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Abstract This review is the third part of a series of
reviews on hydrophobization of lignocellulosic mate-
rials, a relevant topic nowadays, due to the need to
replace fossil fuel-based materials. The review pro-
vides an overview of the hydrophobization of ligno-
cellulosic materials by polymer adsorption, and both
chemical and radiation-induced grafting of polymers.
While adsorbed polymers are only attached to the
surfaces by physical interactions, grafted polymers
are chemically bonded to the materials. Radiation-
induced grafting is typically the most environmentally
friendly grafting technique, even though it provides
little control on the polymer synthesis. On the other
hand, controlled radical polymerization reactions are
more complex but allow for the synthesis of polymers
with elaborated architectures and well-defined prop-
erties. Overall, a wide range of contact angles can be
obtained by polymer adsorption and grafting, from a
slight increase in hydrophobicity to superhydropho-
bic properties. The choice of modification technique
depends on the end-use of the modified material, but
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there is a clear trend towards the use of more envi-
ronmentally friendly chemicals and processes and the
grafting of polymers with complex structures.
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Introduction

The recent directive from the European Union on
the ban of single-use plastics has opened the market
for cellulose-based products (EU 2019). Cellulosic
materials have been widely investigated due to the
abundance and availability of cellulose as a raw mate-
rial. The growing interest in sustainable materials
to replace fossil fuel-based products has positioned
lignocellulosic materials in the form of fibers, cellu-
lose nanocrystals (CNCs), and cellulose nanofibrils
(CNFs) as one of the most promising alternatives,
particularly in application areas such as packaging
and single-use plastic products.

Lignocellulosic materials are found in wood,
plants, vegetables, seaweed and algae, and they are
mostly constituted of cellulose, hemicelluloses and
lignin (Chen 2014). Cellulose is the most abundant
biopolymer and in addition to being found in ligno-
cellulosic materials, it is also produced by bacteria
and tunicates. Cellulose is a linear polymer formed by
D-glucopyranose rings linked by p-(1 —4) glycosidic
bonds, resulting in a sequence of anhydroglucose
units (glucose residues) that, at least in the neat cel-
lulose crystal structures, are rotated 180° with respect
to each other (Fig. 1). Each AGU has three available
hydroxyl groups that form a network of hydrogen
bonds and van der Waals interactions that result in
the self-assembly of cellulose chains into elemen-
tary/native fibrils, which contain both crystalline and
amorphous domains. The degree of crystallinity is
dependent on the cellulose source. The structure of
the elementary fibril is specie dependent and debated
(Jarvis 2018). Models where 18 cellulose molecules
are combined into an elementary fibril have been
proposed, although packing of 24 is also possible
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Fig.1 Chemical structure of cellulose, where glucose is
the repeating unit. Two glucose residues are shown for clar-
ity. Note that the left glucose residue is drawn in the standard
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(Purushotham et al. 2020). Fibrils are combined into
microfibrils, where they are packed together with
lignin and hemicelluloses. These microfibrils are in
turn packed into cellulose fibers (Dufresne 2013).
Cellulosic nanomaterials can be isolated from cel-
lulose fibers. These materials are called nanocellu-
loses and have at least one dimension in the nanom-
eter range. Cellulose fibers can be disintegrated into
CNFs by mechanical treatment, although the fibers
often undergo a chemical or enzymatic pre-treatment
in order to facilitate the process. CNFs form a web-
like structure and contain both amorphous and crys-
talline domains. On the other hand, CNCs are highly
crystalline rods that are typically obtained by acid
hydrolysis. Depending on the acid used, the surface
charge and nanocrystal properties may vary. The
last type of nanocelluloses is bacterial nanocellulose
(BNC). BNC is produced by anaerobic bacteria of the
genus Gluconacetobacter and forms a 3D network of
nanofibrils (Klemm et al. 2011; Habibi 2014).
Cellulose and nanocelluloses are amphiphilic
(Medronho and Lindman 2014), but to fully exploit
the potential of these materials it is often necessary
to modify their properties, for example, by increasing
their hydrophobicity. Hydrophobization of (nano)cel-
luloses is an important tool to develop new sustain-
able materials used in, for example, oil absorption
(Laitinen et al. 2017), composite materials (Habibi
et al. 2008; Kedzior et al. 2016), membrane separa-
tion (Dizge et al. 2019), or (food) packaging (Rodi-
onova et al. 2011; Balasubramaniam et al. 2020). As
mentioned earlier, the glucose residues composing
the cellulose molecules have three available hydroxyl
groups. The ability of cellulose to form hydrogen
bonds allows molecules to adsorb onto the surface
of cellulose. In addition to hydrogen bonding, these
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viewing position with the C5-O5 bond at the back, somewhat
higher on the page than the C2-C3 bond
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functional groups can be used to chemically modify
the properties of the (nano)fibers. Common chemical
modification methods include esterification, silyla-
tion, click-chemistry, and polymer grafting.

There are many reviews describing methods for
the modification of celluloses. However, only a few
of them are focused on the hydrophobization of these
materials or in the modification with polymers (Roy
et al. 2009; Cunha and Gandini 2010). This review is
the third part of a series of three reviews about the
hydrophobization of lignocellulosic materials. In this
review, we present a comprehensive compilation of
modifications of cellulosic materials with polymers,
by both physical adsorption and grafting.

Hydrophobization techniques

Hydrophobization of (nano)celluloses is a field of
high interest that encompasses many different modi-
fication approaches. For instance, there are physical
modification methods such as adsorption of mol-
ecules and polymers or plasma etching (Hydropho-
bization of lignocellulosic materials part I: physical
modification) (Rodriguez-Fabia et al. 2022), and also
grafting of molecules by a wide variety of reactions
such as esterification, etherification, and silylation
(Hydrophobization of lignocellulosic materials part
1I: chemical modification). In addition to grafting and
adsorption of “short” molecules, grafting and adsorp-
tion of polymers are also techniques used to modify
cellulosic materials. This review solely focuses
on modification methods with polymers, either by
adsorption or grafting of the polymer itself or by
polymerization of a monomer at the surface of the
substrate. The modification of lignocellulosic materi-
als can occur either at the surface of the substrate or
in bulk. In the case of modifications with polymers,
it is safe to assume that the modification occurs only
at the surface of the substrates. Clearly, adsorption of
polymers takes place at the surface of the material,
but also grafting reactions start from activated sites
located at the surface of the substrate.
Hydrophobization of cellulosic materials usually
requires the extensive use of solvents such as water
and organic solvents such as, for example, tetrahydro-
furan and dimethylformamide (Kedzior et al. 2019).
Relevant modification methods are layer by layer
deposition (Forsman et al. 2020), electrospinning

(Kalantari et al. 2018), as well as dip-coating, depo-
sition of nanoparticles and grafting of hydrophobic
molecules (Wei et al. 2020). In terms of simplic-
ity and applicability, one-pot processes that only
require cellulose, solvent (preferably water) and the
hydrophobing agent are desirable. With regards to
polymeric modifications, organic solvents are com-
monly used in both “grafting to” and “grafting from”
approaches. Larger hydrophobic polymers used in the
“grafting to” approach are not water-soluble, which
is also true for most monomers used in the “graft-
ing from” approach. The development of water-based
“grafting from” reactions is receiving more and more
attention, with more complex, multi-step methods for
water-based reactions (Zoppe et al. 2017). It should
however be noted that in the case of nanocellulose
modification, modified species will agglomerate in
water as the hydrophobing modification proceeds.
In the case of polymer adsorption, the polymers are
often dispersed in water in the form of nanoparticles
(Nurmi et al. 2010) or dissolved in water when the
polymers are polyelectrolytes (Ogawa et al. 2007).
Moreover, adsorbed polyelectrolyte multilayers can
act as binders for the adsorption of nanoparticles onto
cellulosic substrates (Ogawa et al. 2007; Forsman
et al. 2017).

