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Abstract This survey constitutes the first part of a
comprehensive review, whose purpose is to provide a
reasoned perspective in the field related to the
preparation of new polysaccharide-based hydrophobic
materials by scrutinizing the actual state of its art. This
part of the review is entirely dedicated to cellulose, by
far the most probed natural substrate, where publica-
tions dealing with both chemical and physical treat-
ments aimed at inducing a substantial increase in the
hydrophobic character of the surface are critically
examined. Furthermore, this initiative constitutes an
attempt to emphasize the relevance of this topic within
the broader context of the elaboration of novel
materials based on renewable resources as a viable
alternative to their fossil-based counterparts.
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Introduction

The new millennium is witnessing a dramatic surge
of interest in the search for novel macromolecular
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materials from renewable resources (Gandini and
Belgacem 2008), involving wide ranging approaches,
which are being tackled in both academic and
industrial laboratories. This ongoing research has
already produced a vast number of significant contri-
butions, some of which are likely to be progressively
converted into viable practical applications, either in
partial substitution of counterparts derived from fossil
resources, or as materials with original properties.

This state of affairs reflects the inevitable necessity
of finding alternatives to the fossil-based products
(covering energy and commodity requirements),
awakened by the predictable scarcity of these
sources, and is intimately associated with the pressing
need to solve the global environmental problems. The
steadily growing number of publications, patents,
monographs and scientific meetings, coupled with the
increasing investments by the public and private
sectors to sustain these R&D initiatives are the best
indicators of this reality.

Within the specific realm of polymer science and
technology, the exploitation of renewable resources in
the form of monomers, oligomers and natural poly-
mers has now become a worldwide practice (Gandini
and Belgacem 2008). Among these numerous alter-
native investigations, the renaissance of interest in the
use of polysaccharides as starting materials for the
production of novel derivatives is quite refreshing,
considering that some of these natural polymers were
the first source of “plastics” some 150 years ago, in
the form of cellulose esters, well before the advent of
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Fig. 1 Molecular diversity of polysaccharides [adapted from
Ramesh and Tharanathan (2003)]

petrochemistry. Actually, these materials never lost
their industrial and economical impact, as indicated
by the present rise in cellulose acetate production.

The research activities related to the exploitation
of polysaccharides are today spanning many new
avenues, which concern the development of novel
materials to be implemented in a number of domains,
including the demand for healthier food and medi-
cines (Ramesh and Tharanathan 2003).

Polysaccharides are carbohydrates formed by the
condensation of monosaccharide residues through
hemi-acetal or hemi-ketal linkages. They also exist as
short oligosaccharide sequences or polymeric repeat
units linked to other biopolymers, as in glycoproteins,
glycolipids, etc. These important natural polymers
are ubiquitous throughout the flora and fauna (Fig. 1),
where they perform different functions and roles,
such as structural performance, energy storage and
gel formation, depending on their specific chemical
structure, composition, molecular weight, and ionic
character when applicable (Ramesh and Tharanathan
2003). Because of their functional diversities, poly-
saccharides are exploited both in food and non-food
industries (Ramesh and Tharanathan 2003).

Two reviews are offered here, dealing with one
specific realm among the numerous research topics
related to the modification of natural polysaccharides,
namely their hydrophobization. The first installment
is entirely devoted to cellulose, the most important
member of the polysaccharide family, in the specific
context of the material science. The second review
will cover the other relevant members.

The hydrophobization, and especially the super-
hydrophobization, of materials which are not naturally
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hydrophobic has been a topic of chemical research for
at least 60 years (Fogg 1944; Hyde 1948), but it has
only been in the last decade that interest in this field
has been growing spectacularly, as witnessed by the
exponentially increasing number of studies (Feng
et al. 2002; Gao and McCarthy 2009; Gao et al. 2009;
Li et al. 2007; Sun et al. 2005; Xu et al. 2009).

The hydrophobicity of a material may be assessed
by the contact angle of a water droplet deposited onto
its surface. In general, hydrophobicity is achieved, on
the one hand, by lowering the surface energy, and
more specifically the polar contribution to it, and, on
the other, by creating adequate surface micro- and/or
nano-morphologies, which hinder water spreading.
When the water contact angle is higher than 90°, the
corresponding material is conventionally defined as
hydrophobic (Feng et al. 2002).

Non-hydrophobic materials may be rendered
hydrophobic by appropriate modifications involving
either physical treatment or chemical reactions
applied to the surface or the bulk of the concerned
substrate. Both approaches are discussed here in two
separate sections dealing with the search for hydro-
phobic materials derived from cellulose.

