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1. Introduction

The demand for sustainable materials has shown to
increase due to the globally growing environmental
awareness. One of the main goals in creating ‘green’
alternatives for conventional and novel applications
is to replace petroleum-based raw materials with re-
newable ones. Cellulose is one of the most attractive
options as it is an abundantly available, renewable,
and biodegradable natural polymer. Cellulose fibers
have been used for centuries for different applica-
tions such as paper and board, but due to its inability
to melt, dissolution is often required to produce films
and textile fibers. Additionally, cellulose fibers can
be used as reinforcement in polymer composites due
to their low density and good mechanical perform-
ance [1]. The main challenge in conventional polymer

composites reinforced with natural fibers is the lack
of adhesion between the hydrophilic cellulose and
hydrophobic polymer matrix. This leads to problems
in stress transfer, which results in poor composite
mechanical properties and requires the use of com-
patibilizers. One of the solutions is the single-poly-
mer composite approach, where both the reinforce-
ment and the matrix are made from the same mate-
rial, and thus no chemical incompatibility is ob-
served [2, 3].
All-cellulose composites are single polymer bio-
composites based on cellulose, where dissolved and
coagulated cellulose forms a matrix reinforced by
non-dissolved fibers [4, 5]. They can be produced
via i) partial dissolution of fiber surfaces [6–11] or
by ii) dispersing short fibers in cellulose solution
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[12–16], with the first approach studied more exten-
sively. The benefit of the second approach is that it
mimics the processing of conventional short fiber
composites and could thus have the potential for up-
scaling. These materials provide a wide range of
properties depending on the processing parameters
and raw materials [5].
The hydrophilicity of cellulose is seen as one of the
main challenges when using cellulose-based materi-
als as sustainable alternatives for petroleum-based
products [17]. Hydrophobization of cellulose can be
achieved with several approaches, which are reviewed
in detail elsewhere [18, 19]. Generally, hydropho-
bization methods can be divided into chemical and
physical treatments depending on the interactions
between cellulose and the hydrophobizing compo-
nent. In chemical treatments, covalent bonds are
formed, whereas physical treatments rely on adsorp-
tion, the attraction between charges, or other kinds
of physical interactions [18].
A physical method for surface hydrophobization of
cellulose is layer-by-layer (LbL) deposition of op-
positely charged polyelectrolytes onto the surface of
the material [20]. This method can also be extended
to charged particles or other polyelectrolyte systems
[21]. Recently, Forsman et al. [22] proposed an en-
vironmentally friendly LbL method using cationic
poly-L-lysine and anionic carnauba wax particles as
a coating of nanocellulose films and textile fabrics;
it leads to a hydrophobic surface but maintains the
moisture buffering properties of cellulose. However,
polylysine is expensive, which limits the possibility
of industrial applications, and thus other cations are
preferred. Lozhechnikova et al. [23] used ZnO as a
cation for carnauba wax LbL hydrophobization of
wood, but ZnO is not environmentally benign. Ad-
ditionally, cationic starch has been shown to work as
a cationic layer between cellulose and carnauba wax
for textiles [24] and pulp sheets [25]. In most cases,
the coating is introduced by dipping the cellulose
material first into the cationic system, followed by
dipping into the carnauba wax dispersion.
Hydrophobization of all-cellulose composites has
gained little attention so far even though they are
clearly hydrophilic materials with the highest water
contact angle reaching 55° [26, 27]. Adak and
Mukhopadhyay [28] altered the hydrophilicity by in-
creasing the density of the all-cellulose composites
reporting a maximum 76° water contact angle, which
is not achieving the commonly accepted limit of

contact angle 90° for hydrophobic surfaces. To the
best of our knowledge, only Yousefi et al. [29] re-
ported the hydrophobization of all-cellulose nano -
composites by silane treatment achieving a water
contact angle of 93°.
The goal of this work was to perform surface hy-
drophobization of all-cellulose composites keeping
their fully biobased nature and not altering their ini-
tial mechanical properties. To do this, we used car-
nauba wax particles as hydrophobic coating and
cationic starch as an anchoring layer between cellu-
lose and wax. In order to select the highest hydropho-
bization effect, various approaches were used for
surface coating, drying, and curing, including partial
and complete melting of the wax. The samples were
characterized by their surface properties (water con-
tact angle, roughness), moisture sensitivity, and me-
chanical properties. The latter were correlated with
surface treatment, and optimization was performed
to achieve a high contact angle with water without
compromising the mechanical properties of the com-
posites.