Possible methods to evaluate (ligno)cellulosic
hydrophobicity include contact angle (CA) meas-
urements, water vapour transmission rate (WVTR),
water vapour swelling and the water vapour reten-
tion value (WRV). Other methods include hydropho-
bic polymer compatibility for (nano)composites. As
discussed in (Rodriguez-Fabia et al. 2022), ligno-
cellulosic materials readily sorb water, and thus, the
contact angle, water vapor transmission rate, water
vapour swelling and water vapour retention value are
material and history dependent. In terms of evaluat-
ing the contact angle, this is typically done imme-
diately upon droplet deposition. As time proceeds
the contact angle will decline as the droplet is being
sorbed (Dankovich and Gray 2011). Thus, a larger,
more stable contact angle is regarded as a measure
of hydrophobicity. It should here be noted that the
contact angle is also affected by the surface nano
and micro-structure. However, in most studies the
detected contact angle for lignocellulosic materials
is typically <50° (Atalla et al. 1980; Dankovich and
Gray 2011; Abitbol et al. 2014). Most hydrophobiza-
tion studies aim at achieving CAs>90°, and the effect
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of the surface treatments on the contact angle can be
easily differentiated from variations in contact angles
of neat lignocellulosic materials. However, it should
be noted that most authors do not separate the contri-
bution of modified surface chemistry from the origi-
nal surface properties of the substrate.

Grafting of polymers may be evaluated in terms of
visible surface modifications or the degree of graft-
ing, which is typically expressed as the grafting yield
(G, 1) or the grafting efficiency (G, 2):

G="6 100 )
e
e
Gp=——"—-100
E mg + mp )

where myg; is the mass of the grafted polymer, m,,
is the mass of cellulose, and mp is the mass of
homopolymer.

Techniques such as atomic force microscopy
(AFM) (Lonnberg et al. 2006; Ahmadi et al. 2017)
or scanning electron microscopy (SEM) (Roy et al.
2005) are typically employed to reveal morphologi-
cal changes to the material surface. The presence of
substitution may be investigated by attenuated total
reflection Fourier-transform infrared (ATR-FTIR)
(Kelly et al. 2021), nuclear magnetic resonance
(NMR) (Olsén et al. 2020), Raman spectroscopy (Zhu
et al. 2021), elemental analysis (Roy et al. 2005),
gravimetrically (Ahmadi et al. 2017) or by time-of-
flight secondary ion mass spectrometry (ToF-SIMS)
(Yang et al. 2011; Ahmadi et al. 2017). In Roy et al.
(2005), Lonnberg et al. (2006), Ahmadi et al. (2017)
and Kelly et al. (2021), some of these methods are
also used to determine the degree of grafting. Of
these techniques, only ToF-SIMS is a true surface
technique with a surface penetration depth of ca. 2 nm
(Ahmadi et al. 2017). However, when the degree of
polymeric substitution is determined by other meth-
ods it is typically assumed to be on the surface. One
notable exception is polymer grafting in combination
with swelling (Olsén et al. 2020), where bulk substi-
tution is achieved. For molecular hydrophobization,
unchanged crystallinity is often used as an indication
of surface substitution, while a decrease in crystal-
linity indicates bulk and surface substitution (Cetin
et al. 2009; Guo et al. 2017). This method is however
impossible to apply in polymer grafting, as grafted
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polymers are partially amorphous, thus decreasing
the material crystallinity, regardless of the location of
the substitution.

Adsorption

Adsorption of polymers onto cellulosic materials
is a non-covalent modification method driven by
hydrogen bonding, van der Waals and electrostatic
interactions, and the affinity between functional
groups and surface structure (Rechendorff et al.
2006; Habibi 2014; Hubbe 2015). Several methods
can be used to coat surfaces with polymers, such
as layer-by-layer deposition, dip-coating, and elec-
tro-spraying. These polymers can be amphiphilic
copolymers, polyelectrolytes, or hyperbranched pol-
ymers. Moreover, the effect of polymer coatings has
been enhanced by combining polymer deposition
with the adsorption of solid particles and additional
fluorinated coatings.

Cellulosic filter paper surfaces were coated with
either statistical copolymers or block copolymers
of 2,2,2-trifluoroethyl methacrylate (TFEMA) and
2-(dimethylamino)ethyl methacrylate (DMAEMA)
(Nurmi et al. 2010). Polymer nanoparticles were
prepared by solvent exchange from acetone to water,
which were adsorbed onto the surfaces as dispersed
aqueous nanoparticles in an aqueous solution. The
hydrodynamic diameter (Dy) of the nanoparti-
cles was in the range 60-82 nm at pH 6.5. The fil-
ter paper was immersed in the nanoparticle suspen-
sion during 10 min, followed by immersion and
thorough rinsing with water. The substrates were
either dried at ambient conditions or annealed.
Only the annealed filter paper surfaces modified
with the statistical copolymer C-51 (51% TFEMA,
P(TFEMA;5-co-DMAEMA;3), M,=24,100 g/mol,
polydispersity index (PDI)=1.24, Dy=64 nm)
and the block copolymer B-77 (77% TFEMA,
PTFEMA j;-b-P(DMAEMA ;4-co-TFEMA,),),
M,=27,300 g/mol, PDI=1.40, Dy;=60 nm) did not
absorb water and presented advancing contact angles
of 160°. The receding contact angles were uneven,
presenting values between 0 and 120°. The hydro-
phobic behaviour is caused by two different factors:
the roughness of the paper surface and the polymer
properties.
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Fig. 2 Comparison of extruded polyethylene films containing CNCs and CNCs with adsorbed PEO-PPO-PEO (A-CNC). Image

reproduced from Nagalakshmaiah et al. (2016)

Amphiphilic triblock copolymers of poly(ethylene
oxide)-poly(propylene oxide)- poly(ethylene oxide)
(PEO-PPO-PEQ), available under the trade name
Pluronics, have been used in composite materials
to improve the dispersion of cellulosic materials.
CNCs were coated with PEO-PPO-PEO, provid-
ing improved compatibility between the CNCs and
a polyethylene matrix, as well as the mechanical and
thermal properties (Nagalakshmaiah et al. 2016). The
resulting nanocomposite films obtained by extru-
sion are displayed in Fig. 2. The image shows the
improved transparency of films containing adsorbed
CNCs (A-CNCs) compared with a film containing
CNCs, caused by an enhanced distribution of the
A-CNCs within the polymer matrix and improved
thermal properties of these composites.

Two different PEO-PPO-PEO copolymers (com-
mercial name Pluronic L61: M, =2000 g/mol,
PEO,PPO;)PEO,; commercial name Pluronic L121:
M,,=4400 g/mol, PEO,~PPO4,—PEO,) were used in
epoxy composites reinforced with cellulose nanow-
iskers (CNWs). Composites with Pluronic L61 dis-
played better mechanical properties than epoxy,
epoxy/CNW composites and epoxy/CNW-L121 com-
posites, which suggest that this surfactant provides
better coverage of the CNWs (Emami et al. 2015).

Cotton fabric was coated with 10 different kinds
of hyperbranched fluorinated polymers which were
either derivatives of hyperbranched polyesters (degree

of branching (DB)=0.47-0.57, M,=5100-15,100 g/
mol and PDI=1.01-1.04) or hyperbranched
poly(urea-urethane) (DB=0.43, M,=32,500 g/mol
and PDI=5.27) (Tang et al. 2010). The contact angles
of these samples ranged from 139 to 146°. Moreover,
the polymers modified with 1H,1H,2H,2H-perfluo-
rooctanol presented also lipophobic properties. The
contact angles of n-hexadecane and n-decane on cot-
ton surfaces coated with these polymers ranged from
119 to 122° and 94 to 102°, respectively. The samples
fluorinated with 1H,1H,2H,2H-perfluorooctanol dis-
played the highest water repellency ratings, showing
that these samples had outstanding hydrophobicity
for impacting droplets.