Cellulose

Cellulose is the most abundant naturally occurring
biopolymer, whose macroscopic morphology is
always in the shape of fibers (Gandini and Belgacem
2008; Marsh 1942), as in such dominant manifesta-
tions as cotton, wood and annual plants. It consists of
long chains of anhydro-p-glucopyranose units (AGU),
each bearing three hydroxyl groups (one primary and
two secondary moieties), with the exception of the
terminal ones (Fig. 2). Cellulose is insoluble in water
and in most common solvents (Marsh 1942; Krissig
1993), its poor solubility being attributed primarily to
the strong intra- and inter-molecular hydrogen bonds
within and among the individual chains (Krissig
1993).

Its supramolecular structure displays both crystal-
line (high order) and amorphous (low order) domains.
The degree of crystallinity of cellulose, usually in the
range of 40-60%, depends on the origin and pretreat-
ment of the sample. The morphology of cellulose has
a profound effect on its reactivity, with the hydroxyl
groups located in the amorphous regions being readily
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Fig. 2 Chemical structure
of cellulose

Non-reducing end

accessible and hence highly reactive, whilst those
present in the more compact crystalline regions of
high cohesive energy display much lower accessibil-
ity (Krissig 1993). The AGU units sitting at the
surface of the cellulose fibers and pointing outwards
are obviously topochemically very reactive, indepen-
dent of the degree of crystallinity of filament inner
core.

The poor solubility of cellulose has not hindered
its most important historical utilizations in textiles,
paper and cardboard, packaging, among others, and
more recently as a reinforcing element in composite
materials with macromolecular matrices. Concur-
rently, cellulose derivatives like esters and ethers
have been exploited very successfully, as mentioned
above, in a variety of domains, since their synthesis
does not require cellulose to be initially dissolved
(Belgacem and Gandini 2008). The only traditional
technology involving cellulose dissolution is in rayon
fiber chemical regeneration, a process which has
found recent alternatives, namely with the use of N-
methylmorpholine-N-oxide (NMMO) as a non-reac-
tive solvent to produce high quality textile fibers.

The most innovative aspect related to cellulose
chemistry reflects however the upsurge of the activ-
ities associated with renewable resources mentioned
above, i.e., studies conducted within the last decade.
They include two different domains, namely a whole
variety of novel derivatives and the search for
suitable applications (Heinze and Petzold 2008) and
the modifications restricted to the surface or a modest
thickness of the fibers aimed at providing them with
specific properties and applications, which include,
among others, their compatibilization with polymeric
matrices in composite materials (Belgacem and
Gandini 2005, 2008), improved dyeability, color
steadfastness and the topic of the present review.

Another innovative aspect related to cellulose has
to do with the domain of its nanofibers, which has
literally exploded in the last few years, as clearly
illustrated by two very recent reviews (Habibi et al.
2010; Sir6é and Plackett 2010), which deal with their
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preparation, characterization, surface treatments and
potential applications.

The preparation of highly hydrophobic cellulose-
based materials has stimulated a large number of
studies, and the topic is still hot, because of their
potential applications in such important areas as
papermaking, textile and packaging, further motivated
by the exploitation of an environmental friendly
renewable resource, as opposed to fossil-based coun-
terparts (Gandini and Belgacem 2008).

Chemical modifications

The necessity to confer hydrophobic characteristics to
such a hydrophilic biopolymer as cellulose has always
been part of the history of papermaking, particularly
with respect to the sizing operation. Sizing is gener-
ally conducted at the wet-end part of the papermaking
process (Roberts 1996) in order to reduce the papers’
tendency to absorb liquids, e.g. to ensure the drying of
an ink without smudging or excessive in-depth
penetration, or to retain the mechanical strength of
cardboard in a dump atmosphere, as with egg
containers. The most common sizing agents used in
papermaking are alkenyl succinic acid anhydride
(ASA), alkyl ketene dimer (AKD) and rosin, which
are added to the fiber suspension in the form of
emulsions (Gess and Rende 2005; Lindstrom and
Larsson 2008; Roberts 1996).

The development of new sizing methods is
witnessing renewed attention (Bourbonnais and Mar-
chessault 2010; Werner et al. 2010; Zhang et al.
2007), not only within the traditional area of paper-
making, but more broadly within the context of
cellulose hydrophobization.

Zhang et al. (2007), for example, recently studied
a new method of sizing, which consisted in the
possibility of delivering the AKD and ASA mole-
cules to cellulose from a vapor phase (Fig. 3). This
original study was focused on the chemical compo-
sition of the vapors of both sizing agents at typical
papermaking temperatures, using FTIR spectroscopy.
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Fig. 3 Reaction mechanisms of AKD (above) and ASA
(below) with cellulose, as proposed by Zhang et al. (2007)

The authors concluded that the ASA vapors were
constituted by the same molecules as those of this
compound in the liquid phase, whereas the AKD
vapors were rich in fatty acids, indicating the occur-
rence of their thermal hydrolysis and concluded that
only ASA could be used to hydrophobize cellulose
using this technique.