2. Experimental section

2.1. Materials

Birch dissolving pulp (degree of polymerization
(DP) 1100, composition: 92% cellulose, 7% hemi-
cellulose, <1% lignin) and softwood kraft pulp (DP
2550, composition: 80% cellulose, 19% hemicellu-
lose, <1% lignin) used in composite preparation
were provided by Stora Enso Oyj. Pulp composition
and DP were determined as described in the next sec-
tion. Sulphuric acid (product number 1.00731.2511)
was purchased from Merck (Merck, Darmstadt, Ger-
many) and diluted with water. Analytical grade
NaOH pellets (product number 28244.295) were
purchased from VWR International (Czech Repub-
lic) and dissolved in water to prepare 8 wt% solu-
tions used as cellulose solvent. In all preparations,
deionized water was used unless otherwise men-
tioned.
Hydrophobization was performed using layer-by-
layer deposition of cationic starch and carnauba wax.
A potato-based cationized starch (Classic 145) was
kindly donated by Chemigate Oy, Lapua, Finland.
According to the producer, the degree of substitution
of quarternary ammonium groups was 0.042. The
starch was added to boiling water and left boiling
under stirring for ca 15 min, and then cooled down.
A 5 g/l stock solution was prepared.
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Refined carnauba wax (100952382) was purchased
from Sigma-Aldrich (Sigma-Aldrich Chemie, Stein-
heim, Germany). The wax dispersion was prepared
by adding solid wax to hot water at 100°C and son-
icating the mixture for 5 min using Ultrasonic Probe
Sonifier S-450 with 1/2" extension (Branson Ultra-
sonics, Lawrenceville, GA, USA). Wax particles in
water were thus formed. After sonication, the disper-
sion was immediately cooled down in an ice bath,
ensuring that the wax particles remained stable in the
water. To remove large particles and undispersed
material, the dispersion was filtered through a filter
funnel with 100–160 µm nominal maximal pore size
and measurements with a Zetasizer Nano ZS90
(Malvern Instruments, Worcestershire, UK) con-
firmed that the average particle size was 0.5 µm. A
detailed description of the preparation and charac-
terization of the wax dispersion can be found else-
where [23]. For simplicity, the carnauba wax will be
further referred to as wax.
A never-dried bleached birch kraft pulp was used to
prepare cellulose nanofibrils (CNF) to be used for
AFM experiments. The pulp was washed with 0.01 M
HCl to remove residual metals and treated with
0.005 M NaHCO3 to facilitate disintegration by
changing carboxyl groups to sodium form. CNF was
obtained using 6 passes in a high-pressure fluidizer
(Microfluidics, M-110Y, Microfluidics Int. Co., New-
ton, MA). To prepare ultrathin CNF films for AFM,
the CNF dispersion was diluted to 1.67 g/l and
mixed for homogenization, and then centrifuged for
45 min at 10 400 rpm. The upper phase containing
the thinnest fibrils was collected for spin-coating.
30% aqueous polyehtlyeneimine (PEI) solution with
a molecular weight of 50 000–100 000 (06090) was
purchased from Polysciences (Warrington, PA, USA).
For AFM sample preparation, 0.34 g of 30% PEI so-
lution was diluted with 100 ml MilliQ water, and
used as an anchoring agent for CNF.

2.2. Methods

2.2.1. Characterization of the pulps

The initial dissolving pulp was acid hydrolyzed (3%
consistency, 60 min, 0.1 M H2SO4, 300 rpm mixing)
to decrease the DP to 650; see Korhonen et al. [12]
for more details. This DP was selected because of
the best mechanical properties of all-cellulose com-
posites prepared via the dispersion of kraft fibers in
dissolving pulp-8% NaOH-water [12]. The DP of the
pulps was determined according to the standard

SCAN-CM 15:88 via intrinsic viscosity measure-
ment based on cellulose dissolution in cupriethyl-
enediamine.
The composition of the pulps was determined ac-
cording to the NREL/TP-510-42618 method. Mono-
saccharides were detected via high-performance
anion-exchange chromatography with pulsed amper-
ometric detection (HPAEC-PAD, Thermo Scientific,
Sunnyvale, CA, USA) in a Dionex ICS-3000 column
and they were recalculated to carbohydrates’ content
according to Janson [30].

2.2.2. Preparation of all-cellulose composites

All-cellulose composites were prepared via a short-
fiber dispersion approach using a method previously
reported by Korhonen et al. [12]. Briefly, 5 wt% of
cellulose (DP 650) was dissolved into 8 wt% NaOH
(aq) at –7 °C for 2 h using an overhead mixer at
300 rpm. After dissolution, 2.4 wt% of softwood kraft
fibers were added into the solution at 125 rpm. This
concentration was selected as it resulted in the best
tensile properties of all-cellulose composites made
with this procedure [12]. The suspension was placed
into 50°C oven for 1 h to gel the sample prior to co-
agulating and washing in water for 2 days (water
changed twice per day). Drying was performed in
two steps. First, the sample was pressed at room tem-
perature for 2 min at 0.37 MPa, in a pneumatic sheet
press (L&W SE 040, Ab Lorentzen &Wettre, Swe-
den) to remove most of the water. Then the rest of
the water was evaporated in hot press at 100°C for
2 h (Carver Laboratory Press, Fred S. Carver Inc.,
Wabash, IN, USA). The concentration of kraft fibers
in dry composite was 60 wt%.