The hydrophobing effect of polymer coatings has
been enhanced by combining polymer deposition
with the adsorption of solid particles and additional
modification with fluorinated compounds. For exam-
ple, cellulose acetate nanofibrous membranes were
modified with fluoroalkylsilane (FAS) in order to
mimic the superhydrophobic surfaces of silver rag-
wort leaves (Ogawa et al. 2007). The surface of the
negatively charged cellulose acetate fibers was first
coated with alternating layers of TiO, nanoparticles
(30% aqueous suspension, diameter="7 nm) and poly
acrylic acid (PAA, M,,=90,000 g/mol), and then with
FAS (Fig. 3). The membranes were immersed in a 0.1
wt% TiO, solution at pH 2.5 for 15 min, rinsed with
water and then immersed in a 102 M PAA solution

@ Springer
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Fig. 3 Schematic representation of the preparation of supe-
rhydrophobic surfaces by layer-by-layer deposition of TiO,
and PAA followed by FAS coating. Image reproduced from
(Ogawa et al. 2007)

at pH 2.5 for 15 min, followed by rinsing with water.
This process was repeated several times and then the
dry membranes were immersed in a 3 wt% FAS solu-
tion for 6 h. This treatment provided the fibers with
a super-hydrophobic coating (FAS) and with surface
roughness characteristics of silver ragwort leaves. The
highest contact angles were obtained on fiber films

@ Springer

with coatings of 5 and 10 TiO,/PAA bilayers and a
FAS coating, achieving super-hydrophobicity with
contact angles of 154 and 162°, respectively, while
the contact angle of FAS-coated fibers was 138°.
Overall, the hydrophobicity of the samples increased
with increasing surface roughness.

The same approach was used to obtain super-
hydrophobic paper by deposition of alternating lay-
ers of poly(diallyldimethylammonium chloride)
(PDADMAC, molecular weight: 100,000-200,000 g/
mol) and silica particles (diameters: 220 nm, 420 nm,
680 nm, and 1 pm), followed by a hydrophobic coat-
ing of 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(POTS) (Yang and Deng 2008). The silica particles
were synthesized by hydrolysis of tetraethyl ortho-
silicate in presence of catalytic amounts of NH,OH.
The reaction was performed at room temperature over
a period of two days. Linerboard from unbleached
kraft softwood fibers was used as substrate. To obtain
super-hydrophobic a surface, the paper was immersed
in a PDADMAC solution for 20 min, rinsed with
water, followed by immersion in a silica aqueous sus-
pension for 10 min, and then rinsed again with water.
Then the coated surface was coated with POTS via
chemical vapour deposition. The contact angles of the
untreated paper, hydrophobic paper (HP, only coated
with POTS), and super-hydrophobic paper (SHP,
coated with PDADMAC/silica particles (220 nm)
and POTS) were 51°, 110° and 155°, respectively.
Moreover, the effect of the silica particles size was
investigated, showing that the larger the particle size,
the lower the contact angle. Hydrophobic paper and
super-hydrophobic paper presented much lower mois-
ture content and higher tensile strength than untreated
paper. The water contact angle of SHP samples
remained above 150° after immersing the substrates
in water. In addition, the increasing hydrophobicity of
the substrates strongly hindered bacterial growth.

Forsman et al. (2017) used layer-by-layer depo-
sition to coat CNF films and cotton and linen fab-
rics with poly-l-lysine (PLL, molecular weight:
150,000-300,000 g/mol) and wax particles. The wax
dispersion was prepared by addition of wax to water
at 90 °C followed by sonication. The wax dispersion
was cooled down and filtered through a filter with
100-160 pm pore size. The substrates were immersed
for 5 min in solutions with concentrations of 10 mg/l
for PLL and 10 g/l for wax. The substrates were thor-
oughly rinsed with water after the adsorption of each



Cellulose (2022) 29:5943-5977

5949

layer. After coating the CNF films with a PLL/wax
bilayer, the water contact angle increased from 34°
to 94°, and after two bilayers it reached 138°. The
steep increase in contact angle was partly caused by
an increase in surface roughness by the wax parti-
cles. Annealing of the sample coated with one bilayer
increased the contact angle due to the better spread-
ing of the coating, while it decreased the contact
angle of the sample coated with two bilayers due to
loss of surface roughness. Regarding cotton and linen
samples, the water contact angle of coated cotton was
140° and increased to 156° after annealing. Coated
linen had a contact angle of 146°, which decreased to
139° after annealing.

Wood fibers were coated with two different types
of polyelectrolyte multilayers (PEMs) (Lingstrom
et al. 2007). The initial advancing contact angle was
between 15° and 40°. The first type of coating was a
combination of poly allylamine (PAH)/PAA and the
second one was a combination of PEO/PAA. Fib-
ers coated with PAH/PAA reached steady state after
4-5 polymer layers at pH 5. When PAH was at the
topmost layer, the advancing contact angle oscillated
between 72 and 77°, whereas when PAA was at the
topmost layer the contact angles ranged between 35°
and 40°. At pH 7.5/3.5, stability was reached after
2-3 layers and yielded advancing contact angles
between 101° and 107° when PAH was adsorbed at
the top layer, and between 40° and 50° when PAA
was at the top layer. Coatings of PEO/PAA did not
present significant variations in the advancing con-
tact angle depending on which polymer was adsorbed
at the topmost layer. After adsorption of two layers,
all contact angles oscillated between 45 and 60°.
The contact angle measurements also showed a cor-
relation between the wettability of the surfaces and
the mechanical properties, where the coatings with
the highest advancing contact angles also presented
increasing tensile indexes.

Further research was performed on layer-by-
layer deposition of PAH and PAA in combination
with commercial emulsion of anionic paraffin wax,
to increase the hydrophobicity of softwood kraft
pulp fibers (Gustafsson et al. 2012). Polymer solu-
tions of 30 mg/g fiber were added separately to a
4 ¢/l fiber. The polymers were allowed to adsorb for
20 min and then the fibers were rinsed with water.
Adsorption of PAH was performed at pH 7.5 and
adsorption of PAA at pH 3.5. After adsorption of

2.5 bilayers (three layers of a PAH layer and two of
PAA), wax particles were adsorbed onto the fibers
for 20 min (3, 15 or 30 mg wax/g fiber added to a
4 g/l fiber suspension at pH 8.5), and sheets from
the PEM-modified fibers were immediately pre-
pared. The tensile strength and strain at break of
the sheets were improved by the PEM coating, but
they decreased in the case of wax-coated sheets.
Regarding the contact angle measurements, both
the wax treatment and curing of the samples had
a positive effect in increasing the hydrophobicity
of the substrates. The sample with only polymer
coating absorbed water before the heat treatment,
and afterwards the contact angle was 113°. After
wax coating, the highest contact angle (142°) was
obtained for the samples with the highest wax con-
tent (18.6 mg/g), while after heat treatment, a con-
tact angle of 151° was achieved in samples with
8.1 mg/g of wax.

Sakakibara et al. (2016) used amphiphilic
diblock copolymers of poly(lauryl methacrylate)-
block-poly(2-hydroxyethyl methacrylate)
(PLMA-PHEMA, M, puva ok =7.0x10° g/mol,
M, pr Mab-pHEMA = 8-8 X 10° g/mol, PDI = 1.3) to facil-
itate the dispersion of CNFs in high-density polyeth-
ylene resin. The contact angle of modified CNF films
increased from 48 to 101°. The improved dispers-
ibility of the coated CNFs resulted in an increase of
140% in the Young’s modulus of the reinforced high-
density polyethylene resins, as well as an increase of
84% in the tensile strength.

An overview of the modifications by polymer
adsorption is given in Table 1.

