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Abstract This review is the first part of a compre-
hensive review of hydrophobisation of lignocellulosic
materials. The purpose of this review has been to com-
pare physical hydrophobisation methods of lignocellu-
losic materials. We have compared molecular physical
adsorption with plasma etching and grafting. Adsorp-
tion methods are facile and rely upon the simple mix-
ing or coating of the substrate with the hydrophobing
agent. However, none of the surfactant-based methods
reviewed here reach contact angles above 90°, making
them unsuitable for applications where a high degree
of hydrophobisation is required. Nevertheless, sur-
factant based methods are well suited for compatibi-
lising the lignocellulosic material with a hydrophobic
matrix/polymer in cases where only a slight decrease
in the hydrophilicity of the lignocellulosic substrate
is required. On the other hand, wax- and lignin-based
coatings can provide high hydrophobicity to the sub-
strates. Plasma etching requires a more complex set-up
but is relatively cheap. By physically etching the sur-
face with or without the deposition of a hydrophobic
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coating, the material is rendered hydrophobic, reach-
ing contact angles well above 120°. A major drawback
of this method is the need for a plasma etching set-up,
and some researchers co-deposit fluorine-based layers,
which have a negative environmental impact. An alter-
native is plasma grafting, where single molecules are
grafted on, initiated by radicals formed in the plasma.
This method also requires a plasma set-up, but the
vast majority of hydrophobic species can be grafted
on. Examples include fatty acids, silanes and alkanes.
Contact angles well above 110° are achieved by this
method, and both fluorine and non-toxic species may
be used for grafting.
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Introduction

A war is currently raging against the use of fossil
fuels, plastic products and plastic waste. Plastic pro-
duction in 2015 exceeded 380 million tons (Ritchie
and Rose 2018). In recent years, more and more
attention has been paid to the fact that significant
amounts of plastic end up in the ecosystem where it
harms living organisms. It has been emphasised in
particular that marine ecosystems are vulnerable to
nano-/micro- and macroplastic waste (Lamb et al.
2018). According to recent estimates, 11 million tons
of plastic end up in the ocean each year (Ocean Con-
servancy 2021). Macroplastics directly harm organ-
isms by hindering e.g. their movement, while toxic
additives and micro-/nanoplastics have a detrimental
effect on organisms and cells. Recent studies indi-
cate that current efforts to mitigate plastic waste are
insufficient, meaning that the amount of waste will
increase, with unpredictable consequences (Borrelle
et al. 2020). Finally, the CO, emissions associated
with plastic production and incineration should not be
overlooked (van Heek et al. 2017).

The packaging industry produces by far the most
plastic, with output exceeding 140 million tons in
2017 (Ritchie and Rose 2018). Finding alternatives
to plastic packaging materials is thus a major focus
of current research. Elasticity and hydrophobicity/
water repellence are traits inherent in many polymers.
These are the main practical advantages of using plas-
tic for packaging. They have also been shown to be
the hardest properties to mimic using other materials
that have a low carbon footprint and a low likelihood
of generating harmful waste. The history of replacing
plastic is long and complex. For example, McDonalds
recently replaced its plastic straws with cellulose-
based straws, which it had used before it began using
plastic (Footprint® 2019)! However, paper straws
were not as easy to recycle as plastic straws (BBC
2019). Another example is replacing plastic contain-
ers with cardboard (e.g. milk cartons). However,
such packaging composites typically require a plastic
component (Elopak 2021). A mitigating factor in the
seemingly “impossible” requirement for a plastic-free
packaging material is the changing origin of the poly-
mer, such as Coca Cola’s plant bottle, which has been
distributed since 2009 (Ren et al. 2015). Here, the
polyethylene terephthalate (PET) is partially made of
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wood. The PET monomer can be produced by com-
bining ethylene glycol (EG) with terephthalic acid
(TA) (Pang et al. 2016). By producing EG from wood,
while the TA is obtained from fossil sources, the plas-
tic resulting from their combination is of about 30%
biological origin (Ren et al. 2015). This partially bio-
PET may have reduced CO, emissions by 315,000
metric tons per year (Ren et al. 2015). Although this
makes the plastic partially “non-fossil” in origin, it is
clear that it has the same problems in terms of waste
generation after use because it is equally difficult to
degrade.

Some lignocellulose research focuses on impart-
ing these materials with either the elasticity or the
water-resistance of plastic. The best current method
for elasticity seems to be single chain dissolution and
recasting of cellulose films (Gindl and Keckes 2007)
or the aligning of cellulose fibrils (Mohammadi et al.
2017). Such methods typically produce strain at break
values of about 10%, whereas values well above 50%
are typical for plastic materials. Other options are
combining cellulose with smaller amounts of polymer
(partial substitution) (Zhao et al. 2018) or seeking
inspiration from biological tissue (Wang et al. 2014).
However, recent studies indicate that incorporating
elastic proteins into nanocellulose films may in fact
reduce elasticity (Fang et al. 2017). Currently, it is not
yet possible to attain the desired elasticity in lignocel-
Iulosic materials.

Hydrophobising lignocellulosic materials may,
however, resolve the swelling issues associated with
substituting plastic with lignocellulosic materials.
Hydrophobisation may be achieved by several meth-
ods, including surface modification by polymer graft-
ing or molecular grafting/sorption. This is the first of
three reviews addressing hydrophobisation of ligno-
cellulosic materials. The topic of this review is hydro-
phobisation by physical methods, whereas the second
review describes hydrophobisation applying molecu-
lar modification and the third review describes hydro-
phobisation by polymerisation. The three reviews
describe hydrophobisation methods for all types of
lignocellulosic substrates (i.e. films, fibres, regener-
ated cellulose fibres, fibrils, crystals, and structures
such as membranes) made from all types of raw mate-
rials (i.e. wood, bacterial nanocellulose and crops).
The aim of these reviews is to present an overview
of methods and evaluate them with regards to their
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modification process and performance as well as tox-
icity and food safety.

Lignocellulose chemistry and hydrophobisation

Even if it is well known to the majority of readers of
Cellulose, a brief summary of lignocellulosic chemis-
try and structures is given here to provide a complete
overview of the substrate to be modified so that it will
be fresh in the reader’s mind. In addition, the concept
of hydrophobicity is explained.