2.2.3. Surface hydrophobization using the

layer-by-layer method

The composites were hydrophobized using the layer-
by-layer method by dipping the samples first into
aqueous cationic starch solution (5 g/l) and then into
aqueous wax dispersion (10 g/l). Two bilayers were
shown to be sufficient for the hydrophobization of
cellulose nanofibril films and textiles using a similar
approach with poly-L-lysine [22].
Two options were tested for hydrophobization. In the
first one, a never-dried (or wet) sample was treated
with the LbL dipping method before drying. This ap-
proach will be called a ‘single drying method (1-dry)’.
In the second approach, the coagulated composite
was first dried in a hot press, and then the composite
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was hydrophobized by dipping. Since the dipping
rewetted the samples, they were dried again, and this
approach is called the ‘double drying method (2-dry)’.
Figure 1 shows the different hydrophobization ap-
proaches and lists the prepared samples. The impreg-
nation time of each dipping was either 5 minutes or
22 hours per layer. After each dipping, samples were
rinsed with water to remove non-adsorbed matter be-
fore the next layer was adsorbed onto the surface.
In both cases, after the deposition of two bilayers,
the samples were dried to remove the absorbed water.
Samples from the single drying method were dried
first at room temperature with 0.37 MPa and then at
70 or 100°C in a hot press. Samples from the double
drying method were dried in a vacuum under a 3 kg
weight (corresponding to about 1.5 kPa pressure) ei-
ther at 25 or at 70°C. In order to study if the morphol-
ogy of the wax influenced the surface properties of
the treated sample, after drying at 70°C vacuum, the
samples were placed in a 90°C oven for 10 minutes
to melt the wax particles. All treated samples were
stored in plastic bags for further analysis. All-cellu-
lose composites were prepared as disks of about
16 cm in diameter and 0.2–0.3 mm thickness from
which samples were cut for characterization.
In addition to hydrophobization by dipping, layer-
by-layer spraying was used to compare the effect of
the treatment method on the properties of the hy-
drophobized composites using the double drying
method. One bilayer of 7.5 g/l cationic starch solu-
tion/12.6 g/l wax dispersion or two bilayers of
3.3 g/l cationic starch solution/5.6 g/l wax disper-
sion were sprayed using 3 ml of each compound onto
the surface of the dry composite using air-pressur-
ized painting spray. As opposed to the dipping dep-
osition, the samples were not rinsed in between the
deposition of the layers. Subsequently, the samples

were dried at 70 °C vacuum to remove the absorbed
water.

2.2.4. Differential scanning calorimetry

The melting behavior of the carnauba wax was mon-
itored using differential scanning calorimetry (DSC)
(Mettler Toledo, DSC 3+, Columbus, Ohio, USA).
Wax was placed in hermetically sealed aluminum
pans, and the thermal behavior was measured from
23 to 120°C at a rate of 5 °C/min using 100 ml/min
nitrogen flow. An empty pan was used as a reference.

2.2.5. Characterization of composites

Water contact angle
The water contact angle (WCA) of composite sur-
faces was measured with a CAM 2000 (KSV Instru-
ments Ltd, Finland). The volume of the MilliQ water
droplet was 6.5 µl. The static contact angle was
measured for 60 seconds, with one frame taken
every second, and the contact angle at 5 seconds was
used. At least 5 measurements were performed for
each sample.

Scanning electron microscopy (SEM)
Samples’ morphology was investigated with a Zeiss
Supra 40 SEM FEG (Field Emission Gun) (Jena,
Germany) scanning electron microscope using an
acceleration voltage of 3 kV. Prior to imaging, the
samples were attached to aluminum SEM stubs with
carbon tape followed by sputter-coating Q150T Mod-
ular Coating System (Quorum Technologies, Ash-
ford Kent, UK) with platinum forming a thin layer
of 7 nm.

Atomic force microscopy (AFM)
Ultrathin model CNF films were used to study the
influence of curing temperature on surface rough-
ness. Silicon wafers were immersed in 0.102 mg/l
polyethyleneimine solution for 15 min, rinsed with
MilliQ water, dried with N2 gas and spin-coated at
3000 rpm with ultrathin CNF dispersed in water. The
films were then immediately coated with 2 bilayers
of cationic starch and wax as described for the com-
posites. The films were left to dry at room tempera-
ture and cured at 70 and 100°C. The films were im-
aged in air using a Nanoscope V MultiMode scanning
probe microscope (Bruker Corporation, Billerica,
Massachusetts, USA). Images were recorded in tap-
ping mode. Silicon cantilevers (NSC15/AIBS, Mi-
croMasch, Tallinn, Estonia) with driving frequencies
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Figure 1. Summary of the two hydrophobization approaches
of all-cellulose composites together with samples’
codes.
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around 270–340 kHz were used. According to the
manufacturer, the radius of the tip was less than
10 nm. At least 3 different areas of the sample were
imaged. For the calculation of roughness, the size of
the images was 10 µm×10 µm, and at least two to
three images per formulation were analysed.

Tensile properties and density
Tensile properties of the composites were tested using
a universal tensile testing device (Instron model 4204,
Massachusetts, USA) equipped with a 1 kN load cell
(0.5 mm/min). Dog-bone shaped specimens (EN ISO
527: 1996; specimen 5A) were conditioned for at
least 24 h (25°C and 50% relative humidity) prior to
analysis and measured in the same conditions. Min-
imum 5 specimens per formulation were tested.
The density of the composites was determined by
simply measuring the mass of the sample and its vol-
ume; two specimens from each sample were ana-
lyzed.