Polymer grafting

Modification of cellulosic materials can also be
achieved by grafting polymers. Often, polymer graft-
ing is used in composite materials to improve the
compatibility of the filler with the polymer matrix.
Two different approaches are used for grafting of
polymers onto surfaces: “grafting to” and “graft-
ing from”, illustrated in Fig. 4. In the “grafting to”
approach, pre-synthesized polymer chains with reac-
tive end-groups are attached to the cellulose sub-
strates, allowing to characterize the polymers before
grafting and control the properties of the result-
ing material. This approach is typically used for
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Table 1 Overview of modifications of cellulosic materials by adsorption

Source of cellulose Type of cellulose Polymer Contact angle (°) References
Filter paper Cellulose fibers TFEMA-st-DMAEMA,  Advancing CA: 160 Nurmi et al. (2010)
TFEMA-b-DMAEMA, Receding CA: 0-120
CNC PEO-PPO-PEO - Emami et al. (2015),
Nagalakshmaiah et al.
(2016)
Cotton fabric Cotton fabric Hyperbranched polyes- 139-146 Tang et al. (2010)
ters, hyperbranched
poly(urea-urethane)
Cellulose acetate TiO, nanoparticles/ 5 TiO,/PAA bilay- Ogawa et al. (2007)
nanofibers PAA+FAS ers+FAS: 154
10 TiO,/PAA bilay-
ers+FAS: 162
FAS: 138
Linerboard from Wood fibers PDADMAC/silica parti-  HP: 110 Yang and Deng (2008)

unbleached kraft soft- cles+POTS SHP (220 nm): 155
wood pulp SHP (420 nm): 152
SHP (680 nm): 150
SHP (1000 nm): 145
Never-dried bleached CNF PLL + wax CNF 1 bilayer: 94 Forsman et al. (2017)
hardwood kraft pulp CNF 2 bilayers: 138
Cotton fabric Cotton: 140
Linen fabric Cotton annealed: 156
Linen: 146
Linen annealed: 139
Chlorine-free bleached Wood fibers PAH/PAA pHS: Lingstrom et al. (2007)
chemical softwood PEO/PAA PAH/PAA: 72-717,
fibers 3540 *
pH 7.5/3.5:
PAH/PAA: 101-107,
40-50 *
PEO/PAA: 45-60
Unbeaten, once-dried, Wood fibers PAH/PAA + wax PAH/PAA cured: 113 Gustafsson et al. (2012)
virgin softwood kraft PAH/PAA + wax: 142
pulp fibers PAH/PAA + wax cured:
151
Needle-leaf bleached CNF PLMA-PHEMA 101 Sakakibara et al. (2016)

kraft pulp

*The first value range corresponds to samples with PAH at the outermost layer and the second value range to samples with PAA at

the outermost layer

lignocellulosic fibers or CNCs and results in low
grafting densities due to the steric hindrance caused
by the already grafted polymer chains, which prevents
the diffusion of new chains towards the surface. On
the other hand, in the “grafting from” approach, the
polymer chains are grown at the surface of the sub-
strate, using the hydroxyl groups directly as initiat-
ing sites or after activation. This method allows for
high grafting densities, although the properties of
the grafted polymer chains are not well defined and
are difficult to control. A more detailed review about
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modification of CNCs through polymer grafting was
published by Kedzior et al. (2019). The findings dis-
cussed in this section for the “grafting to” approach
are summarized in Table 2, and the findings for the
“grafting from” approach are summarized in Table 3.

Grafting to
In the “grafting to” strategy, polymers are tethered

to the cellulosic substrates, typically cellulose fib-
ers and CNCs. Click chemistry is one of the most
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Fig. 4 Schematic repre-
sentation of the “grafting
to” and “grafting from” o
approaches ® o o
6} ® e}
® o
o

)
{.
Grafting from

Grafting to

Table 2 Overview of modifications of cellulosic materials by “grafting to”

Cellulose source ~ Type of cellulose Polymer Reaction type/cova- Grafting yield CA (°) References
lent bond (Wt.%)
CNC PCL-diol Azide alkyne (Zhou et al. 2018)
cycloaddition/1,2,3-
triazole
Avicel Microcrystal- PCL-diol Azide alkyne (Krouit et al. 2008)
line cellulose cycloaddition/1,2,3-
(MCO) triazole
HEC PLA, (PEG) Azide alkyne (Eissa et al. 2012)
cycloaddition/1,2,3-
triazole
Ramie fibers CNC PCL Bimolecular addition/ 64,75 (Habibi and
urethane bond Dufresne 2008)
CNC PHBV Esterification/ester 46-60 (Yu and Qin 2014)
bond
CNC PS, poly(tert-butyl Amidation reaction/  60-64 (Harrisson et al.
acrylate) amide bond 2011)
Cotton CNC Polyether-polyure- Bimolecular addition/ (Pei et al. 2011)
thane prepoly- urethane bond
mer
Bleached kraft Fibers Maleated polypro- Esterification/ ester (Felix et al. 1993)
pulp pylene bond
Cotton fabric Fibers PEGS5000-b- Azide photolysis/ 155 (Li et al. 2010a)
P(MA-co- amine, amide bonds
APM)-b-PHFA
P(APM-co-HFA) 138
BNC PLA-co-PGMA Nucleophilic substitu- 51-82 (Lietal. 2010b)
tion/ ester bond
Jute fabric Fibers PBA Free radical coupling  2.34-2.98 125.1 (Bao et al. 2020)

(ether, alkane bonds)

used routes to graft polymers. Poly(e-caprolactone)
(PCL) was successfully grafted onto CNCs and cel-

lulose fibers by azide-alkyne cycloaddition reactions

(Krouit et al. 2008; Zhou et al. 2018). The hydro-
phobic CNCs could be dispersed in chloroform
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Table 3 Overview of modifications of cellulosic materials by “grafting from”

ROP
Source of cellulose Type of cellulose  Monomer  Grafting yield (%) Contact angle (°)  References
‘Whatman filter paper Fibers e-CL 11 114 (Hafrén and Cérdova 2005)
Cotton
MEFC e-CL 16, 19, 21 (Lonnberg et al. 2008)
Oil palm mesocarp fibers  Fibers e-CL 78 (Eksiler et al. 2018)
Ramie fibers CNC e-CL 80 (Habibi et al. 2008)
Linter CNC e-CL 85 (Lin et al. 2009)
MCC CNC e-CL 91.7-95.6 72.55-89.01 (Chen et al. 2009)
Ramie fibers CNC L-lactide (Goffin et al. 2011)
Ramie fibers CNC D-lactide (Habibi et al. 2013)
MCC CNC L-lactide (Lizundia et al. 2016)
Free radical polymerization
Source of cellulose Type of cellulose Initiator Monomer Grafting yield (%) Grafting CA References
efficiency
(%)
Fully bleached MFC CAN GMA (Stenstad et al.
spruce sulphite 2008)
cellulose
Bleached birch CNF CAN GMA 146-439 96-99 (Littunen et al.
pulp Ethyl acrylate 95-255 0-85 201D)
MMA 56-98 56-75
Butyl acrylate 177-392 83-89
2-hydroxyethyl 19-37 18-64
methacrylate
Cellulose powder CAN Ethyl acrylate 54.2-75.6 (Gupta et al. 2002)
Cotton filter CNC CAN MMA 11 345  (Kedzior et al.
2016)
Cotton filter CNC CAN 4VP 3447 (Kan et al.2013)
Hibiscus sabdar-  Fibers KPS MA 8.79-63.15 (Thakur and Singha
iffa 2010)
Hibiscus sabdar-  Fibers KPS MMA 5.47-50.93 (Thakur et al. 2011)
iffa
Cotton fiber Fibers KPS MA <36.5 (Mondal et al. 2008)
MMA <43.1
VAc <274
MCC powder CNC KPS Styrene 78 (Espino-Pérez et al.
2016)
Bleached softwood CNF KPS BA/styrene 149 (Mulyadi et al.
kraft pulp 2016)
Cellulose powder Fenton  Vinyl acetate 0-12% 0-2.6 (Misra et al. 1979)
Cellulose powder Fenton Ethyl acrylate 2.7-345.0 0.42-54.0 (Misra et al. 1980)
Abelmoschus Fibers Fenton MMA 130 (Jadhav and Jadhav
manihot 2021)
Bleached eucalyp- CNF Fenton Methacrylic acid, 130 (Maatar and Boufi
tus pulp maleic acid 2015)
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Table 3 (continued)