Lignocellulose chemistry and structure

A lignocellulosic material is typically made by refin-
ing wood (other sources such as algae, bacteria and
tunicates also contain cellulose) in a complex chemo-
mechanical process with multiple degrees of freedom
(Walker 2006). The resulting lignocellulosic material
consists of three biopolymers—cellulose, lignin and
hemicellulose—as well as other minor components
(Pettersen 1984). The typical content of processed
wood is predominantly cellulose, as wood-processing
methods often attempt to remove other types of con-
stituents. It should be noted here that both native and
refined pulp have a charge from hemicellulose, from
sulphonation of lignin or from oxidation of cellulose
hydroxyls to carboxylic moieties through the chemi-
cal processes applied to isolate cellulose. This charge
is typically around 200-300 pmol/g (Ottesen et al.
2017).

Lignocellulosic materials consist of a broad range
of materials, such as fibres, sheets and nanocellu-
loses. Nanocelluloses consist of nanoparticles with at
least one dimension below 100 nm and can typically
be categorised as either cellulose nanofibrils (CNFs)
or cellulose nanocrystals (CNCs). CNFs are isolated
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Fig.1 Cellulose structure. Image obtained from French
(2017). Cellulose consists of repeating glucose units (length
0.515 nm) bound through p(1->4) glycosidic bonds (Dufresne

Reducing end

native fibrils or agglomerated native fibrils. They
typically have a width of up to 100 nm and a length
in the pm-range. CNFs are produced by mechanical
deconstruction; often, a mechanical, enzymatic, or
chemical pre-treatment, such as 2,2,6,6-tetrameth-
ylpiperidin-1-oxyl (TEMPO) mediated oxidation, is
utilised to facilitate the fibrillation process. CNCs are
shorter, more crystalline types of nanocellulose, with
a width between 3 and 50 nm and typical lengths in
the range of 50 to 500 nm. CNCs are usually prepared
by acid hydrolysis of cotton or purified cellulose. The
hydrolysis process introduces functional groups at the
surface of the nanocrystals, which depend on the acid
used in the reaction. Sulphate and phosphate groups
are introduced when H,SO, and H;PO, are used, and
hydrolysis with a combination of HCI and an organic
acid introduces ester functionalities. Bacterial nano-
cellulose (BNC) is another type of nanocellulose pro-
duced by bacteria of the Gluconoacetobacter family.
This type of nanocellulose does not contain lignin and
is composed of fibrils with diameters under 100 nm,
which have very high cellulose purity and low poly-
dispersity in terms of size (Thomas et al. 2018; Tardy
et al. 2021).

Cellulose is a linear homopolymer of 1,4-linked
B-p-glucopyranosyl units (Fig. 1) (French 2017). In
nature, cellulose polymer adopts a planar conforma-
tion in which the directly connected glucopyranosyl
units are rotated approximately 180° relative to each
other (Delmer and Amor 1995). Cellulose is pro-
duced by a rosette terminal complex (RTC) enzyme
(Atalla and Vander Hart 1999; Kimura et al. 1999).
The current view is that chains make fibrils. Both 18
and 24 chain models have been proposed (Cosgrove
2014). The 18-chain model seems to be the most
likely configuration (Jarvis 2018). Regardless, single
cellulose chains do not exist naturally. This led to the
initial belief that cellulose chains are stiff. It is more
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2013). The reducing C1 -OH moiety is in equilibrium with the
open ring aldehyde form, and the C4 -OH is the non-reducing
end
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likely, however, that cellulose chains are comparable
to “regular” carbon—carbon linked polymers, as dis-
cussed by Bao et al. (2014). Fibrils are stiffer and
have been compared to Kevlar fibres (Osong et al.
2016). This is due to both hydrophilic (hydrogen-
bonding) and hydrophobic chain interactions. Due
to the bundle-like nature of cellulose, determining
the degree of polymerisation is inherently difficult.
However, it is assumed to range from around 2000 to
20,000 glucose units (Delmer and Amor 1995).

Cellulose has several allomorphs, including If and
Ia, which are found in plants. Ip is dominant in plants,
whereas lo is dominant in algae and bacteria (Delmer
and Amor 1995; Atalla and Van der Hart 1999).
Cellulose chains bind through two types of interac-
tions. Hydrophilic in-plane interactions (hydrogen
bonds) have been carefully examined by Nishiyama
et al. (2002, 2003) for the cellulose If and Ia struc-
tures. Hydrophobic interplane interactions (van der
Waals forces) have been subject to some debate, for
example by Lindman et al. (2010), who simply state
that hydrophobic interactions are typically neglected
between cellulose chains (although they should not
be) and that cellulose is inherently amphiphilic. The
hydrophobic nature of cellulose has been demon-
strated by Staudinger et al. (1953) and Yamane et al.
(2006). Yamane et al. (2006) were able to tune the
cellulose contact angle (CA) between approximately
10° and 35° by altering the extent to which hydroxyl
groups were exposed on the surface.

Lignocellulosic material hydrophobicity and water
response

An exact definition of hydrophobicity is discussed
by Chandler (2002) and Lum et al. (1999). One way
to classify hydrophobicity is as a trait whereby mol-
ecules prefer to bind with other non-polar molecules.
Likewise, a hydrophilic molecule preferentially binds
with another polar molecule. A molecule may be
classified as being predominantly polar or non-polar
or as being amphiphilic: both polar and non-polar at
the same time. As discussed in the previous section,
cellulose is amphiphilic. Several methods can be used
to quantify molecular polarity, such as the molecu-
lar dipole moment (Gubskaya and Kusalik 2002) or
interactions with other molecules, such as the Flory
X— parameter (Fox Jr. and Flory 1950).

@ Springer

A common way of characterising a material’s
water uptake is determining its ab- or adsorption of
water. It has been well established in the lignocellu-
lose field that the surface of a lignocellulosic mate-
rial—unlike, say, a metal—cannot feasibly be defined.
The term “sorption” thus includes both adsorption
and absorption of such material and will be used for
the remainder of this paper. Lignocellulosic materi-
als are hygroscopic, meaning that they sorb water at
ambient conditions and are thus innately hydrophilic.
Moreover, they display a water sorption hysteresis
(Wahba and Nashed 1957). This means that the water
sorption (amount, kinetics) depends on the previous
sorption “history” of the materials (i.e. previous con-
tact with water).