Water uptake and sorption isotherms
The influence of hydrophobization and the wax layer
morphology on water uptake and water vapor sorp-
tion was tested for samples that were hydrophobized
with the double drying method. Water uptake
[wt/wt%] was studied by placing a sample in water
at room temperature and measuring the weight in-
crease over time; water uptake was calculated as
100%·∆W/W0 where ∆W is the difference between
sample weight at a certain time and weight of dry
sample W0. Sorption isotherms were measured using
a dynamic vapor sorption device (DVS Intrinsic, Sur-
face Measurement Systems Ltd., Wembley, UK). The
measurements were performed at 25°C. The relative
humidity (RH) was decreased to 0% to determine the
dry weight of the specimen and then increased to
95% by the first step of 5% followed by 10% steps.
Desorption was measured by a decrease from 95 to
0% in the reverse order. Vapor sorption or desorption
[wt/wt%] was calculated using the same approach as
for water uptake. Each relative humidity step was
maintained until the weight change was less than
0.002%/min for 10 minutes.

3. Results and discussion

3.1. Phase transitions in carnauba wax

Before presenting the results on surface hydropho-
bization of all-cellulose composites, the properties
of the hydrophobizing component, carnauba wax,

must be understood. While a hydrophobic surface
can be achieved by decreasing the surface energy,
the highest hydrophobicity is achieved by a combi-
nation of high surface roughness and low surface en-
ergy. Carnauba wax particles can provide both. As it
will be demonstrated later, micron-size wax particles
naturally contribute to surface roughness.
As a natural material, carnauba wax consists of sev-
eral different molecules, mostly esters (84–85%), but
also fatty acids (3%) and fatty alcohols (3%) [31,
32]. It is also known that carnauba wax is melting in
the interval of 65–90 °C and at 62 °C, it undergoes
solid-solid transition with the reorientation of methyl
groups [31]. Thus, the melting behavior of the chem-
ically heterogeneous carnauba wax was studied
using DSC (Figure 2). Three main peaks were found:
the onset temperature of the first peak was at
59.4±0.2°C, the second at 69.8±0.5°C and the third
at 78.9±1.3 °C. Based on these results, we chose
three curing temperatures: no melting (RT), partial
melting (70°C), and full melting (90°C). Using X-ray
photoelectron spectroscopy, it has previously been
demonstrated that at 70°C there is a higher amount
of non-polar C–C bonds and a lower amount of polar
C–O bonds at the outermost surface of the wax than
at room temperature, further suggesting both partial
melting and rearrangement of the molecules at the
surface [24].

3.2. Hydrophilic/hydrophobic properties of

surface-hydrophobized all-cellulose

composites

The water contact angles of the treated all-cellulose
composites are presented in Figure 3. For the non-
treated reference composite, it is around 43°, and it
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decreased by about 20% during the first minute
(Figure 3b) until the water was completely absorbed.
Layer-by-layer hydrophobization (recall Figure 1)
increased the WCA for all studied samples, as shown
in Figure 3a. The duration of dipping, 5 min, or 22 h
per layer, did not influence the WCA within the ex-
perimental errors. The absorption of water droplets
during the first minute was negligible for the treated
samples as droplet volume decrease was in the range
of 2–3%. The untreated reference exhibited 11% de-
crease in the water droplet volume.
A surface can be classified as hydrophobic if the
water contact angle is above 90° [33]. The lowest
WCA, 88–90°, was obtained for the case of 1-dry-
100°C, all other treated samples are more hydropho-
bic with WCAs from 100 to 133°. The single drying
method resulted in an overall lower WCA than the
double drying method, while the main effect within
each drying type was caused by the curing tempera-
ture. In both drying approaches, curing at 70°C re-
sulted in the highest WCA, with a value of 133° ob-
tained for the 2-dry treatment.
The reason for different water contact angles is not
only the low surface energy and thus intrinsic hy-
drophobicity of the wax but also the different surface
morphology of the composites. The latter, in turn, de-
pends on the wax response to the curing temperature,
see DSC results in Figure 2. The wax starts to melt
at 60°C, while all wax particles are expected to have
melted at 90 °C. The SEM images of the reference
(non-treated) and double dried samples are presented

in Figure 4. The reference sample had a relatively
smooth surface; the adhesion between the reinforc-
ing kraft fibers and the cellulose matrix was very good
(Figure 4a). After hydrophobization and curing at 25
or 70°C the composite surface was well covered with
wax particles (Figure 4b and 4c, respectively).
The DSC results (Figure 2) show that the wax is
partly melted at 70 °C. However, from Figure 4c it
is evident that there are still a lot of particles left on
the surface. This situation is optimal for good surface
water-resistance because of the combined roughness
and low surface energy. The partial melting ensures
better wax coverage over the sample surface, while
the non-melted wax particles give additional surface
roughness. The cracks observed after drying at 25°C
are not visible after drying at 70°C. At 90°C all wax
had melted (Figures 2 and 4d), leading to a rather
smooth surface of the composite with no visible par-
ticles; some of their traces, resembling craters, can
be detected. This leads to a smoother surface and
slight decrease in WCA.
To provide more details on the influence of curing
temperature on surface roughness, AFM experiments
were performed. In order to separate the roughness
due to wax from that due to reinforcing fibers (see
Figure 4a), model ultrathin CNF films were used.
The results are presented in Figure 5 and Table 1
with Ra being the arithmetic average height (Equa-
tion (1)) and Rq the root mean square height repre-
senting the standard deviation of the distribution of
surface heights (Equation (2)) [34]:
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Figure 3. Water contact angle of the composites made with different LbL treatments and curing temperatures: (a) at 5 s and
(b) evolution as a function of time during the first minute for the reference (non-hydrophobized) and two hydropho-
bized samples with partially melted (2-dry-70°C) and completely melted coating (2-dry-90°C).