NMP
Source of cellulose Type of cellulose Monomer Grafting yield (%) References
Bleached softwood Kraft pulp CNC DMAEMA 41.68, 65.18 (Garcia-Valdez et al. 2017)
DEAEMA 36.08, 53.05
DMAPMAm 39.59,49.13
Cellulose acetate Styrene (Moreira et al. 2015)
ATRP
Source of cellulose Type of cellulose Monomer Grafting yield (%) Contact angle (°) References
Cotton wool CNC Styrene 8-22 (Morandi et al. 2009)
Filter paper CNC Styrene 68 (Yi et al. 2008)
Filter paper Fibers MA 128,133 (Carlmark and Malmstrom
2002)
Filter paper* Fibers MMA 109-112 (Hansson et al. 2009)
Styrene 132-137
GMA -
Filter paper* Fibers Lauryl acrylate 125, 135 (Arteta et al. 2017)
Octadecyl acrylate 134, 146
Poplar wood* Wood MMA 2.36-12.84 74-130 (Fuet al. 2012)
Filter paper Fibers GMA 154,172 (Nystrom et al. 2006)
Cotton fabric GMA 140.1-155, 163.7 (Lietal. 2015)
Norway spruce* Wood TFEMA Pyridine: 43.4 (Vidiella del Blanco et al.
Dichloromethane: 42.9 2019)
Filter paper Fibers NIPAAm 110 (Lindqvist et al. 2008)
GMA/NIPAAm 130
4VP pH 7=90-100
pH 9=125
NiPAAm/4VP 115-120
CNF Styrene 12.7-46.2 85.1-98.7 (Huang et al. 2015)
BNC BNC MMA 59-887 134 (Lacerda et al. 2013)
BA 110 116
MMA/BA 616
RAFT
Source of cellulose Type of cellulose Monomer Grafting yield (%) Contact angle (°) References
MCC CNC MMA (Anzlovar et al. 2016)
Whatman filter paper CNC VAc (Boujemaoui et al. 2016)
Hydroxypropyl cellulose VAc 69 (Fleet et al. 2008)
Methyl cellulose 61
Pinus Maritimus natural fibers Fibers VAc, BA (Tastet et al. 2011)
Styrene 95
Styrene/ VBC ~90-95
Cotton fabric Fibers Styrene (Perrier et al. 2004)
MA
MMA
Whatman filter paper Fibers Styrene 11-28 ~130 (Roy et al. 2005)

*ARGET ATRP
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but not in water. Another example is the grafting
of poly(lactic acid) (PLA) and polyethylene gly-
col (PEG) onto 2-hydroxyethyl cellulose, yielding
hydrophobic and hydrophilic composites, respec-
tively (Eissa et al. 2012). Other examples are the
use of isocyanates to graft polymers onto cellulose.
PCL with isocyanate end-groups was grafted onto
CNCs to use the CNCs as reinforcing materials in
PCL/CNC composites (Habibi and Dufresne 2008).
Polymers with varying chain lengths were selected,
and the contact angle of CNC films increased from
43°to 75°.

Similarly, poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV) was grafted onto CNCs using
2.4-toluene diisocyanate (TDI) as coupling agent (Yu
and Qin 2014). The DS increased with increasing
concentration of TDI in the reaction mixture. Grafted
CNCs presented contact angles between 46° and 60°,
showing that the modified CNCs were more hydro-
phobic than the unmodified ones (30°).

Cellulose TEMPO-oxidized microcrystals were
grafted with polystyrene (PS) and poly(tert-butyl
acrylate) (Harrisson et al. 2011). The resulting
nanorods contained 60-64 wt% grafted polymer and
formed stable suspensions in acetone, toluene and
chloroform. A similar synthetic approach was used
to obtain polyurethane/CNC nanocomposites with
remarkable mechanical properties (Pei et al. 2011).
A polyether—polyurethane prepolymer was synthe-
sized in the presence of CNCs. Films with varying
concentrations of CNCs were prepared by casting and
presented high tensile strength and stain-to-failure as
well as improved thermal stability.

Cellulose fibers grafted with two different
maleated polypropylenes (4500 g/mol and 39,000 g/
mol) were used to prepare composites of a commer-
cial polypropylene (Threspaphan NNA 30), PS, and
chlorinated polyethylene (Felix et al. 1993). Modifi-
cation was achieved by adding cellulose fibers to 5
wt% maleated PP dispersed in toluene for 5 min. The
surface energies of the low molecular weight and high
molecular weight-grafted fibers were 40 and 36.9 mJ/
m?, meaning that the substrates were hydrophobic.
Regarding the mechanical properties of the compos-
ites, in all cases, those prepared with high molecular
weight polypropylene exhibited the best mechanical
properties.

The amphiphilic block copolymers
poly(ethylene glycol)(5000)-b-poly(methyl

@ Springer

acrylate-co-4-azidophenyl methacrylate)-
b-poly(2,2,3,4,4,4-hexafluorobutyl acrylate)
(PEG5000-b-P(MA-co-APM)-b-PHFA) and
P(APM-co-HFA) were synthesized, and grafted
onto cotton fabric (Li et al. 2010a). Coatings of
PEG5000-b-P(MA-co-APM)-b-PHFA  resulted in
superhydrophobic surfaces with contact angles of
155°, while PCAPM-co-HFA) rendered contact angles
of 138°. The superhydrophobic coatings were fur-
ther tested, showing that the contact angle remains
constant after one month of storage in air. Treatment
of this coating in acidic, basic and organic solvents
showed that the coating had good chemical stability
since it displayed contact angles > 147°.

Graft copolymers of PLA and poly(glycidyl meth-
acrylate) (PLA-co-PGMA) were synthesized and
grafted onto bacterial nanocelulose samples which
had undergone different pretreatments (Li et al.
2010b). The grafting reaction occurred between the
hydroxyl groups in BNC and the epoxydes from the
synthetic polymer. A sample of BNC was activated
with an aminosilane coupling agent (KH550), and
this sample displayed the highest contact angle value
(82°), while the remaining samples presented values
between 51° and 61°.

Bao et al. (2020) successfully grafted the hydro-
phobic polymer poly(butyl acrylate) (PBA) from jute
fabric. Jute fibers typically have high lignin content,
and the grafting was performed between the pre-syn-
thesized polymers and the lignin present in the fibers
via enzyme-initiated reversible addition-fragmen-
tation chain transfer polymerization. PBA with four
different molecular weights (M, =4251-6491 g/mol,
PDI=1.14-1.24) were grafted, and the contact angle
of grafted jute fabric increased from 85.7° to 125°.

Grafting from

The modification of cellulosic materials using the
“grafting from” approach is an extensive field of
growing interest in the past years. The polymeriza-
tion methods can be divided into three main groups
which are: ring-opening polymerization (ROP),
free radical polymerization, and controlled radical
polymerization.

Ring-opening polymerization (ROP) Ring-open-
ing polymerization is used to graft polymers from
cyclic monomers, typically lactones or lactides. The
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Fig. 5 Schematic rep-
resentation of ROP with
PCL. Image obtained from
Carlmark et al. (2012)

1 | Cellulose

hydroxyl groups present at the surface of the cellulosic
materials act as initiators for the polymerization reac-
tion. Typically, the polymerization of lactones and lac-
tides is catalyzed by tin (II) 2-ethylhexanoate, which
reacts with the hydroxyl groups of cellulose and actu-
ally initiates the reaction (Carlmark et al. 2012). This
is illustrated in Fig. 5.