Contact angle

The contact angle (0) is the angle of contact between
a droplet and its contacting surface (Fig. 2). A drop-
let-surface contact angle below 90° is considered
hydrophilic, while such an angle above 90° is hydro-
phobic. Droplet—surface energy can be described
according to Young’s Eq. (1):

YsG = Vst T V16 €0s(0) (D

where 6 is the wetting angle, yq; is the surface-liquid
surface energy, yqg is the solid—gas surface energy,
and vy  is the liquid—gas surface energy (Young 1805;
White 1977; Ross and Becher 1992). There are three
common ways of reporting the contact angle: by static,
receding or advancing CA (Fig. 2). The static contact
angle is the angle at which the droplet forms and the
contact area is stable over time, i.e. the angle of a fixed
volume droplet deposited on a surface where no sorp-
tion or evaporation occurs. The dynamic contact angles
are measured while the droplet is not in equilibrium.
When more liquid is added to the droplet, the advanc-
ing CA is measured. When liquid is removed, the
receding CA is detected. The receding CA is always
smaller than the advancing CA, and the difference
between the two is referred to as the contact angle hys-
teresis (Gao and McCarthy 2006).

The contact angle may be affected by surface
structure or chemistry. For example, hydrophilic agar
gels display contact angles of approximately 20°, and
PTFE (Teflon, polytetrafluorethylene) has a CA of
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Fig. 2 Illustration of the contact angle and different wetting states. ©,: contact angle, Oy;: Wenzel-state angle, O.p: Cassie-Baxter

state angle

approximately 90°-100° (Yasuda et al. 1994). These
differences in contact angle may be directly related to
the hydrophobic and hydrophilic chemical nature of
the material. Agar is a hydrophilic saccharide-poly-
mer, with hydroxyl moieties along the chain. Teflon
has fluor-substituted carbon atoms as the repeating
unit and is commonly used to obtain water-repellent
surfaces.

Roughness and surface nanostructuring may be
used to create both hydrophilic and hydrophobic sur-
faces. Typically, surfaces with high roughness in the
micro- and nanoscale tend to be more hydrophobic
due to a decrease in the droplet/surface contact area
(Wenzel 1936; Feng et al. 2002). Thus, smoother sur-
faces of the same material are more hydrophilic.

Lignocellulosic materials sorb water due to their
porous structures and highly hydrophilic surfaces.
Thus, the contact angle is time dependent and always
dynamic (Dankovich and Gray 2011). For the same
reason, the contact angle also decreases with increas-
ing relative humidity. This is due to enhanced sorp-
tion of water at higher humidities and thus a hydroph-
ilisation of the material (Hammes et al. 2016). For
this reason it is difficult to detect the contact angle
of these materials, especially when also factoring
for the surface having an inherent surface structure,
e.g. roughness. The contact angle of lignocellulosic
materials is often reported to be between 20° and 50°
(Atalla et al. 1980; Fortunati et al. 2012; Nagalak-
shmaiah et al. 2016b); however, values down to 8.6°
have been reported (Abitbol et al. 2014). This should
be related to the work described earlier by Yamane

et al. (2006) indicating that the contact angle depends
on the orientation of cellulose chains.

In this context, it is worth emphasising that the
chemical composition of lignocellulosic materials
influences the contact angle. For example, Spence
et al. (2010) investigated the impact of lignin on
the contact angle. They demonstrated a correlation
between the lignin content of the samples and the con-
tact angle in which pulp samples with higher lignin
content presented higher contact angles. For instance,
thermomechanical pulp (31.2% lignin content) pre-
sented a contact angle of 80°, whereas bleached soft-
wood (0.8% lignin content) presented a contact angle
of 20°. The same correlation was observed for micro-
fibrillated cellulose film prepared from the same pulp.
This should be related to the more hydrophobic lignin
structure. Another alternative is the hot-pressing
of lignocellulosic pulp. In a very instructive paper,
Joelsson et al. (20202020) showed that the contact
angle of sheets made from hot-pressed pulp could be
increased and, in some cases, reach values above 90°.
This was attributed to the resulting higher material
density after pressing, as well as the lignin content
and the type of lignin. It should be noted that some
pulps never achieved CAs>90°, and that water drop-
lets on these sheets would, as expected, be sorbed by
the material over time.

The contact angle has been used to characterise
lignocellulosic materials with regard to packaging
(Spence et al. 2010; Rodionova et al. 2011) and oil/
water separation applications (Arslan et al. 2016). In
other applications, contact angle measurements have
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been used to characterise nanocellulose composite
films used for food packaging (Slavutsky and Ber-
tuzzi 2014).

Superhydrophobicity

As discussed, a hydrophobic surface is defined as
a material that gives a CA>90°. Another distinc-
tion is commonly made between hydrophobicity and
superhydrophobicity, wherein superhydrophobic-
ity is given by a CA>150°. Superhydrophobicity
may be achieved by increasing the surface roughness
(Whyman et al. 2008). This modification is typically
expressed by the Wenzel equation (2, Fig. 2):

cos (6,,) = r - cos (6,) Q)

where 0, is the Wenzel contact angle, 6, is the con-
tact angle of the smooth surface and r is the increase
in solid-liquid interfacial area due to roughness com-
pared to a smooth surface (Wolansky and Marmur
1999). Another possibility is that there are voids
between the droplet and the surface. In these cases,
the Cassie-Baxter equation (Whyman et al. 2008;
Milne and Amirfazli 2012) (3, Fig. 2) states that:

=f-cos (6,) = (1= 3)

cos (0cp)

where 05 is the Cassie-Baxter contact angle, f is the
fraction of solid surface area in contact with the drop-
let and /-f'is the fraction of voids. For practical appli-
cations of the Cassie-Baxter or Wenzel equations in
surface design, the reader is referred to works by e. g.
Zhao et al. (2014).

Physical hydrophobisation techniques

There are many different approaches to physically
modifying cellulosic substrates in order to achieve
hydrophobic properties. In this review, we will focus
on the techniques of adsorption and plasma.

Fig. 3 Schematic repre- -
sentation of the adsorption -
process where the adsorbent
is deposited on the material
surface
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Adsorption

Adsorption has been used to modify the surface of
(nano)celluloses. This process relies on physical
interactions between the adsorbed molecule and the
cellulosic substrate, such as affinity between hydro-
philic groups, the surface structure, electrostatic
interactions, hydrogen bond formation or van der
Waals interactions (Rechendorff et al. 2006; Habibi
2014; Hubbe et al. 2015). The process of adsorption
is illustrated in Fig. 3.

Surfactants

Surfactants are amphiphilic molecules with a hydro-
philic head and a polar tail and can be classified
according to the charge of the hydrophilic domain as
anionic, cationic and non-ionic surfactants. Anionic
surfactants are used the most for the modification of
cellulosic materials, followed by non-ionic and cati-
onic surfactants (Tardy et al. 2017). Modifications by
surfactant adsorption are summarised in Table 1.