(1)

(2)

The surface roughness of neat CNF is very low, as
expected (Table 1). The values for the samples cured
at 25 and 70°C (Figure 5a and 5b, respectively, and
Table 1) are very similar and much higher than that
of reference sample due to the presence of wax par-
ticles. The difference in WCA of the samples cured
at 25 and 70 °C cannot be explained by surface

roughness only. Instead, differences in surface energy
must be the reason, as when cured at 70°C, wax has
a higher amount of hydrophobic C–C and a lower
amount of hydrophilic C–O on the surface [24]. The
partial melting of the wax particles increases the wax
coverage of the surface, while still providing neces-
sary surface roughness. After curing at 100 °C the
wax particles are completely molten based on both
DSC (Figure 2) and SEM (Figure 4), and the surface
roughness has decreased in one fifth as compared to
25 and 70°C (Table 1). Overall, an increasing amount
of C–C bonds due to heat-induced reorientation of
the wax molecules [24] coupled with surface rough-
ness and better coverage of partially molten particles
provide the optimal conditions for having the highest
surface hydrophobization effect.
While the as-prepared all-cellulose composites show
enhanced surface hydrophobicity, it was of interest
to test their bulk properties in terms of water vapor
adsorption/desorption and water uptake. Water vapor
sorption isotherms (Figure 6) show that the surface
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Figure 4. Morphology of the (a) reference sample, (b) 2-dry-25°C, (c) 2-dry-70°C and (d) 2-dry-90°C. All hydrophobization treatments
correspond to double drying method with 5 min dipping time per layer.

Table 1. The values of Rq and Ra with the standard deviation
in parenthesis

Sample
Rq

[nm]

Ra

[nm]

CNF 5.0 (0.0) 4.0 (0.0)

CNF + wax at RT 251 (133) 167 (109)

CNF + wax at 70°C 268 (121) 207 (107)

CNF + wax at 100°C 45 (14) 35 (12)



treatment has minimal effect on the adsorption be-
havior as compared to the non-treated sample and no
effect at all for the desorption behavior. Sorption was
slightly higher for the treated samples, and there was
no difference between the partially molten and non-
molten surfaces (70 and 90°C). At the same relative
humidity treated composites adsorb 1–1.5% more
water vapor than its non-treated counterpart, and no
influence of curing temperature on vapor sorption
and desorption can be noticed. Desorption occurs
with a slight hysteresis as it is usually observed for
cellulose-based materials [35, 36]. Maximum ad-
sorption at 95% RH is very similar, around 19% for
the reference composite and 21% for the treated ones.
Even though the surface was shown to be hydropho-
bic by WCA, the treated composites react to the hu-
midity changes in the same way. The reason for the

slightly increased vapor adsorption by the treated
samples is most likely due to the presence of the
cationic starch used for LbL deposition of wax, as
hypothesized by Lozhechnikova et al. [23] for the
case of ZnO.
Water uptake by the reference and surface-treated
composites is also very similar (Figure 7). Non-treat-
ed composite absorbed 61% of water during 48 h ex-
posure time, whereas samples 2-dry-70 °C and
2-dry-90°C absorbed 58 and 57% during the same
exposure time, respectively. About 90% of the total
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Figure 5. AFM images model CNF film coated with wax
and cured at (a) RT, (b) 70°C and (c) 100°C.

Figure 6. Water vapor isotherms [wt/wt%] of the reference
and double dried hydrophobized all-cellulose com-
posites. Closed markers are for sorption and open
markers are desorption. Lines are given to guide
the eye.

Figure 7. Liquid water uptake [wt/wt%] of the reference and
two surface hydrophobized all-cellulose compos-
ites with particle-like (2-dry-70°C) and complete-
ly melted coating (2-dry-90°C).



absorption occurred during the first two hours of ex-
posure; there was no significant difference between
the absorption rate of the reference and the treated
samples (Figure 7). Overall, all-cellulose composites
with a hydrophobic surface were obtained without
changing their sorption behavior. This treatment is
suitable for applications where a non-toxic, breath-
able, water-repellent coating is desired.

3.3. Mechanical properties of surface

hydrophobized all-cellulose composites

Mechanical properties are key characteristics of any
composite material, and thus the influence of the
treatments used for surface hydrophobization on the
material’s tensile properties was studied. Young’s
modulus and tensile strength for single and double
drying methods are shown in Figure 8. It was found
that the double drying method, i.e. drying/rewet-
ting(dipping)/drying is detrimental for the mechani-
cal properties of all-cellulose composites. Tensile
strength and Young’s modulus of the reference sam-
ple were around 48 MPa and 6.4 GPa, respectively,
which were maintained for the samples hydropho-
bized by the single drying method. However, the ten-
sile strength and Young’s modulus of the composites
with the highest water contact angle made with the
double drying method were around 37 MPa and
4.5 GPa (Figure 8), respectively, which corresponds
to a roughly 30% decrease in the mechanical per-
formance as compared to the reference sample.
In order to understand the obtained results and to fur-
ther improve the mechanical properties of compos-
ites with the highest water contact angle, the following

experiment was performed. Four non-hydrophobized
samples were prepared and the double drying method
was imitated but without the addition of the cationic
starch and wax. Two samples were simply dried
(without dipping) under a hot press and in a vacuum,
and two were dried under a hot press, dipped in water
according to the ‘5 min’ dipping protocol and dried
again with final drying performed also under a hot
press and in a vacuum. Figure 9 shows that both
Young’s modulus and tensile strength are decreased
if the sample is dried, dipped and dried again. We hy-
pothesize that when wetting a dry composite followed
by drying, the composite is swelling and contracting
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Figure 8. Tensile strength (a) and Young’s modulus (b) of the composites.