AKD has also been employed to prepare superhy-
drophobic papers using three alternative introduction
techniques, namely (1) airblasting with cryoground
micro particles, (2) crystallizing from organic solvents
and (3) spraying with Rapid Expansion of Supercrit-
ical Solutions (RESS) (Werner et al. 2010). The green
character and simplicity of the cryogrinding-airblast-
ing method was favoured over the use of an organic
solvent, but the RESS method, produced a higher
hydrophobicity. A lot of work was devoted to the
measurements of Wetting, but no comment was
provided about the long-time stability of these coat-
ings and about the nature of the interaction between
the deposited AKD and the surface cellulose macro-
molecules. Whether AKD actually reacts with the
surface OH groups of the paper cellulose fibers or is
simply adsorbed on them through polar interactions, is
still a source of debate among specialists (Roberts
1996) and this could explain the lack of specific
interpretation in this study. Notwithstanding this
issue, it is important to emphasize that this approach
provides the additional advantage of the possibility of
its continuous application, i.e., its potential industrial
implementation.

Other studies on the hydrophobization of cellulose,
not necessarily associated with paper properties,
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started in the late 1970’s with the elaboration of
cellulose esters, of both alkyl and aryl carboxylic
acids, for enzyme immobilization tests (Butler 1975;
Dixon and Butler 1977; Dixon et al. 1979). The
esterification of cellulose is the oldest polymer
modification reaction known and its relevance has
never lost its impact. In the last few decades, long
chain cellulose esters have still been prepared by
grafting fatty acids and their derivatives onto cellu-
lose, either by surface or bulk reactions, employing
various methods (Berlioz et al. 2009; Boufi and
Belgacem 2006; Bras et al. 2007; Crepy et al. 2009;
Freire et al. 2006; Pasquini et al. 2008; Peydecastaing
et al. 2006). These cellulose derivatives, which were
elaborated with different substrates and purposes,
showed an enhanced hydrophobic character with
water contact angles some times exceeding 90°. The
recent contribution from Berlioz et al. (2009) purports
to have achieved an efficient gas-phase esterification
of the surface of the cellulose nanofibers, but does not
provide any convincing evidence related to the
proposed structure of the ensuing cellulose palmitate.

Transesterification reactions were also applied to
cellulose in its purest form, viz. cotton, in order to
generate water repellent textiles, by its modification
with triglycerides from several vegetable oils, includ-
ing soybean, rapeseed, olive and coconut oils (Fig. 4)
(Dankovich and Hsieh 2007). The most hydrophobic
cotton derivative was obtained by transesterification
with soybean oil, yielding a water contact angle of
about 80°.

Cellulose, in the form of a cotton fabric, was
chemically modified through a two-stage process, in
order to attain antibacterial properties (Jantas and
Goérna 2003). In the first stage, the cotton fabric was
treated with chloroacetyl chloride in a THF/pyridine
(solvent/catalyst) system, in order to incorporate
chloroacetate groups. During the second stage, the
chloroacetylated cotton was reacted with the potas-
sium salt of a bioactive 1-naphthylacetic acid, giving
a cellulose-1-naphthylacetic acid adduct. The FTIR-
ATR results confirmed the occurrence of this second
chemical reaction, and showed that the ensuing
derivatives, besides having acquired a highly bacte-
ricidal activity against Escherichia coli, also dis-
played a high hydrophobicity, with water contact
angles higher than 120°.

A recent report on the esterification of cellulose
nanofibers, conducted with the purpose of providing
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Fig. 4 Transesterification reaction between cellulose and
triglycerides (Dankovich and Hsieh 2007)

them with hydrophobic properties (Janoobi et al. 2010),
called upon its conventional acetylation with acetic
anhydride. The water contact angles attained exceeded
110°, which is a surprisingly high value for a degree of
substitution of about one (i.e. with a very large number
of OH groups still present on these macromolecules),
considering that even a fully acetylated cellulose gives a
water contact angle close to 50°.

Fluorinated organic compounds are known to
display remarkable hydrophobic-lipophobic proper-
ties, which depend on the nature of the fluorine-
containing moiety and its fluorine content (Pagliaro
and Ciriminna 2005). To take advantage of these
properties, recent investigations called upon trifluo-
roacetic anhydride as the esterification reagent for the
surface of cellulose fibers. The reaction was carried
out both in the gas (Ostenson et al. 2006; Yuan et al.
2005) and the liquid phase (Cunha et al. 2006, 2007a).
The presence of the CF; groups at the cellulose
surface gave rise to strongly hydrophobic and lipo-
phobic properties, as can be verified, for the case of
the liquid phase system, by the high contact angles
with both polar (water) and non-polar (diiodometh-
ane) liquids, presented in Table 1 (Cunha et al. 2006).