By the 1930s, the adsorption of surfactants onto
cotton and wool was already the subject of interest. In
Adam’s studies (1937), he reported detergent adsorp-
tion onto wool and cotton. For cotton, the adsorp-
tion of all detergents was quite similar, with cetane
sodium sulphonate displaying the highest adsorption.
Meader and Fries (1952) investigated the adsorption
of two anionic surfactants, namely sodium alkyl aryl
sulphonate and sodium palmitate, on cotton and wool
cloth in the presence of salts and in hard and distilled
water. The addition of salts increased the adsorp-
tion of alkyl aryl sulphonate, while the adsorption of
sodium palmitate remained unchanged.

Simonci¢ and Rozman (2007) investigated the
effects of three different surfactants on desized fab-
ric and alkaline-scoured woven cotton fabric. The
chosen surfactants were two anionic surfactants—
sodium dodecyl sulphate (SDS) and sodium dioc-
tyl sulfosuccinate (SDOSS)—and the non-ionic

© Adsorbent
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Table 1 Overview of surface modifications of cellulosic materials by surfactant adsorption

Source of cellulose Type of cellulose

Surfactant

Contact angle (°) References

Cotton fabric Cotton

Soap, cetyl sodium -

Adam (1937)

sulphate, Lissapol AT,
cetane sodium sulpho-
nate, Igepon T, amide-
based detergent

Cotton fabric Cotton

Sodium alkyl aryl sulpho- —

Meader and Fries (1952)

nate, sodium palmitate

Cotton fabric

Desized woven cotton fab- SDS, SDOSS, Triton X SDS:

Simonc¢i¢ and Rozman

ric (D), alkaline-scoured 100 D=88.9, (2007)
woven cotton fabric (A) A=84.0
SDOSS:
D=894,
A=81.7
Triton X 100:
D=89.0,
A=81.1*

Cotton, tunicate, MCC CNC PEPNP - Heux et al. (2000), Bonini
et al. (2002), Ljungberg
et al. (2005), Elazzouzi-
Hafraoui et al. (2009),
Fortunati et al. (2012)

MCC CNC STEFAC TM 8170 - Arrieta et al. (2014a, b)

MCC from Norway spruce  CNW PEPNP - Bondeson and Oksman
(2007)

‘Whatman cotton filter CNC CTAB 27 Abitbol et al. (2014)

paper
CNC CTAB 45 Nagalakshmaiah et al.
(2016a)

Never-dried softwood TEMPO-oxidised CNC Quaternary ammonium 71 Salajkova et al. (2012)

sulphite pulp salts

Bleached softwood kraft TOCNF CTAB, DDDAB CTAB:<71.7 Xhanari et al. (2011)

pulp DDDAB: <£67.7

Bleached softwood kraft TOCNF CTAB 33.1 Quetal. (2019)

pulp

*The maximum advancing contact angle values obtained with these surfactants are presented. The surfactant concentration varies in

each case

surfactant Triton X 100 (4-(1,1,3,3-tetramethylbutyl)
phenyl polyoxyethylene(10)-ol). The desized fabric
presented hydrophobic properties, whereas the alka-
line-scoured fabric was hydrophilic. The presence
of surfactants increased the wettability of the apolar
desized sample. The surfactants were adsorbed with
the hydrophobic tail towards the cotton surface and
the hydrophilic group towards water. The alkaline-
scoured fabric, on the other hand, had a polar surface
in which, at low surfactant concentrations, the mol-
ecules adsorbed with the polar headgroup towards the
cotton surface and the hydrophobic tail towards water,
with the surface thus becoming more hydrophobic. At

high surfactant concentrations, the molecules self-
assembled into bilayers, rendering the surfaces hydro-
philic again.

Heux et al. (2000), Bonini et al. (2002) and Elaz-
zouzi-Hafraoui et al. (2009) were the first to describe
the use of surfactants to stabilise cellulose nanocrys-
tals in nonpolar solvents. They used a commercial
phosphoric ester of polyoxyethylene (9) nonylphenyl
ether (PEPNP) surfactant to disperse cotton and tuni-
cate CNCs in toluene and cyclohexane. The adsorbed
anionic surfactant-to-cellulose weight ratio was 0.7
for cotton and 1.5 for tunicate (Heux et al. 2000). In
a later publication, Ljungberg et al. (2005) followed
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the same procedure to disperse CNCs in an atactic
polypropylene matrix. The nanocomposite films con-
taining surfactant-dispersed crystals displayed better
mechanical properties than did films with aggregated
and grafted CNCs. PEPNP and STEFAC TM 8170,
a commercial surfactant of nonylphenol polyoxy-
ethylene (10) phosphate ester, were used to disperse
CNCs in poly(lactic acid) (PLA) and poly(lactic
acid)-poly(hydroxybutyrate) (PLA-PHB) matrices.
The results showed an improvement in the nanoparti-
cle/polymer adhesion and enhanced blending between
PLA and PHB, as well as reduced water vapour per-
meability and oxygen transmission (Fortunati et al.
2012; Arrieta et al. 2014a, b). However, Bondeson
and Oksman (2007) showed that the surfactant (phos-
phoric ester of PNEP) used in cellulose nanowhiskers
(CNW)/PLA composites contributed to the degrada-
tion of PLA.

Cationic surfactants containing ammonium bro-
mide moieties have been widely used for hydrophobi-
sation of cellulosic materials. The adsorption of cetyl-
trimethylammonium bromide (CTAB) onto CNCs has
increased the contact angle of CNC film from 8.6° to
27° (Abitbol et al. 2014). It was possible to tune the
charge coupling efficiency between the surfactant and
the CNCs by varying the reaction conditions. Polypro-
pylene nanocomposites were prepared using modified
CNCs as nanofillers (Nagalakshmaiah et al. 2016a).
CTAB was adsorbed onto the CNCs, which were suc-
cessfully dispersed in toluene, ethyl acetate and chlo-
roform. Sheet samples of modified CNCs presented a
higher contact angle (45°) than the unmodified CNCs
(24°) and showed improved thermal stability. The
polypropylene nanocomposites reinforced with CNCs
and modified CNCs displayed an improvement of the
elongation at break compared to pure polypropylene.
Quaternary ammonium salts have also been used to

TOCNF hydrogels

Fig. 4 Example of TEMPO-oxidised CNFs (TOCNFs) modi-
fied by surfactant adsorption. The figure shows a schematic
representation of TOCNFs forming a gel structure, followed by
a zoom of two CNFs. The addition of cetyltrimethylammonium
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modify the surface of CNCs from TEMPO-oxidised
pulp (Salajkova et al. 2012). After adsorption of four
different surfactants with long alkyl, phenyl, glycidyl
and diallyl groups, the surfaces became more hydro-
phobic, allowing the dispersion of the CNCs in chlo-
roform and toluene. A model surface was prepared by
coating CNCs with a C18 alkyl chain ammonium salt.
The water contact angle increased from 12° to 71°.
The density of adsorbed surfactant molecules can be
tuned by varying the number of carboxylic acids of
the TEMPO-oxidised pulp.