Hafrén and Cérdova (2005) were the first to graft
a polymer to cellulose fibers via metal- and solvent-
free surface-initiated ROP (SI-ROP). e-caprolactone
(e-CL) was grafted from cotton and filter paper by
immersing the samples in the monomer/initiator mix-
ture. The catalyst tartaric acid provided the highest
degree of grafting, with a weight increase of the paper
samples up to 11%. Modified cotton samples did not
absorb water and floated when placed on the surface
of water-filled cups, contrary to the unmodified cot-
ton fibers, which immediately sank. The water con-
tact angle of the modified paper was 114°. In another
example of ROP, e-CL was grafted from microfibril-
lated cellulose (Lonnberg et al. 2008). Three differ-
ent molecular weights of the grafted polymers were
targeted. The fractions of PCL in the composites were
16%, 19%, and 21%. The modified MFC had good
dispersibility in tetrahydrofuran (THF), indicating an
increase in hydrophobicity.

Oil palm mesocarp fibers (OPMFs) were grafted
with PCL via vapor-phase-assisted surface polym-
erization (Eksiler et al. 2018). In this technique, the
monomers are in the vapour phase and can penetrate

o+x
o+x

AV <
(@] (0] (0]

 Cellulose |

R

Organic acid (10 mol%)
120°C,6h

the porous structure of the OPMFs and modify both
at the interior and exterior surface of the fibers,
resulting in higher grafting yields than the traditional
liquid process. The weight of the grafted fibers con-
sisted of 78% PCL (M,,=12,000 g/mol). Size exclu-
sion chromatography analysis confirmed that the
grafting occurred in the hydroxyl groups of cellulose,
hemicellulose and lignin. This method has been used
to develop surface-modified lignocellulosic nanofib-
ers. After modification, the fibers were milled in pres-
ence of an ionic liquid to fibrillate the fibers. The pul-
verized particles retained the PCL coating, and when
dispersed in a PCL matrix, the coated particles were
well dispersed.

CNCs were also grafted via ROP with e-CL
(Habibi et al. 2008). The modified CNCs displayed
better dispersibility in toluene and had a water contact
angle of 80°. These CNCs were used as reinforcing
materials for PCL composites and showed improved
Young’s modulus and storage modulus than PLA and
unmodified CNC/PLA composites. ROP of e-CL on
CNC powder has also been performed through micro-
wave irradiation (Chen et al. 2009; Lin et al. 2009).
The resulting CNCs were either blended with PCL
(Lin et al. 2009) or thermoformed into sheets (Chen
et al. 2009). The biocomposites presented enhanced
strength and elongation. Sheets made from CNCs
grafted with long polymer chains had higher mechan-
ical strength than those with short grafted chains.
As a result of grafting, the CNCs became more
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hydrophobic and produced sheets with water contact
angles between 72° and 89°.

There are several studies where PLA-grafted
CNC:s are used to increase the compatibility of CNCs
in PLA composites (Goffin et al. 2011; Habibi et al.
2013; Lizundia et al. 2016). As an example, Lizundia
et al. (2016) grafted CNCs with L-lactide via SI-ROP.
The grafted CNCs were dispersed in a PLA matrix to
create biocomposites. The mechanical, thermal and
optical properties of these composites were affected
by the CNC:lactide ratio. The tensile strength of the
composites with grafted CNCs improved, while the
ductility of the material decreased.

Free radical polymerization Free radical polymeri-
zation from cellulosic materials is usually performed
in water using water-soluble initiators and mono-
mers. Common initiators are ceric ammonium nitrate

Initiation

Initiator/radiation .
Cell-OH > Cell-O

Propagation
Cel-0' + Z R

cel-o” ™ _Z R celo
R

Termination

Combination

CeII-Om' . -Mo-cal — Cell-0
R/ R R \R
n m

Disproportionation

H
Cell-O C O-Cell — Cell-O N
R/ R R \R R/ R R
n m n

(CAN), potassium persulfate (KPS), Fenton’s reagent,
and ammonium persulfate (APS), although APS has
so far only been used for grafting hydrophilic poly-
mers (Kedzior et al. 2019). In free radical polymeriza-
tion, the initiators generate radicals either by decom-
position caused by light or heat (KPS) or by a redox
reaction (CAN, Fenton) (Tosh and Routray 2014).
The free radical polymerization mechanism consists
of three steps: i) initiation, ii) propagation and iii)
termination, as illustrated in Fig. 6. In the initiation
step, radicals originating from an initiator or radiation
(see the radiation-induced modifications section) form
new radicals on the cellulose molecules by abstraction
of hydrogen atoms. These new radicals can attack
monomers and form a new covalent bond between cel-
Iulose and the monomer (M). The reaction propagates
to new monomers, while the polymer chain grafted to
the cellulose molecule grows. This is the propagation

>~ Cello” Y

Fig. 6 Mechanism of free radical polymerization of a vinyl monomer from cellulose
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step. Finally, the reaction ends either by the combina-
tion of two radical chains or by the disproportionation
mechanism, where one radical chain abstracts a hydro-
gen from another one, resulting in a hydrogen-termi-
nated chain, and a chain with a double bond. Addi-
tional reactions that can occur but are not shown in
the figure are the synthesis of free homopolymer and
side reactions such as beta-session of cellulose main-
chains, which leads to the molecular weight decrease
(Ogiwara and Kubota 1973).

Cerium ammonium nitrate (CAN)

Glycidyl methacrylate (GMA) was grafted from
microfibrillated cellulose using CAN as initia-
tor (Stenstad et al. 2008). Grafting with GMA was
performed in water with 0.1 M HNO; The nanofi-
brils were successfully coated with brushes of a
hydrophobic polymer that contains an epoxy group,
which can be used for further modifications. In
addition to glycidyl methacrylate, Littunen et al.
(2011) also grafted other acrylic monomers (ethyl
acrylate, methyl methacrylate, butyl acrylate, and
2-hydroxyethyl methacrylate) from nanofibrillated
cellulose. All monomers were successfully grafted,
and higher grafting yields than for macroscopic cel-
lulose were achieved. The grafted polymers were
hydrolyzed and precipitated in a non-solvent, and
then characterized by gel permeation chromatog-
raphy. Butyl acrylate formed the longest polymers
with molecular weights up to 3500 kg/mol, while
ethyl acrylate and methyl methacrylate formed pol-
ymer chains with molecular weights in the range
of 100-400 kg/mol. All the investigated monomers
made the grafted CNFs more hydrophobic. Grafting
with CAN has also been used to graft ethyl acrylate
from cellulose powder (Gupta et al. 2002).

CAN was also employed for grafting of CNCs
with poly(methyl methacrylate) (PMMA) (Kedzior
et al. 2016). The CNCs had an initial contact angle
of 18°. A grafting of 11 wt% was achieved in this
study, resulting in CNCs with contact angles of
34.5°. The obtained grafting yield is lower than the
typically achieved by controlled radical polymeriza-
tion, which is between 50 and 92 wt%. PMMA/CNC
nanocomposites presented decreased thermal stabil-
ity compared with pure PMMA. Only the composites
with the highest CNC content displayed increased
Young’s modulus, suggesting that a higher content
of CNC is required to obtain a reinforcing effect in
the nanocomposites. Poly(4-vinylpyridine) (P4VP)

was also grafted from CNCs using CAN as initiator
in a one-pot, water-based reaction (Kan et al. 2013).
The length of the grafted chains was approximately
150 repeating units, and a grafting of approximately
one 4VP repeating unit per every three anhydroglu-
cose units was estimated. The water contact angles
of CNC and grafted CNC films were measured at
various pH, and the films displayed contact angles
between 15°-19° and 34°-47°, respectively. The con-
tact angles of the grafted CNC films increased when
the pH was higher than 5, although the increase in the
film hydrophobicity was modest.