Given the high sensitivity to hydrolysis of the
trifluoroacetate moiety, this modification was shown to
be readily reversed by liquid water and even by a moist

Table 1 Contact angles for water and diiodomethane on tri-
fluoroacetylated cellulose fibers (Cunha et al. 2006)

Sample (time/temperature) DS  Contact angle (°)

Water Diiodomethane
1 h/50 °C 004 1262 104 £2
5 h/50 °C 0.14 126 £3 103 +£3
5 h/80 °C 030 119+2 94+3

atmosphere. This peculiar feature has an obvious
bearing in the context of applications in which the
biphobic character of the fibers’ surface only consti-
tutes a temporary requirement, after which the fibers
can be readily recycled following rapid hydrolysis.

Similarly, Nystrom et al. (2006) reported the surface
modification of cellulose fibers with a long perfluoro-
alkyl chain, which was grafted either directly or through
an intermediate layer of OH-bearing polymers. Once
again, a highly hydrophobic character was attained, but
the authors failed to recognize the hydrolytic sensitivity
of the grafted perfluoroester moieties.

More stable perfluorinated cellulose derivatives
were prepared in our group by the surface esterifica-
tion of cellulose fibers with two other perfluorinated
reagents, viz., pentafluorobenzoyl chloride, PFBz
(Cunha et al. 2007b), and 3,3,3-trifluoropropanoyl
chloride, TFP (Cunha et al. 2007c), under controlled
heterogeneous conditions. We characterized the ensu-
ing materials by elemental analysis, FTIR spectros-
copy, X-ray diffraction (XRD), thermogravimetry,
and surface analyses (XPS, ToF-SIMS, and contact
angle measurements). The occurrence of the grafting
was demonstrated by direct techniques, such as FTIR,
XPS and ToF-SIMS, whereas both the hydrophobic
and lipophobic character of the fluorine-containing
modified surfaces were found to have increased
significantly compared with those of the pristine
fibers, even for very modest degrees of substitution
(Table 2).

Contrary to the trifluoroacetate cellulose counter-
parts, pentafluorobenzoylated and trifluoropropanoy-
lated cellulose derivatives showed to be more stable
towards hydrolysis, only undergoing it in a highly
alkaline aqueous medium, like any carboxylic ester
(Fig. 5).

Numerous studies report the modification of cellu-
lose fibers with several silane coupling agents, such as
vinyldimethylethoxyethylsilane (A ), vinyltrimethoxysilane
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Table 2 Contact angles on cellulose fiber substrates before
(PC) and after esterification with PFBz and TFP (Cunha et al.
2007b, 2007c)

Sample (time/ Reagent DS Contact angle (°)
temperature) -
Water  Diiodomethane

PC - - S6+1 37+£2
5 h/50 °C PFBz 0014 1201 71 £6
5 h/65 °C 023 124 +£2 7341
5 h/80 °C 039 128+1 82 +2
2 h/RT TFP <0.006 113 £2 84 £2
2 h/65 °C 003 1171 86 £2
2 h/100 °C 030 122+2 91 +4

(n = 0) (B1) and vinyltriethoxysilane (n = 1) (B2),
y-glycidylpropyltrimethoxysilane (C), phenyltrimeth-
oxysilane (D), y-mercaptopropyltriethoxysilane (E),
hexadecyltrimethoxysilane (F), y-methacrylopropyl-
trimethoxysilane (G), y-aminopropyltriethoxysilane
(H), (2-aminoethylamino)-propyltriethoxysilane (I),
3-(phenylamino)-propyl-triethoxy silane (J), 3-(2-(2-
aminoethylamino)-ethylamino)-propyl-triethoxysilane
(K) and cyanoethyltrimethoxysilane (L) (Fig. 6)
(Abdelmouleh et al. 2002, 2004; Belgacem and
Gandini 2005, 2009; Castellano et al. 2004; Gonzalez
et al. 1999a, 1999b; Matuana et al. 1999; Park et al.
2004; Pickering et al. 2003; Pothan et al. 2002;
Redondo et al. 2002; Sreekala and Thomas 2003).
Evidence for the actual occurrence of the coupling
reaction and a thorough study of the mechanism
involved are only found in a few of those investiga-
tions (Castellano et al. 2004; Gonzalez et al. 1999a,
1999b). These authors proved convincingly that the
condensation reaction between the siloxane alkoxy
moieties and the cellulose hydroxyl groups only takes
place if traces of water are present, provoking the

Fig. 6 Structure of the
silane coupling molecules
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Fig. 5 Hydrolysis of the pentafluorobenzoyl groups grafted
onto the cellulose fibers as a function of pH, as determined by
FTIR-ATR (Cunha et al. 2007b)

formation of Si—OH groups, which are the functions
really responsible for the coupling, and this only
above about 90 °C.