Figure 9. Comparison of the mechanical properties between
non-hydrophobized samples made in different
ways: open points correspond to 2-dried samples
and filled point to 1-dried samples.



in a heterogeneous way due to the presence of dif-
ferent celluloses: cellulose II in the matrix and native
cellulose in the kraft fibers. Indeed, the sample sig-
nificantly swells during ‘5 min’ dipping protocol
(20 minutes of total exposure to water) as its’ thick-
ness increased by 1.8 times compared to that before
dipping. The residual stresses caused by the drying
of the swollen composite may induce material dis-
tortions and, potentially, the appearance of micro-
cracks, accentuated by drying in a hot press. Hence,
extensive wetting of the dry composite should be
avoided.

3.4. Optimization of the process

Since it was found that dipping (sample swelling) fol-
lowed by a second drying is decreasing the mechan-
ical properties of the composite, but the highest WCA
was achieved using this approach, optimization of
the process was performed. The goal was to reduce
the contact of the composite with water to minimize
swelling, but still having a high WCA. Spraying was
chosen for this purpose. One bilayer and two bilay-
ers of aqueous cationic starch and wax dispersion
were sprayed on top of the composites. One bilayer
was used to test if it is still sufficient to obtain a hy-
drophobic surface. The sprayed samples were dried
in a vacuum at 70°C.
Figure 10 summarizes all the studied samples by com-
paring their water contact angle and Young’s modu-
lus. As shown above, the highest contact angles were
obtained when the samples were treated with the
double drying method and cured at 70°C, but this ap-
proach sacrificed the tensile properties. The single
drying method maintained the mechanical perform-
ance of the composites, but the increase in the water
contact angle was modest. When using the spraying
method, a water contact angle of 120° was achieved
for a sample with two bilayers while almost main-
taining the mechanical performance of the reference
composite. The spraying of two bilayers induced
slight swelling of the composite: sample thickness
increased by 20% compared to the initial dry sample.
This is considerably less than swelling occurring dur-
ing dipping. This confirms that by controlling com-
posite swelling, high water contact angle can be
achieved without the reduction in tensile properties.
When comparing the spraying method with one or
two bilayers, one bilayer resulted in similar tensile
properties as the reference composite, however, WCA
was lower, 110°, than with two bilayers.

All-cellulose composites with good tensile proper-
ties have the potential to be used in a range of appli-
cations as a ‘greener’ alternative of plastics that are
widely used today. However, the use of cellulosic
materials has been hampered by poor performance
when interacting with water. The hydrophobized
composites overcome this issue, and the hydropho-
bization process used does not compromise the eco-
friendliness of the material.

4. Conclusions

The surface of all-cellulose composites made by dis-
persion of short kraft fibers in cellulose-NaOH-water
solutions was hydrophobized via the layer-by-layer
method. Natural materials, cationized starch, and car-
nauba wax were used for this purpose. It was demon-
strated that the phase behavior of wax is important
for controlling hydrophobization. Optimal condi-
tions, combining highest surface coverage, lowest
surface energy and highest surface roughness was
achieved with curing at 70°C.
While two bilayers applied by dipping of a dried
composite resulted in the highest hydrophobicity, un-
controlled swelling and a second drying process de-
creased the mechanical performance of the material.
As the extensive swelling negatively affected the
mechanical properties, optimization of the layer-by-
layer method was performed. Spraying was used as
a way to maintain both high contact angle and good
tensile properties, the latter being similar to the ref-
erence non-hydrophobized material. Easy processing
and widely available components make all-cellulose
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Figure 10. Water contact angle and Young’s modulus for all
samples studied. Closed markers are for the sam-
ples with impregnation time of 5 min and open
markers of 22 h.



composites surface-hydrophobized by spraying very
attractive as fully bio-based materials, for example,
for food packaging, furniture and covers for elec-
tronic units.

Acknowledgements
Authors wish to acknowledge the funding from Business
Finland, Stora Enso Oyj and UPM Kymmene Oyj and col-
laboration with Separation Research Oy Ab and Fibertus in
the frame of ALL-CELL project. The work was also per-
formed in the frame of Greenex project (Aalto University)
and with the support of the FinnCERES Materials Bioecon-
omy Ecosystem. Authors wish to thank Suzanne Jacomet
(CEMEF, MINES ParisTech) for assistance with SEM, Rita
Hatakka (Aalto University) for help with pulp composition
determinations, Manuel Fonseca Martinez (Aalto University)
for the help with spraying experiments, Leena Nolvi (Aalto
University) for DSC measurement, Michael Altgen (Aalto
University) for the help with DVS as well as Marja Kärkkäi-
nen and Tuyen Nguyen (Aalto university) for providing the
CNF for AFM samples.