Potassium persulfate (KPS)

Cellulose fibers were grafted with methyl acrylate
(MA) and methyl methacrylate (MMA) (Thakur and
Singha 2010; Thakur et al. 2011). Grafting yields
of 9-63% and 5-51% were obtained for MA and
MMA, respectively. The moisture absorbance of the
fibers decreased with increasing grafting percent-
age, whereas the resistance to acid and basic media
increased with the degree of grafting.

Cotton fibers were first scoured with either water
or different amine solutions and then grafted with
hydrophilic and hydrophobic monomers (Mondal
et al. 2008). The hydrophobic monomers were MA,
MMA and vinyl acetate (VAc). The highest grafting
yields were obtained with water-activated samples
and were 36.5%, 41.3% and 27.4% for MA, MMA
and VAc. MA and MMA grafted samples displayed
the lowest moisture sorption due to the high hydro-
phobicity of the polymers. The mechanical strength
of the fibers remained unchanged after grafting.

CNCs were grafted with polystyrene through a
two-step procedure. The CNCs were oxidized by
ozonolysis and then styrene was grafted from the
activated CNCs (Espino-Pérez et al. 2016). The
grafting efficiency was 0.24 molecules of styrene for
each AGU. Films of grafted CNCs presented contact
angles of 78° and enhanced thermal stability. Graft-
ing improved the compatibility between PLA and the
CNCs, and composites of PLA/grafted CNCs resulted
in materials with lower vapor permeability than both
PLA and PLA/CNCs.

Hydrophobic aerogels were prepared from a CNF
suspension modified with n-butyl acrylate (BA) and
styrene copolymers (Mulyadi et al. 2016). The aero-
gels achieved almost super-hydrophobic proper-
ties, displaying a contact angle of 149°, as well as
high absorption of organic solvents. These aerogels
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presented similar hydrophobicity and sorption capac-
ity as other aerogels modified with fluorinated com-
pounds, being, therefore, a more environmentally
friendly alternative.

Fenton’s reagent

Fenton’s reagent is based on a Fe’*- H,0, sys-
tem that generates hydroxyl radicals from the redox
reaction that occurs between these two components.
The pH plays a crucial role in the formation of free
radicals and hence the reaction performance. Misra
et al. (1979, 1980) used Fenton chemistry to graft
poly(vinyl acetate) (PVAc) and poly(ethyl acrylate)
from cellulose. The effect of additives (ascorbic
acid, EDTA, potassium fluoride), as well as the ratio
between Fe** and H,0, on the grafting efficiency of
both monomers were investigated. Results showed
that in both cases none of the tested additives pro-
moted grafting and that the optimal Feer/HZO2 ratio
was 1.04:1. Ethyl acrylate presented higher reactiv-
ity than vinyl acetate, resulting in higher grafting
efficiencies.

Abelmoschus manihot fibers were modified by
grafting PMMA for potential oil absorbency appli-
cations (Jadhav and Jadhav 2021). The reaction
parameters were optimized to a reaction time of
150 min, 75 °C, monomer to fiber ratio of 3:1, mate-
rial to liquor ratio of 1:75 and Fe?*/H,0, ratio 20:20.
Under these conditions a grafting yield of 130% was
obtained and the maximum oil absorbency of crude
oil, diesel oil, engine oil and used engine oil was
achieved. Additionally, the moisture absorbance and
swelling of the fibers in presence of water and ethanol
decreased with increasing grafting yield.

Fig. 7 Mechanism of the
NMP polymerization. P, e
is the propagating chain. It
may react with a mono-
mer (M) or be terminated
by reacting with a stable
TEMPO radical (Xe). If the
propagating chain reacts
with X e, polymerization
stops. Reprinted (adapted) .
with permission from J. X'=
Am. Chem. Soc. 2001, 123,

39, 9724-9725. Copyright

2021 American Chemical

Society

@ Springer

Pnix

A hydrophobic CNF aerogel was prepared by
grafting copolymers of methacrylic and maleic acids
from the aerogel surface (Maatar and Boufi 2015). A
grafting yield of 130% was achieved and the grafted
aerogel retained its structural integrity after immer-
sion in water. In addition, the grafted aerogel pre-
sented enhanced adsorption of metal ions compared
with the unmodified aerogel.

Controlled radical polymerization Controlled radi-
cal polymerization allows the synthesis of polymers
with defined architecture, composition and molecular
weight distribution. Polymers with these characteris-
tics are obtained using reagents that transfer the grow-
ing chains to a dormant state that is in equilibrium with
the active species. Three types of controlled polym-
erization are used to graft polymers from cellulosic
materials: nitroxide-mediated polymerization (NMP),
atom transfer polymerization (ATRP), and reversible
addition-fragmentation chain-transfer polymerization
(RAFT).

NMP

This polymerization method uses stable nitrox-
ide radicals that react with the growing polymer
chains, forming a (macro)alkoxyamine, as shown
in Fig. 7. The (macro)alkoxyamine is in a dormant
state, which lowers the number of active chains
and the possibility of bimolecular chain termina-
tion. By increasing the temperature, the nitroxide
moiety is cleaved, generating again a propagating
chain. The most common reagent used in NMP is
TEMPOQO, although SG1 (N-(2-methylpropyl)-N-(1-
diethylphosphono-2,2-dimethylpropyl)-N-oxyl) has
been proven to be a more versatile initiator that can

Active species
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be used with a wider range of monomers (Charleux
et al. 2005; Nicolas et al. 2006, 2010).

NMP can be initiated by bimolecular and uni-
molecular initiators. Bimolecular initiation requires
the presence of a typical free radical initiator and a
nitroxide, such as TEMPO. Unimolecular initiation
on the other hand, only requires an alkylated nitroxide
or an alkoxyamine which splits into a nitroxide and an
initiating species upon a temperature increase. This
provides better control over the ratio of nitroxide radi-
cals and initiating radicals. NMP with TEMPO is usu-
ally performed at high temperatures (125-145 °C),
requires long reaction times (1-3 days), and is lim-
ited to styrene and 4-vinylpyridine. The use of steri-
cally hindered nitroxides resulted in shorter reac-
tion times, lower temperature requirements, and the
ability to polymerize a wider range of monomers
with low polydispersity up to molecular weights
of 150,000-200,000 g/mol. Monomers that can be
polymerized by NMP include styrenic monomers,
vinylpyridines, acrylic esters, acrylonitrile and acrylic
acid, acrylamide, N-substituted and N,N-disubsti-
tuted (meth)acrylamides, dienes, methacrylic esters,
and cyclic ketene acetals. One of the drawbacks of
NMP is the range of monomers that can be polymer-
ized. The polymerization of vinyl chloride and vinyl
esters such as vinyl acetate and vinyl amides is still
not possible, but methacrylates can be polymerized in
the presence of a comonomer. Most NMP initiators
must be synthesized, but some like SG1 are already
commercially available. ATRP and RAFT present
advantages regarding the range of monomers that can
be polymerized and the requirement of lower reaction
temperatures, but NMP is a simple method that does
not require post-polymerization purification other
than removal of the unreacted monomer. In addition,
the reaction can be started and stopped by simply
increasing the temperature and cooling down (Scian-
namea et al. 2008; Nicolas et al. 2013).

CNCs were modified with a derivative of SGI,
(N-(2-methylpropyl)N-(1-diethylphosphono-2,2-
imethylpropyl)-O-(2-carboxylprop-2-yl) hydroxy-
lamine (commercial name BlocBuilder MA, BB) and
used as macroinitiators to graft a series of monomers
containing tertiary amine functionalities: DMAEMA,
2-(diethylamino)ethyl ~methacrylate (DEAEMA),
and N-[3-(dimethylamino)propyl]methacrylamide
(DMAPMAmM) (Garcia-Valdez et al. 2017). These
monomers polymerize into stimuli-responsive

polymers which are sensitive to CO,, providing the
CNCs with increased hydrophobicity in the absence
of CO,. Grafting of the three monomers was success-
ful, with overall polymer contents between 36 and
65 wt%.