Xhanari et al. (2011) investigated the adsorption of
the cationic surfactants CTAB, dihexadecyldimethyl-
ammonium bromide (DHDAB) and didodecyldimeth-
ylammonium bromide (DDDAB) onto TEMPO-oxi-
dised CNFs (TOCNFs) with varying charge densities.
Adsorption of surfactants was favoured in samples
with a higher charge density. At low surfactant con-
centrations, the fibrils became more hydrophobic,
but above a certain concentration, the surfactant mol-
ecules formed bilayers with the hydrophilic groups in
contact with the water phase, increasing the hydro-
philicity of the fibrils. In addition, the adsorption of
double chain surfactants was slightly higher due to
the more efficient packing of the molecules. Simi-
larly, CTAB was used for the hydrophobisation of
TOCNFs and, as a consequence, deconstructed the
gel structure (Qu et al. 2019). A schematic represen-
tation of the process is shown in Fig. 4. A quantity of
2.16 mmol CTAB/g TOCNFs was required to achieve
approximately 100% charge coupling. The viscosity
of the hydrogels decreased with increasing CTAB
concentration due to a decrease in the interactions
between the carboxyl and hydroxyl groups, and the
water contact angle of films prepared from modified
and unmodified TOCNFs increased from 15.7° to a
maximum of 33.1° respectively.

CTAB-TOCNF

CTAB

..

TOCNF e CTAB

bromide (CTAB) results in adsorption of the surfactant on the
CNFs and the separation of the CNFs and deconstruction of
the gel into a two-phase system. Image adapted from Qu et al.
(2019)
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For more detailed information on surfactant
adsorption onto cellulosic materials, the reader is
referred to a review by Tardy et al. (2017).

Waxes

Waxes can have diverse origins and are classified
accordingly. Natural waxes, from both animal and
vegetal sources, are lipids that contain complex mix-
tures of compounds such as hydrocarbons, fatty acids,
fatty alcohols, wax esters, ketones and sterols (Doan
et al. 2017). Waxes can also be of mineral origin
(petroleum, coal and peat) or synthetic origin through
polymerisation of feed stocks (Leray 2007).
Wax-coated CNF films were prepared by pressur-
ized filtration by Osterberg et al. (2013). The films
presented resistance to several solvents, such as water,
methanol, toluene, and dimethylacetamide. Some of
the films were coated by dipping them into melted
wax. The increased contact angle of the coated film
(from 40° to 110°) showed that the surfaces had
become more hydrophobic. The oxygen and water
vapour barrier properties of the films were improved
upon coating. Korhonen et al. (2020) prepared hydro-
phobic all-cellulose composites using cationic starch
and carnauba wax (CW). Kraft fibres were dispersed
in pulp dissolved in NaOH. The dried composite was
first dipped into a starch solution, then dipped into a
CW dispersion until two bilayers were obtained. Sam-
ples that were dried after layer-by-layer deposition of
the coatings achieved contact angles between 88° and
104°, while samples that underwent a double-drying
procedure achieved contact angles between 100° and
122°. Although the secondary drying increased the
contact angle of the substrates, it had a detrimental
effect on the mechanical properties of the samples.
Therefore, the coating system was optimised by way
of spraying, which resulted in contact angles of 110°
(one bilayer) and 120° (two bilayers) while maintain-
ing the mechanical properties of the substrates.
Beeswax (BW) is a food-grade wax that is of
interest in food-packaging applications. Indriyati
et al. (2020) prepared bacterial nanocellulose films
containing up to 40% BW for this purpose. The
films contained carboxymethyl cellulose (CMC),
which was added as homogeniser, and the surfactant
Tween 80. The contact angle of the BNC films was
45°, and the BNC/CMC films had a contact angle of
53°. Addition of 40 wt% BW resulted in film with

contact angles of 124°. Hutton-Prager et al. (2021)
impregnated paper samples with vegetable wax
(VW) and a mixture of beeswax and carnauba wax.
The authors investigated the effect of the anneal-
ing temperature on the hydrophobicity of the sam-
ples. Annealing both types of samples at 140 °C
resulted in contact angles between 110° and 120°,
while annealing at 160 °C resulted in contact angles
of 130°. The increase in contact angles was caused
by the increased roughness in the micro- and nano-
scale that was formed during annealing.

Wang and Zhao (2021) prepared superhydro-
phobic coatings for food packaging purposes. Filter
paper was first sprayed with a beeswax and cande-
lilla wax emulsion. Spraying emulsions on it with
a concentration of 10 mg wax/ml yielded superhy-
drophobic surfaces for both types of waxes. Double-
layer coatings were prepared by coating the paper
first with either zein/pectin (ZP) particles with CNF
or precipitated calcium carbonate (PCC) particles
with CNF and then spraying it with wax emul-
sion. In all cases, contact angles above 150° were
obtained both at room temperature and after cold
treatment. After thermal treatment, only the coat-
ings with PCC/CNF achieved superhydrophobicity,
although in all cases the substrates became hydro-
phobic. Honey, milk, coke and tea were also tested
on PCC/CNF-coated substrates sprayed with wax,
and with the exception of milk, the liquids had con-
tact angles above 150° on all substrates. Milk pre-
sented contact angles above 150° only on thermally
treated substrates, although in cold-treated or non-
conditioned substrates the contact angles of milk
were higher than 90°.