References
[1] Bledzki A. K., Gassan J.: Composites reinforced with

cellulose based fibers. Progress in Polymer Science, 24,
221–274 (1999).
https://doi.org/10.1016/S0079-6700(98)00018-5

[2] Capiati N. J., Porter R. S.: The concept of one polymer
composites modelled with high density polyethylene.
Journal of Materials Science, 10, 1671–1677 (1975).
https://doi.org/10.1007/BF00554928

[3] Ward I. M., Hine P. J.: Novel composites by hot com-
paction of fibers. Polymer Engineering and Science, 37,
1809–1814 (1997).
https://doi.org/10.1002/pen.11830

[4] Nishino T., Matsuda I., Hirao K.: All-cellulose compos-
ite. Macromolecules, 37, 7683–7687 (2004).
https://doi.org/10.1021/ma049300h

[5] Huber T., Müssig J., Curnow O., Pang S., Bickerton S.,
Staiger M. P.: A critical review of all-cellulose compos-
ites. Journal of Materials Science, 47, 1171–1186 (2012).
https://doi.org/10.1007/s10853-011-5774-3

[6] Abbot A., Bismarck A.: Self-reinforced cellulose nano -
composites. Cellulose, 17, 779-791 (2010).
https://doi.org/10.1007/s10570-010-9427-5

[7] Duchemin B. J. C., Newman R. H., Staiger M. P.: Struc-
ture–property relationship of all-cellulose composites.
Composites Science and Technology, 69, 1225–1230
(2009).
https://doi.org/10.1016/j.compscitech.2009.02.027

[8] Gindl W., Keckes J.: All-cellulose nanocomposite.
Polymer, 46, 10221–10225 (2005).
https://doi.org/10.1016/j.polymer.2005.08.040

[9] Hildebrandt N. C., Piltonen P., Valkama J-P., Illikainen
M.: Self-reinforcing composites from commercial chem-
ical pulps via partial dissolution with NaOH/urea. In-
dustrial Crops and Products, 109, 79–84 (2017).
https://doi.org/10.1016/j.indcrop.2017.08.014

[10] Piltonen P., Hildebrandt N. C., Westerlind B., Valkama
J-P., Tervahartiala T., Illikainen M.: Green and efficient
method for preparing all-cellulose composites with
NaOH/urea solvent. Composites Science and Technol-
ogy, 135, 153–158 (2016).
https://doi.org/10.1016/j.compscitech.2016.09.022

[11] Sirviö J. A., Visanko M., Hildebrandt N.C.: Rapid prepa-
ration of all-cellulose composites by solvent welding
based on the use of aqueous solvent. European Polymer
Journal, 97, 292–298 (2017).
https://doi.org/10.1016/j.eurpolymj.2017.10.021

[12] Korhonen O., Sawada D., Budtova T.: All-cellulose com-
posites via short-fiber dispersion approach using NaOH–
water solvent. Cellulose, 26, 4881–4893 (2019).
https://doi.org/10.1007/s10570-019-02422-z

[13] Labidi K., Korhonen O., Zrida M., Hamzaoui A.H.,
Budtova T.: All-cellulose composites from alfa and wood
fibers. Industrial Crops and Products, 127, 135–141
(2019).
https://doi.org/10.1016/j.indcrop.2018.10.055

[14] Nadhan A. V., Rajulu A. V., Li R., Jie C., Zhang L.:
Properties of regenerated cellulose short fibers/cellulose
green composite films. Journal of Polymers and the En-
vironment, 20, 454–458 (2012).
https://doi.org/10.1007/s10924-011-0398-x

[15] Ouajai S., Shanks R. A.: Preparation, structure and me-
chanical properties of all-hemp cellulose biocompos-
ites. Composites Science and Technology, 69, 2119–
2126 (2009).
https://doi.org/10.1016/j.compscitech.2009.05.005

[16] Yang Q., Le A., Zhang L.: Reinforcement of ramie
fibers on regenerated cellulose films. Composites Sci-
ence and Technology, 70, 2319–2324 (2010).
https://doi.org/10.1016/j.compscitech.2010.09.012

[17] Nabi Saheb D., Jog J. P.: Natural fiber polymer com-
posites: A review. Advances in Polymer Technology,
18, 351–363 (1999).
https://doi.org/10.1002/(SICI)1098-

2329(199924)18:4<351::AID-ADV6>3.0.CO;2-X

[18] Hubbe M. A., Rojas O. J., Lucia L. A.: Green modifi-
cation of surface characteristics of cellulosic materials
at the molecular or nano scale: A review. Bioresources,
10, 6095–6206 (2015).
https://doi.org/10.15376/biores.10.3.Hubbe

[19] Cunha A. G., Gandini A.: Turning polysaccharides into
hydrophobic materials: A critical review. Part 1. Cellu-
lose. Cellulose, 17, 875–889 (2010).
https://doi.org/10.1007/s10570-010-9434-6

Korhonen et al. – eXPRESS Polymer Letters Vol.14, No.10 (2020) 896–907

906

https://doi.org/10.1016/S0079-6700(98)00018-5
https://doi.org/10.1002%2F(SICI)1098-2329(199924)18%3A4%3C351%3A%3AAID-ADV6%3E3.0.CO%3B2-X