In the case of the modification with F, the water
contact angles increased from 40° for the pristine
cellulose surface, to more than 100° for the modified
surface, which confirmed the efficiency of the
coupling (Abdelmouleh et al. 2004; Castellano et al.
2004). In this context, a double-grafting was applied
as well, which consisted in the use of siloxanes
bearing a polymerizable function (Abdelmouleh et al.
2004; Castellano et al. 2004), followed by the co-
polymerization of G-modified cellulose fibers with
styrene (St) or methyl methacrylate (MMA). The
surface energy of the ensuing materials decreased and
its polar component became negligible, which proved
the attainment of a highly hydrophobic character.
Similarly, C- and H-modified substrates were subse-
quently treated with an aliphatic amine and an
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Fig. 7 Chemical structure of myrcene (My) and limonene
(LM)

aliphatic oxirane, respectively, giving rise to an
epoxy coating covalently linked to the fibers, which
again displayed a strong increase in hydrophobicity
(Abdelmouleh et al. 2004).

Surface modified cellulose samples were also
obtained by their treatment with a cold plasma in
the presence of A and F (Gaiolas et al. 2008). The
ensuing materials were extensively soxhlet extracted
in order to remove the physically adsorbed unbound
molecular moieties, before being characterized by
water contact angle measurements, which gave an
increase from 40 to 100°, and XPS.

The same authors also succeeded in grafting
reactive natural products, namely myrcene (My)
and limonene (LM) (Fig.7), on the surface of
cellulose fibers, using the same cold plasma treatment
(Gaiolas et al. 2009). Here, the water contact angle
increased from 30° for the unmodified substrate to
more than 100° for treated samples.

Ly etal. (2009) recently reported the grafting of the
surface of two model cellulose fibers, Avicel (AV), and
Whatman paper (WP), with two fluorine-bearing
alkoxysilanes, previously used by Gongalves et al.
(2008) (see “Physical treatments” section), viz. 3,3,3-
trifluoropropyl trimethoxysilane (TFPS) and /H, I H,2H,
2H-perfluorooctyl trimethosysilane (PFOS) (Fig. 8).

The ensuing modified fibers were soxhlet extracted
before being characterized by elemental analysis,
contact angle measurements, X-ray photoelectron
spectroscopy and Scanning Electron Microscopy
(SEM), which showed that the grafting had indeed
occurred. The fluorinated moieties appended onto the
surface of the cellulose macromolecules produced a
strong hydrophobic effect, as revealed by the increase
in water contact angles on both substrates, which

/ \SI/\>< e \SIM
/ \

TFPS PFOS

Fig. 8 Chemical structure of the fluorosiloxanes used for the
modification of cellulose fibers: 3,3,3-trifluoropropyl trimeth-
oxysilane (TFPS) and /H,1H,2H,2H-perfluorooctyl trimethox-
ysilane (PFOS) (Ly et al. 2009)

went from about 50° before modification, to 115 and
125° for TFPS- and PFOS-modified samples, respec-
tively (Table 3). Moreover, the determination of the
polar contribution to the surface energy (yfs’) using
Owens—Wendt’s approach, gave a dramatic decrease
from about 20 mJ/m? for the pristine celluloses to
practically O after modification (see Table 3).

A similar approach was implemented by Erasmus
and Barkhuysen (2009) with the aim of preparing a
superhydrophobic and self-cleaning cotton fabric,
except that they only applied the treatment with /H, I H,
2H,2H-perfluorooctyl triethoxysilane (FOS). The water
contact angle measurements revealed the formation of a
highly hydrophobic surface after the modification with
different concentrations of FOS. A superhydrophobic
character, with a water contact angle exceeding 150°,
was only attained when the FOS concentration was 20%
with respect to the cotton weight. The self-cleaning
ability of the FOS-modified cotton fabric was also
investigated with encouraging results.

A water-borne fluoroalkylsiloxane, nanosized sil-
ver particles and an unspecified reactive organic—
inorganic binder were used to prepare water and oil
repellent and antimicrobial cotton fibers using differ-
ent procedures (Tomsic et al. 2008). Contact angle
measurements using different liquid probes (water,
diiodomethane and n-hexadecane) were used to
demonstrate the hydrophobic and oleophobic proper-
ties of the treated substrate, which were maintained
even after 10 washings. FTIR and XPS spectroscopic
measurements revealed the presence of fluorine
atoms and C-F vibrational bands. The antibacterial
activity of these modified textiles was also demon-
strated by the reduction in the Escherichia coli and
Staphylococcus aureus. This study would have
gained in thoroughness had the authors provided
more information about the chemistry of their system.