Zhang et al. (2014) fabricated superhydrophobic
paper using mixtures of carnauba wax and bees-
wax. Emulsions of BW:CW were prepared at three
different weight ratios (7:3, 5:5 and 3:7) and used
to coat the surface of copy paper. The samples
were annealed at various temperatures and contact
angles between 130° and 167° were obtained. The
results showed that coating with 70% CW: 30%
BW resulted in lower contact angles. This coating
method is claimed to be a cost-effective and envi-
ronmentally friendly approach that yields super-
hydrophobic surfaces that maintain their proper-
ties over six months at atmospheric conditions. An
overview of the hydrophobisation approaches using
waxes is given in Table 2.
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Table 2 Overview of surface modifications of cellulosic materials by wax adsorption

Source of cellulose ~ Type of cellulose Wax type Contact angle (°) References
Never-dried indus- CNF Paraffin wax 110 Osterberg et al. (2013)
trial bleached hard-
wood kraft pulp
Birch dissolving pulp Fibre, CNF CW Single drying: 88-104 Korhonen et al. (2020)
and softwood kraft Double drying: 100-122
pulp Spraying: 110, 120
BNC BW 45-124 Indriyati et al. (2020)
Whatman filter paper Fibre VW 140 °C: 110-120 Hutton-Prager et al. (2021)
BW/CW 160 °C: 130

Whatman filter paper Fibre
Whatman filter paper Fibre

BW or candelilla wax + ZP/CNF >150
BW or candelilla wax + PCC/CNF > 150

Wang and Zhao (2021)
Wang and Zhao (2021)

Copy paper Fibre BW/CW 70% BW: 130-164 Zhang et al. (2014)
50% BW: 153-167
30% BW: 140-159
Lignin substrates with enhanced hydrophobicity. Some of

Hydrophobisation of predominantly cellulosic mate-
rials (fibres, sheets and nanocelluloses) may also
be achieved by lignin. A comprehensive review
of lignin-containing cellulose nanomaterials was
recently carried out by Liu et al. (2021). Uses for
lignin containing nanocellulose include, among oth-
ers, composite reinforcement, emulsion stabilisation,
paper manufacturing and electronics. Lignin-based
coatings have been used to increase the hydropho-
bicity of substrates, but in some cases the lignin pre-
sent in the raw materials has been sufficient to obtain

these examples are shown below and summarised in
Table 3.

Lignin has a contact angle of 30°-60° (Notley
and Norgren 2010; Wei et al. 2018) and is thus more
hydrophobic than cellulose. Kraft pulp fibres (euca-
lyptus) also demonstrated a reduction in the water
retention value, dropping, for example, from 88 to
64% when the lignin content was increased from
3.9 to 17.2% (Bian et al. 2017). Hua et al. (2019)
prepared hydrophobic lignin derivatives by way of
esterification with oleic acid. A suspension of esteri-
fied lignin was sprayed and spin-coated onto bleached

Table 3 Overview of hydrophobisation of cellulosic materials with lignin

Source of cellulose Type of cellulose Wax type

Contact angle (°) References

Spraying: 123 Hua et al. (2019)
Spin-coating: 122

Spraying: 147

Spin-coating: 137

Hult et al. (2013)

Kraft pulp sheets Fibre Softwood kraft lignin esteri-
fied with oleic acid

Wood (yellow poplar)

Paperboard Fibre Softwood kraft lignin esteri- 80
fied with TOFA

Munktell filter paper Fibre Softwood kraft lignin

Munktell filter paper Fibre
Munktell filter paper Fibre Linseed oil

Moso bamboo (fibre (F) CNF -
and parenchyma cells

P)

Softwood kraft lignin reacted 120 (after 10 min.)
with linseed oil

Not measurable (after
10 min.)

Antonsson et al. (2008)
Antonsson et al. (2008)
120 (after 10 min.)

F:72.4
P: 66.5

Antonsson et al. (2008)
Zhang et al. (2020)
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kraft pulp sheets and wood. The contact angle of the
pulp sheets increased from 80° to 122°-123° with
both coating approaches, and the contact angle of the
wood (68°) increased to 147° by way of spraying and
to 137° by way of spin-coating. Similarly, Hult et al.
(2013) prepared lignin esterified with a tall oil fatty
acid (TOFA) and used it to coat paperboard samples.
The samples coated with the lignin derivative pre-
sented a contact angle of 80° which was stable for two
minutes, whereas the paperboard coated with only the
fatty acid (TOFA) presented a decrease in contact
angle over time. However, the contact angle over time
of the lignin-TOFA-coated samples was only mar-
ginally higher than that of the uncoated paperboard.
The water vapour and oxygen transmission rates of
paperboard were decreased by the lignin-TOFA coat-
ing, although even lower values were obtained with
the TOFA coating. Antonsson et al. (2008) modified
lignin with linseed oil. Filter paper was coated with
lignin, the lignin derivative and pure linseed oil. After
10 min, the samples coated with the lignin deriva-
tive and linseed oil presented a contact angle of 120°,
whereas the water droplet had been absorbed by the
lignin-coated sample. The lignin derivative and lin-
seed oil were added to mechanical pulp prior to the
formation of sheets. The lignin derivative presented
homogeneous distribution and good affinity with the
pulp fibres, in contrast to the linseed oil.

Considering that lignin is not hydrophobic
(CA <90°), it may be used as a (nano)cellulose com-
patibiliser in (nano)composites. One such example
is the lignin-enrichment of CNCs to enhance par-
ticle dispersibility in polylactic acid (PLA, with
CA =88°-89°) (Wei et al. 2018). CNCs with high
lignin content can be obtained by way of lignin coat-
ing (BLCNCs) or by producing CNCs that contain
more lignin that is not necessarily located at the sur-
face (HLCNCs). HLCNCs contained 46% more lignin
than BLCNCs. PLA composites containing HLCNCs
present lower adhesion factors than composites with
BLCNCs, which is an indication of enhanced com-
patibility of the HLCNCs and the PLA matrix. The
addition of HLCNCs improves the material toughness
and thermal stability to a greater extent than does the
addition of BLCNCs. In another work by Zhang et al.
(2020), lignocellulose nanofibrils (LCNFs) were used
to make films. The LCNF films displayed higher con-
tact angles (66°—72°) than the CNF films (24°-26°),
and LCNF films also had reduced stress at break (184

vs 160 MPa). The reduction in strength was attributed
to the disruption of cellulose hydrogen bonds.

Plasma-induced modifications

Plasma is used to physically and chemically modify
surfaces. The ionised molecules present in the plasma
state can increase the surface roughness by etching
and/or activating the surfaces, enabling the graft-
ing of molecules. Both etching and activation can
modify the properties of the surfaces only and can be
used to increase the hydrophobicity of the substrates.
Plasma technology is regarded as environmentally
friendly because it does not require the use of sol-
vents. Nevertheless, fluorinated species are often used
as precursors in plasma treatment (Dimitrakellis and
Gogolides 2018). Modifications by plasma are sum-
marised in Table 4.