[20] Decher G., Hong J. D., Schmitt J.: Buildup of ultrathin
multilayer films by a self-assembly process: III. Con-
secutively alternating adsorption of anionic and cationic
polyelectrolytes on charged surfaces. Thin Solid Films,
210, 831–835 (1992).
https://doi.org/10.1016/0040-6090(92)90417-A

[21] Mamedov A. A., Belov A., Giersig M., Mamedova N.
N., Kotov N. A.: Nanorainbows:  Graded semiconduc-
tor films from quantum dots. Journal of the American
Chemical Society, 132, 7738–7739 (2001).
https://doi.org/10.1021/ja015857q

[22] Forsman N., Lozhechnikova A., Khakalo A., Johansson
L-S., Vartiainen J., Österberg M.: Layer-by-layer as-
sembled hydrophobic coatings for cellulose nanofibril
films and textiles, made of polylysine and natural wax
particles. Carbohydrate Polymers, 173, 392–402 (2017).
https://doi.org/10.1016/j.carbpol.2017.06.007

[23] Lozhechnikova A., Bellander H., Michen B., Burgert I.,
Österberg M.: Surfactant-free carnauba wax dispersion
and its use for layer-by-layer assembled protective sur-
face coatings on wood. Applied Surface Science, 396,
1273–1281 (2017).
https://doi.org/10.1016/j.apsusc.2016.11.132

[24] Forsman N., Johansson L-S., Koivula H., Tuure M.,
Kääriäinen P., Österberg M.: Open coating with natural
wax particles enables scalable, non-toxic hydrophobiza-
tion of cellulose-based textiles. Carbohydrate Polymers,
227, 115363/1–115363/9 (2020).
https://doi.org/10.1016/j.carbpol.2019.115363

[25] de Campos A., Claro P. C., Luchesi B. R., Miranda M.,
Souza F. V. D., Ferreira M. D., Marconcini J. M.: Cu-
raua cellulose sheets dip coated with micro and nano
carnauba wax emulsions. Cellulose, 26, 7983–7993
(2019).
https://doi.org/10.1007/s10570-019-02637-0

[26] Cheng G., Zhu P., Li J., Cheng F., Lin Y., Zhou M.:
All�cellulose films with excellent strength and tough-
ness via a facile approach of dissolution–regeneration.
Journal of Applied Polymer Science, 136, 46925/1–
46925/12 (2019).
https://doi.org/10.1002/app.46925

[27] Han D., Yan L.: Preparation of all-cellulose composite
by selective dissolving of cellulose surface in PEG/
NaOH aqueous solution. Carbohydrate Polymers, 79,
614–619 (2010).
https://doi.org/10.1016/j.carbpol.2009.09.008

[28] Adak B., Mukhopadhyay S.: All-cellulose composite
laminates with low moisture and water sensitivity. Poly-
mer, 141, 79–85 (2018).
https://doi.org/10.1016/j.polymer.2018.02.065

[29] Yousefi H., Nishino T., Shakeri A., Faezipour M.,
Ebrahimi G., Kotera M.: Water-repellent all-cellulose
nanocomposite using silane coupling treatment. Journal
of Adhesion Science and Technology, 27, 1324–1334
(2013).
https://doi.org/10.1080/01694243.2012.695954

[30] Janson J.: Calculation of the polysaccharide composi-
tion of wood and pulp. Paperi ja Puu, 5, 323–329 (1970).

[31] Basson I., Reynhardt E. C.: An investigation of the
structures and molecular dynamics of natural waxes. II.
Carnauba wax. Journal of Physics D: Applied Physics,
21, 1429–1433 (1988).
https://doi.org/10.1088/0022-3727/21/9/017

[32] Shellhammer T. H., Rumsey T. R., Krochta J. M.: Visco -
elastic properties of edible lipids. Journal of Food En-
gineering, 33, 305–320 (1997).
https://doi.org/10.1016/S0260-8774(97)00030-7

[33] Simpson J. T., Hunter S. R., Aytug T.: Superhydropho-
bic materials and coatings: A review. Reports on Progress
in Physics, 78, 086501/1–086501/14 (2015).
https://doi.org/10.1088/0034-4885/78/8/086501

[34] Gadelmawla E. S., Koura M. M., Maksoud T. M. A.,
Elewa I. M., Soliman H. H.: Roughness parameters.
Journal of Materials Processing and Technology, 123,
133–145 (2002).
https://doi.org/10.1016/S0924-0136(02)00060-2

[35] Guo X., Liu L., Hu U., Wu Y.: Water vapor sorption
properties of TEMPO oxidized and sulfuric acid treated
cellulose nanocrystal films. Carbohydrate Polymers,
197, 524–530 (2018).
https://doi.org/10.1016/j.carbpol.2018.06.027

[36] Fredriksson M., Thybring E. E.: Scanning or desorption
isotherms? Characterising sorption hysteresis of wood.
Cellulose, 8, 4477–4485 (2018).
https://doi.org/10.1007/s10570-018-1898-9

Korhonen et al. – eXPRESS Polymer Letters Vol.14, No.10 (2020) 896–907

907

https://doi.org/10.1016/0040-6090(92)90417-A
https://doi.org/10.1016/S0260-8774(97)00030-7
https://doi.org/10.1016/S0924-0136(02)00060-2