Yet another investigation on omniphobic cellulose
fiber organic—inorganic hybrids was recently conducted
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Table 3 Surface energy and water contact angles on the sur-
face of AV and WP, before and after modification with TFPS
and PFOS (Ly et al. 2009)

Sample Water contact Surface energy (mlJ m~?)
angle (°) - ? " N
AV 47 31.8 23.9 55.7
TFPS-treated Av 115 27.8 1.1 28.9
PFOS-treated AV 125 20.3 0.5 20.8
WP 50 32.1 20.2 52.3
TFPS-treated WP 116 26.1 0.6 26.7
PFOS-treated WP 129 19.8 0.1 19.9

in our group using (3-isocyanatopropyl)triethoxysilane
as the source of cellulose OH coupling (through the
NCO moiety) and of sol-gel processing (Cunha et al.
2010a). Fig. 9 illustrates the various pathways adopted
in this study.

The micro/nano surface asperities thus generated on
the fibers’ surface were complemented by incorporating
perfluoromoieties as a source of an additional chemical
phobic character. These materials displayed strong
biphobic surfaces with contact angles as high as 140°
for water and 134° for the non-polar diiodomethane.

We developed a remarkably simple and straight-
forward method to attain a high hydrophobicity
through the gas-phase coupling of trichloromethylsi-
lane (TCMS) onto the surface of cellulose fibers, in the

Fig. 9 Scheme of the
chemical modification of
cellulose fibers with
ICPTEOS and of the acid
hydrolysis of the modified
fibers (Cunha et al. 2010a)

presence of small amounts of moisture (Cunha et al.
2010b). TCMS reacts with both the surface OH groups
of cellulose and with the water present and generates a
surface coverage whose chemical features, shown
schematically in Fig. 10 for the different possible
constructs, depends on the actual experimental condi-
tions. These structures were accompanied by a surface
morphology that displayed micro- and nano-asperities
as shown in Fig. 11.

After extraction of the cellulose-unbound species,
water contact angles higher than 130° were measured
together with correspondingly high contact angles
with non-polar liquids, showing that highly bi-phobic
cellulose surfaces had been generated by the concom-
itant action of nano-roughness and chemical inertness.
This novel approach, which bears both clear green
chemistry and viable economic connotations, further
enhanced by the fact that air can be used as the carrier
gas instead of nitrogen, is being extended successfully
to other OH-bearing natural and synthetic polymers
(Cunha et al. 2010c).

Interestingly, despite the important number of
studies on cellulose silylation, no published report is
available on complementary investigations associated
with the hydrolysis of these silyl ethers moieties.

A different approach for appending long aliphatic
chains, perfluoro homologues, or PDMS onto the
surface of cellulose fibers was recently proposed
(Nystrom et al. 2009), based on the use of the ATRP
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Fig. 10 Schematic representation of the possible products of
the reaction of TCMS with a cellulose substrate in the presence
of controlled humidity (adapted from (Fadeev and McCarthy
2000))

Fig. 11 Scanning electron micrograph of TCMS-treated cel-
lulose fibers at x 6000 magnification

mechanism, but the processes involved to reach
highly hydrophobic surfaces appear to be rather
laborious and cumbersome, compared with the more
straightforward systems discussed in this review.
Very recently, investigations aimed at the synthe-
sis of the so called “continuous fiber-reinforced
composites” led to the elaboration of new cellulose-
based hydrophobic materials. The approach consists
in attaching a polymeric matrix to the surface of
cellulose fibers via chemical coupling, in such a way
that the long chains appended to the fiber surface
form macromolecular entanglements with those of

the polymer matrix (Ly et al. 2010; Paquet et al.
2010). One of the investigations reported in this
context, describes the grafting of cellulose fibers by
polycaprolactone (PCL) following a reaction path-
way in which phenyl isocyanate was used as an
OH-blocking agent, and 2.4-toluene diisocyanate
(TDI) as the PCL-cellulose coupling mediator
(Fig. 12) (Paquet et al. 2010). The occurrence of
the grafting was proved by the presence of nitrogen
in the elemental analysis and XPS spectra of the
modified and soxhlet-extracted fibers. After the
modification, the water contact angle was higher
than 90° and stable with time, while the polar
component of the surface energy decreased from
about 30 mJ/m>, for the pristine substrate, to practi-
cally zero after appending the PCL grafts. These
modified cellulose materials maintained their biode-
gradable character, albeit with slower kinetics.

The second contribution to this strategy described
the coupling of cellulose with different oligoether
chains, namely poly(ethylene) (POE), poly(propyl-
ene) (PPG) and poly(tetrahydrofuran) (PTHF) glycols
of different lengths, following the same reaction
pathways discussed above for the PCL-cellulose
preparation (Li et al. 2010a) . The ensuing grafted
fibers were characterized by contact angle measure-
ments, elemental analysis, scanning electron micros-
copy (SEM) and X-ray photoelectron spectroscopy
(XPS), which gave clear evidence for the successful
occurrence of grafting. The water contact angles of
the PPG-grafted cellulose substrates were found to
increase with increasing PPG length, as summarized
in Table 4. Furthermore, the biodegradability of these
oligoether-grafted fibers was shown to be maintained.