Plasma etching

Plasma etching is a useful and inexpensive technique
for obtaining (super)hydrophobic surfaces. Etching
increases the roughness of the substrates and is typi-
cally followed by coating with a hydrophobic com-
pound (Dimitrakellis and Gogolides 2018). In the
etching process, the species in the plasma (ions, radi-
cals and electrons) collide with the surface, resulting
in the sputtering of atoms (Nageswaran et al. 2019).
This process is depicted in Fig. 5.

Superhydrophobic paper was prepared using a
combination of plasma etching and plasma deposi-
tion of octafluorocycloboutane (c-C,Fg) (Dimitrakel-
lis et al. 2017). Atmospheric pressure He/O, plasma
selectively removed the top cellulose fibres, form-
ing a hierarchical topography of the surface. The
fluorocarbon coating was used to modify the surface
energy of the paper samples. Various types of paper
(blank and colour-printed copy-grade paper and paper
from an old printed document) were treated follow-
ing this procedure. In all cases, superhydrophobic-
ity was achieved, with contact angles between 158°
and 160°. Longer etching treatments combined with
fluorocarbon deposition resulted in oleophobic sur-
faces. Etching and coating with fluorocarbon (pen-
tafluoroethane) were also used to obtain superhydro-
phobic copy paper and handsheets (Balu et al. 2008).
Both substrates presented contact angles of around
165°. In this approach, oxygen plasma etching was
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Table 4 Overview of modifications of cellulosic materials by radiation-induced modification

Plasma etching

Cellulose source Type of cellulose Reagent Contact angle (°) References

Paper Fibre c-C,Fg 158-160 Dimitrakellis et al. (2017)
Copy paper Fibre Pentafluoroethane ca.166 Balu et al. (2008)
Handsheets Fibre Pentafluoroethane 166.7 Balu et al. (2008)

BNC TCMS 132.6 Leal et al. (2020)

Plasma grafting

Cellulose source

Type of cellulose Monomer

Grafting Contact angle (°) References

yield
(%)
Viscose rayon Fibre Dodecyl acrylate 142 Panda et al. (2015)
Viscose rayon Fibre Lauryl alcohol 139 Panda et al. (2015)
Viscose rayon Fibre Dodecanoic acid 135 Panda et al. (2015)
Viscose rayon Fibre Dodecane 139 Panda et al. (2015)
Viscose rayon Fibre Propane 97.6 Panda et al. (2015)
Cotton linter Fibre TMCS ca. 150 Lin et al. (2015)
Handsheet paper Fibre Vinyltrimethoxysilane 98 Belgacem et al. (2011)
Handsheet paper Fibre y-methacryloxypropyltrimet 100 Belgacem et al. (2011)
hoxysilane
Handsheet paper Fibre f-myrcene 98 Belgacem et al. (2011)
Handsheet paper Fibre limonene 112 Belgacem et al. (2011)
Handsheet paper from Kraft Fibre CF4 <120 Sapieha et al. (1990)
pulp
Spanish Broom Fibre Carbon tetrafluoride 131-148 Tursi et al. (2019)
Unbleached kraft pulp Fibre Butyric acid 15 Popescu et al. (2011)
Unbleached kraft pulp Fibre Oleic acid 56 Popescu et al. (2011)
Bleached kraft pulp Fibre Butyric acid 3 Popescu et al. (2011)
Bleached kraft pulp Fibre Oleic acid 9 Popescu et al. (2011)
Spanish Broom Fibre Butyric acid 19.3 Totolin et al. (2008)
Spanish Broom Fibre Oleic acid 53.6 Totolin et al. (2008)
Spanish Broom Fibre Acid mixture from olive oil ~ 45.8 Totolin et al. (2008)
Fig. 5 Schematic represen- -
tation of the plasma etching
process, where the species ® [
present in plasma collide * \ f P
with the substrate and sput- 000000000000 0000II00000000000 G000 000 G007 G000 000 0 G000
ter atoms from the surface it eiiubbiiubhiviiububiubbebbeid bbb Plasma Cewororveveves Urroeveresrerovew

used to erode the amorphous regions of the cellulose
fibres. Surfaces that were coated with pentafluoroeth-
ane only became hydrophobic, with contact angles
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close to 140°, but only by combining etching and
fluorocarbon deposition could superhydrophobicity
be attained. Scanning electron microscope (SEM)
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images of the untreated and modified handsheet fibres
are shown in Fig. 6

Membranes made of bacterial nanocellulose were
modified using oxygen plasma treatment followed by
vapour deposition of trichloromethylsilane (TCMS)
(Leal et al. 2020). The modified membranes pre-
sented contact angles of 132.6°. The contact angles
remained unchanged after six months of storage in air
and decreased to 108° when the membrane was stored
in water for a month, demonstrating that the surface
modification was highly stable. These modified bacte-
rial nanocellulose membranes were suitable materials
for cell culture and microfluidic devices.

Plasma grafting

In plasma, peroxide radicals are formed that initi-
ate radical reactions that graft molecules to the acti-
vated surfaces. Often, these chain radical reactions
result in the grafting of polymers (Couturaud et al.
2015). However, in this review, we will focus on
modifications by non-polymeric molecules. Modi-
fication by silanes is also included, although they

can polymerise. The principle of plasma grafting is
illustrated in Fig. 7. This process consists of three
different stages: first, activation of the surface by
the abstraction of hydrogen atoms, then the forma-
tion of peroxide radicals and, lastly the grafting of
the modifying agent.

Helium plasma was used to modify viscose rayon
with the precursors dodecyl acrylate, lauryl alcohol,
dodecanoic acid and dodecane (Panda et al. 2015).
Water contact angles between 135° and 142° were
obtained after grafting and washing with solvents.
The changes in the contact angles after washing
with soap were almost negligible.

