to be performed
without significantly compromising the mechanical integrity of
the cellulose. Altering the surface of the PDMS probes have
also been shown to be problematic, because of the low surface
energy of silicones and hydrophobic recovery of the silicate
layers needed for the hydroxyl groups.50,51 We anticipate the
presence of hydroxyl groups and the stability of these groups to
be of great value not only to the cellulose community, but also
for general adhesion studies, where fundamental polymeric
adhesion problems are investigated.

■ CONCLUSIONS

We have described a new procedure to form bulk cellulose
spheres by solidification of dissolved cellulose. By carefully
controlling the solidifying nonsolvent, the dripping height,
cellulose concentration of the solution, and final concentration
of the nonsolvent/cellulose solution mixture, spheres with rms
roughnesses of ∼1 nm (measured over an area of 3 μm × 3
μm) were obtained. These spheres were then demonstrated to
undergo simple chemical functionalization without significantly
altering the bulk mechanical properties. The work of adhesion
from the loading data, using the JKR theory, was ∼40 mJ/m2

for both the unmodified and the acylated cellulose probes,
which was similar to previously reported values. The cellulose
spheres enabled the evaluation of the unloading adhesion,
which was not possible in prior experiments with rigidly
supported thin films. We anticipate this method of adhesion
testing to provide more-accurate adhesion information on
interfacial behavior of cellulosic and paper products.
Furthermore, we believe these probes can have a valuable
impact on other adhesion science problems, because of the
stability of the functional groups and the ease to functionalize
the periphery of the sphere without compromising the
mechanical properties of the probe.
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