Physical treatments

Physical treatments are often applied to cellulose in
order to impart a hydrophobic character to its surface.
Several approaches, such as the surface treatment
with cold-plasma (Balu et al. 2008; Barni et al. 2007;
Kong et al. 1992; Mukhopadhyay et al. 2002;
Navarro et al. 2003; Sahin 2007; Sahin et al. 2002)
or laser (Daoud et al. 2006), or the mere coating of
the surface of cellulose with different polymers,
without covalent attachments (Bayer et al. 2009;
Daoud et al. 2004; Gongalves et al. 2008, 2009; Li
et al. 2008, 2010a, b; Sarkar et al. 2010; Tang et al.
2010; Vilcnik et al. 2009; Vince et al. 2006; Xu et al.

@ Springer



884

Cellulose (2010) 17:875-889

J»WNmM*

T*Q .

OR
RO, OR
0.
R
RO RO o

WithR=H fornon- grafied OH groups or

@JIPAN“PNMFLM‘%”@

for grafted OH groups

Fig. 12 Three-step procedure for grafting cellulose with PCL,
as carried out by Paquet et al. (2010)

Table 4 Surface energy and water contact angles on Whatman
paper (WP) before and after grafting with PPG (Ly et al. 2010)

Sample DP Water contact Surface energy (mJ.m™?)
angle (°) P
Dispersive  Polar  Total
Wwp 0 22 259 349 608
34 95 31.9 39 358
42 99 30.1 0.8 309
PPG_WP 51 105 26.1 02 263
69 113 324 03 327

2010; Xue et al. 2008; Yang and Deng 2008; Zhang
et al. 2003), are examples of this type of approach.
Boufi and Gandini (2001) studied the formation of
polymeric films on cellulose fibers by admicellar
polymerization using a cationic surfactant, namely
hexadecylpyridinium chloride (CTP). The addition of
2-ethylhexylacrylate (EHA) and styrene (St) to the
admicellar channels and their subsequent polymeri-
zation resulted in the formation of a hydrophobic

@ Springer

polymer sleeve around the fibers, as can be verified in
Table 5, which gives both the measured contact
angles and the surface energies related to the
cellulose fibers before and after these polymeriza-
tions. A considerable increase in the water contact
angle (hydrophobic character) gave rise to the
corresponding decrease in the polar component of
the surface energy, y?. The microscopic observation
of the modified fibers clearly confirmed the presence
of the polymer sleeves and suggested that their
relative fragility could be a negative feature at the
time of incorporating them into a polymer matrix. It
follows that the positive green character associated
with a system involving water as a medium needs
further investigation in order to minimize the latter
negative connotation.

Low power plasmas can induce the polymerization
of a precursor gas on a substrate surface, as well as
introduce functional groups under specific conditions.
The modification of the cellulose fibers’ surface using
cold-plasma in the presence of fluorinated gases or
monomers usually gives rise to highly hydrophobic,
generally even superhydrophobic, surfaces (Balu et al.
2008; Barni et al. 2007; Kong et al. 1992; Mukho-
padhyay et al. 2002; Navarro et al. 2003; Sahin 2007,
Sahin et al. 2002). An investigation carried out by
Sahin et al. (2002) at the beginning of the twenty-first
century clearly illustrates this approach, in which
paper substrates were plasma irradiated in the pres-
ence of CF, and the surface modification evaluated by
XPS and FTIR-ATR as a function of the exposure
time, power parameters and the CF, pressure. With
this kind of treatment, the authors succeeded in
preparing cellulose substrates with high hydrophobic-
ity, characterized by water contact angles as high as
147° for papers incorporating about 40% of fluorine.

The application of a double plasma treatment
(Balu et al. 2008) consisting of (1) a nano-etched
morphology produced by the ablation of the amor-
phous regions of the fibers’ surface and (2) a thin
fluorocarbon film generated by plasma-enhanced
chemical vapor deposition using pentafluoroethane,
resulted in water contact angles as high as 167°.

Another interesting experiment in this context was
carried out by Barni et al. (2007), consisting in the
characterization of a low pressure SFg discharge by
means of plasma diagnostics, including radiofre-
quency electrical probes, Langmuir probes and opti-
cal emission spectroscopy, in which three different
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Table 5 Contact angles of different liquids on the surface of cellulose fibers before and after in situ polymerization with St and
EHA, and surface energies calculated from them (Boufi and Gandini 2001)

Sample Contact angle (°) Surface energy (mJ m~2)
Water Ethylene glycol Formamide Diiodomethane Ve yf Vs
Cellulose 32+3 42 +3 25+3 27+3 20 30 50
Cellulose-St 92 £5 45 +£3 40 + 4 30£3 4 32 36
Cellulose-EHA 90 + 4 60 £+ 4 58 £ 4 40 £ 4 1.2 37.8 39

polymeric substrates were modified, viz. poly(ethy-
leneterephthalate) (PET) fabrics and films, and
cellulose (paper). The XPS analysis confirmed the
occurrence of the grafting by the detection of bound
fluorine atoms and the plasma treatment at low
pressure was also found to produce some surface
etching. Consequently, the original hydrophilic char-
acter of all these surfaces disappeared after the
treatment and, in the case of the cellulose substrate,
the water contact angle increased from 30° to more
than 120°, for the most fluorinated surfaces.