Cellulose aerogels prepared from cotton linter
were hydrophobised using trimethylchlorosilane
as cold plasma (Lin et al. 2015). The aerogels
achieved superhydrophobic properties (contact
angle of approximately 150°) after three minutes
of plasma treatment, and the modification also took
place within the aerogel as shown in Fig. 8. The
figure shows the sorption of methyl orange aque-
ous (MOA) and diesel droplets on an unmodified
and a modified aerogel. Aerogels can be used as

Fig. 6 SEM images of a, b untreated handsheet fibres, ¢, d
oxygen-etched handsheet fibres and e, f oxygen-etched and
PFE-coated handsheet fibres. The magnification of the images
is 5000x (a, ¢, e) and 20,000 (b, d, f). (Reprinted (adapted)

with permission from Balu, B.; Breedveld, V.; Hess, D. W.,
Fabrication of “Roll-off” and “Sticky” Superhydrophobic Cel-
lulose Surfaces via Plasma Processing. Langmuir 2008, 24(9),
4785-4790. Copyright 2008 American Chemical Society

CH
i) Plasma ii) Peroxide He on EO*S\i'OH
5 s . . . 3y
activation radical formation OH iii) Grafting Si Q
- & s —0 o) -, 0Jo o
I (- | || |
- U I‘y --'_ -i al"‘? ii’ o“ii Ii. h" _ _

Fig. 7 Schematic representation of the plasma grafting process
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Fig. 8 Sorption of methyl
orange aqueous (MOA) and
diesel droplets on cellulose
aerogels from cotton coated
with trimethylchlorosilane:
a unmodified aerogel, b
modified aerogel, ¢ cross-
section of the modified
aerogel and d modified
aerogel used to sorb dyed
CCl4. Image adapted from
Lin et al. (2015)

Section
e MOA

+ Hydrophobic inner section

oil adsorbents, with sorption properties that remain
constant after 15 cycles.

Handsheet papers modified with silanes (y-me
thacryloxypropyltrimethoxysilane, vinyltrimeth-
oxysilane) and natural compounds (p-myrcene,
limonene) were prepared and resulted in hydropho-
bic substrates with contact angles between 98° and
112° (Belgacem et al. 2011). Measurement of the
surface energy contributions showed that the modi-
fied substrates became nonpolar, with polar surface
energy components in the range of 0.2-0.8 mJ/m?2.

Plasma fluorination has also been used as a
method for increasing the hydrophobicity of cellu-
lose. Carbon tetrafluoride is typically chosen as the
fluorinating agent. Examples of hydrophobisation of
handsheet paper (Sapieha et al. 1990) and Spanish
Broom fibre (Tursi et al. 2019) with CF, show that
contact angles can be achieved of up to 120° and
148° respectively.

Cellulose fibre from bleached and unbleached kraft
pulp was grafted with butyric and oleic acids (Pope-
scu et al. 2011). Higher degrees of grafting were
achieved with the unbleached pulp (15% butyric acid,
56% oleic acid) than with bleached pulp (3% butyric
acid, 9% oleic acid). This difference in the grafting
might be explained by the presence of lignin in the
unbleached pulp, which contributes to the generation
of radicals. Similarly, Spanish Broom fibre was modi-
fied with butyric acid, oleic acid and a mixture of
fatty acids from olive oil (Totolin et al. 2008). All of
the fatty acids were successfully grafted, with respec-
tive grafting yields of 19.3%, 53.6% and 45.8%.
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Discussion

This is the first in a series of three reviews of hydro-
phobisation of cellulosic materials. Here, examples
of modifications achieved by physical methods have
been summarised. Perhaps unsurprisingly, adsorption
in general yields the lowest contact angles. In all of
the examples given in this review of hydrophobisation
by surfactant adsorption, the contact angles achieved
are below 90°, which is the requirement for a mate-
rial/surface to be considered hydrophobic. However,
in all cases, the hydrophobicity of the substrate has
increased compared with its original state. Adsorp-
tion of surfactants is primarily used to increase the
compatibility/dispersibility of different types of nano-
cellulose in various solvents, (nano)composites and
polymers. In these cases, it has been shown that it is
not necessary to achieve hydrophobicity. Decreasing
the hydrophilicity of the nanocellulose is sufficient.
On the other hand, approaches based on coatings with
waxes and lignin-derivatives have yielded surfaces
that achieved superhydrophobic properties.
Plasma-treated samples achieve very high contact
angles, achieving, in some cases, superhydrophobic
properties. These outstanding results are obtained
through both etching and grafting. Of the two, plasma
etching produces perhaps higher contact angles. As
mentioned earlier in this review, plasma technology has
many advantages over, for example, chemical modifica-
tion of cellulose. Plasma is a simple technique that is
considered environmentally friendly because it does
not require the use of solvents. However, in many of the
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examples listed above, compounds containing fluor are
used as hydrophobing agents. The use of these chemi-
cals typically yields very high contact angles on the
modified substrate. However, compounds containing
fluor are harmful to the environment, and efforts should
be made to find alternative chemicals and techniques
that are more environmentally friendly but provide
similar hydrophobicity. Even when comparing these
two techniques with chemical modification approaches
(see Hydrophobisation of lignocellulosic materials part
II: chemical modification and Hydrophobisation of lig-
nocellulosic materials part I1l: modification with poly-
mers), adsorption provides the lowest level of hydro-
phobicity and plasma provides some of the best results.

With regard to the implementation of adsorption
and plasma techniques on an industrial scale, simple
coating techniques (dip-coating, spraying, roll-coat-
ing etc.) are the most common coating approaches
due to their simplicity and low cost. The implemen-
tation of plasma technology is still limited to certain
sectors, such as the textile industry, where plasma has
been used for decades. For instance, roll-to-roll low-
pressure gas plasma systems are used in the textile
industry for surface activation of textiles (Zille et al.
2015). Another growing sector is packaging, par-
ticularly food packaging, where plasma, in addition
to being used for surface modification, can also pro-
vide sterile packaging materials (Pankaj et al. 2014;
Zhang 2022). Some types of plasma are more chal-
lenging to use on an industrial scale. For instance,
vacuum plasma can only be used in batches and
requires a vacuum, which is expensive on an indus-
trial scale. Similarly, plasma that requires the use of
noble gases can also become costly when used on
a large scale (Cvelbar et al. 2019). In order to fully
exploit the potential of plasma technology, there is a
need to further develop more economical approaches,
such as atmospheric pressure plasma technology, and
to improve the precision of the plasma technology in
order to produce smart surfaces, as well as to improve
the coating quality of three-dimensional objects
(Cvelbar et al. 2019).

Conclusions
This review is the first in a series of three compre-

hensive reviews of the hydrophobisation of cellulosic
materials. Here, two different physical methods of

modifying cellulosic materials have been described,
namely adsorption of molecules and plasma treat-
ment. The two principles are very different and non-
comparable, as are the results summarised in this
review. While in most cases adsorption of molecules
(particularly surfactants) does not increase the hydro-
phobicity of the materials significantly, super hydro-
phobic materials are often obtained by plasma-aided
modifications.
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