The non-covalent attachment of different polymers
onto the surface of cellulose fibers can be carried
out using several techniques, such as by pickering
emulsions (Bayer et al. 2009), layer-by-layer or
multi-layer deposition (LbL) (Gongalves et al. 2008,
2009; Ogawa et al. 2007; Yang and Deng 2008), dip-
coating or immersion in the polymer solution (Daoud
et al. 2004; Li et al. 2008, 2010b; Tang et al. 2010;
Vil¢nik et al. 2009; Xu et al. 2010; Xue et al. 2008),
impregnation (Vince et al. 2006), physical deposition
(Li et al. 2010a; Zhang et al. 2003), electro-spraying
(Sarkar et al. 2010) or simply heating (Vilénik et al.
2009).

An innovative multi-step nanoengineering process
was recently developed by Gongalves et al. (2008) in
order to prepare superhydrophobic cellulose nano-
composites by combining three techniques, as
sketched in Fig. 13, namely, (1) an LbL polyelectro-
lyte deposition, (2) a sol-gel silica precipitation and
(3) a chemical grafting consisting in appending
perfluorinated structures using 3,3,3-trifluoropropyl
trimethoxysilane (TFPS) and FOS as coupling agents,
which readily reacted with the surface Si—-OH of the
silica nanoparticles. The polyelectrolyte used was
poly(diallyldimethylammonium chloride) and the
silica deposition precursor was tetraethoxysilane
(TEOS). Such an approach had the merit of providing
a highly efficient hydrophobic character (water

contact angles approaching 150°) by combining an
increased surface roughness, induced by the amor-
phous silica nanoparticles, with a reduction in its
surface energy, provided by the perfluoro moieties.
Each modification step was followed by SEM and
AFM.

The same authors modified the surface of cellulose
fibers using the hydrolysis of TEOS, octyltrimethox-
ysilane (OTMS) or phenyltrimethoxysilane (PTMS),
followed by the LbL deposition of previously
synthesized TiO, nanoparticles (Gongalves et al.
2009). The ensuing hybrid nanocomposites were
characterized by Raman, FTIR and 298 solid-state
NMR spectroscopy, SEM and water contact angle
measurements. The spectroscopic and microscopic
analyses confirmed that the grafting had indeed
occurred. After grafting with alkoxysilanes, the water
contact angle increased from about 50° to more than
90°. The presence of TiO, nanoparticles provided the
additional property of solar photoactivity.

Another study of hybrid cellulose materials dis-
playing superhydrophobic properties obtained by
physical treatments, called upon coating the fibers
with titania and thereafter introducing an alkyl-chain
silica layer produced by sol-gel chemistry (Li et al.
2010a), which resulted in water contact angles in the
range 150-160°, although no proof of the suggested
surface chemical structures resulting from these
treatments was provided.

All the above cellulose hybrid materials can be
potentially used as self-cleaning surfaces (although
much experimental evidence is required to corrobo-
rate the attainment of this property) and as reinforc-
ing agents in polymer matrices, among other potential
applications.

Very recently, highly hydrophobic and/or oleo-
phobic cellulose surfaces (cotton woven fabrics) were
prepared by solution-immersion coating using two
classes of hyperbranched polymers containing short
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Fig. 13 Schematic
representation of the

cellulose surface H OH H
modification in three steps, H_g
. ~ & HO
as described by Gongalves OHO °
et al. (2008) Ho Sou
H H

fluorocarbon chains (Tang et al. 2010) and character-
ized by SEM, AFM, XPS and contact angle measure-
ments with water, hexadecane and decane. The
majority of the treated samples presented simulta-
neously excellent water and oil repellency, suggested
by the high static contact angles with water (139-146°)
and apolar liquids (94-122°).

Conclusions

As this review clearly reveals, the search for original
and effective methods of rendering cellulose hydro-
phobic has attracted very considerable attention, with
particular emphasis in the last decade, where a flurry
of interesting ideas was applied to that task with
promising results. It is also true, however, that the
topic should be considered as being still in its infancy
and hence the need of further research involving both
novel strategies and the optimization of those
described here. The obvious next effort should con-
centrate on systems bearing a green character and an
economically viable application potential.
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