Polystyrene was grafted from cellulose acetate as
shown in Fig. 8 (Moreira et al. 2015). The synthetic
route involved several steps including the function-
alization of unreacted hydroxyl groups of cellulose
acetate with an alkene, grafting of the BB onto the
alkene functionality, and polymerization of styrene.
Molecular weights above 15,000-25,000 g/mol were
achieved with a polydispersity index (PDI) below 1.5
and a styrene conversion of 30%.

ATRP

ATRP is the most used polymerization technique
based on transition metals applied for grafting from
cellulosic materials. In ATRP, the reaction is initi-
ated by an alkyl halide that undergoes a reversible
redox reaction catalyzed by a metal complex (typi-
cally Cu), resulting in the formation of an active radi-
cal and a metal halide. The radicals can either react
with monomers or with the halide in the metal com-
plex, leaving the growing chains in a dormant state
(Fig. 9) (Roy et al. 2009). One of the main challenges
of using ATRP is the removal of the copper catalyst,
which gives a blue/green color to the samples. Often,
activators (re)generated by electron transfer (A(R)
GET) ATRP is preferred due to the much lower cata-
lyst amount required for the polymerization to occur
(Kedzior et al. 2019).

ATRP can be used to polymerize a broad range
of monomers, such as (meth)acrylates, (meth)acryla-
mides, acrylonitrile, styrenes, 1,3-dienes, 4-vinyl
pyridine, 2-hydroxy ethyl(meth)acrylate, glycidyl
(meth)acrylate, dimethylaminoethyl methacrylate, as
well as functional monomers and macromonomers.
The direct polymerization of acidic monomers using
ATREP is challenging due to protonation of the ligands
and intramolecular cyclization, but poly(methacrylic
acid) has been successfully polymerized using vari-
ations of the ATRP technique. However, the polym-
erization of vinyl acetate, vinyl chloride, N-vinyl-
formamide, N-vinylpyrrolidone and ethylene is still
challenging. Most ATRP reactions are performed at
temperatures between 60—120 °C, and, like NMP, can
yield polymers with well-defined molecular weights
up to 150,000-200,000 g/mol (Odian 2004; Lorandi
and Matyjaszewski 2020). The main advantages of
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X =BrorCl R-R/R"&R"

Fig. 9 Mechanism of ATRP (Matyjaszewski 2021). A halide
(X) terminated polymer chain (R) reacts with Mt"™/L, metal-
ligand complex, creating Re, a radical that may grow by addi-

ATRP over NMP and RAFT are that the reagents
(ligands, transition metals and alkyl halides) are com-
mercially available and that there is a vast range of
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tion of monomer M. X-Mt™!/L,_ may react with the growing R
e, terminating the reaction. Mt is a metal that changes oxida-
tion state

alkyl halides that can be used as ATRP initiators, as
for example compounds with halogen atoms acti-
vated by a-carbonyl, phenyl, vinyl or cyano groups.
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The equilibrium between the dormant and the active
species can be tuned by the choice of ligand. Another
advantage of ATRP is that it can tolerate the presence
of oxygen and other inhibitors. One of the main chal-
lenges of using ATRP is the removal of the copper
catalyst, which gives a blue/green color to the sam-
ples and can be mildly toxic. Often, activators (re)
generated by electron transfer (A(R)GET) ATRP
is preferred due to the much lower catalyst amount
required for the polymerization to occur (Braunecker
and Matyjaszewski 2007; Kedzior et al. 2019).

CNCs from cotton wool were grafted with sty-
rene. The surface of the CNCs was first modified
with 2-bromoisobutyryl bromide (BiB) to introduce
reaction sites for ATRP, and then styrene was grafted
from the active sites (Morandi et al. 2009). A sacrifi-
cial initiator was used to obtain higher control on the
degree of polymerization of the grafted chains. By
varying the ratio between monomer and sacrificial
initiator, degrees of polymerization between 27 and
171 were obtained, equivalent to 8-22 wt% of grafted
polystyrene. The contact angle of the CNCs increased
from 43 to 94°. The hydrophobic properties of the
modified CNCs were advantageous for their use as
absorbents of organic pollutants from water. Graft-
ing of 68% styrene on CNCs with a molecular weight
(M,) of 74,700 g/mol and a PDI of 1.21 has been
achieved using the same initiator (Yi et al. 2008).

Filter paper was modified at the surface with
methyl acrylate using BiB (Carlmark and Malmstrom
2002). Grafted polymers with degrees of polymeri-
zation of 149 and 298 were obtained, and the modi-
fied surfaces presented advancing contact angles of
128° and 133°, respectively. ARGET ATRP was used
to graft MMA, styrene and GMA from filter paper
(Hansson et al. 2009). Molecular weights in the range
of 8100-30,100 g/mol were obtained for PMMA,
6200-24,800 g/mol for PS, and 10,600-17,600 g/mol
for PGMA. The contact angles for PMMA-grafted
substrates were 109°-112°, while for PS-grafted
substrates they were 132°-135°. In the case of paper
modified with PGMA, the surfaces remained hydro-
philic when washed with protic solvents. The use
of aprotic solvents maintained the epoxide groups
on the surface, increasing the stability of deposited
water droplets. The same technique was used to graft
poly(lauryl acrylate) and poly(octadecyl acrylate)
with molecular weights (M) up to 7300 and 6800 g/
mol and contact angles of up to 135° and 146°,

respectively (Arteta et al. 2017). The modified filter
papers showed an increased ability to remove hydro-
phobic pollutants compared with unmodified filter
paper.

The surface of wood was also grafted using the
ARGET ATRP technique (Fu et al. 2012). PMMA
was grafted with grafting yields between 2.4 and
12.8%. Hydrophobic surfaces were obtained with
contact angles in the range of 74°-130°. Similarly, the
surface of filter paper was grafted with GMA using
BiB as initiator. After ring-opening of GMA, the
hydroxyl end-groups were further modified with pen-
tadecafluorooctanoyl chloride to increase the hydro-
phobicity of the substrate. A contact angle of 154°
was obtained after fluorination (Nystrom et al. 2006).
To obtain higher hydrophobicity of the surface, a
“graft-on-graft” approach was used. The hydroxyl
end-groups of the grafted PGMA were modified with
the initiator, and another polymerization reaction was
performed and followed by fluorination of the end-
groups, as shown in Fig. 10. The thus modified paper
displayed a contact angle of 172°. The same strat-
egy was used on cotton fabric, grafting first GMA
and then heptafluorobutyryl chloride (Li et al. 2015).
Contact angles between 140-155° were obtained
by increasing the concentration of fluoroalkyl com-
pound. Since the hydrophobicity of the surface was
not stable over time, a “graft on graft” approach and
subsequent fluorination were performed, increasing
the contact angle to 163.7°, and providing a stable
superhydrophobic coating.

Spruce wood samples were grafted with the
hydrophobic polymer PTFEMA via surface initi-
ated AGET-ATRP (Vidiella del Blanco et al. 2019).
A macroinitiator for ATRP was prepared by grafting
BiB. Some samples were swollen in dichlorometh-
ane to limit the modification to the lumen/cell wall
interface, while other samples were swollen in pyri-
dine to allow to graft BiB deep inside the cell walls.
The same grafting percentage was obtained with
both types of macroinitiators (ca. 43%), and it was
shown that the polymerization of TFEMA occurs at
the surface of the wood samples up to a few hundred
microns in depth regardless of the pre-conditioning of
the samples.

BiB was immobilized onto filter paper, which
was used as a substrate for grafting of the ther-
moresponsive  monomer  N-isopropylacrylamide
(NIPAAm) (Lindqvist et al. 2008). The polymer
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Fig. 11 Reaction scheme of the synthesis of PS-grafted TOCNFs (TOCN) via ATRP. Image obtained from Huang et al. (2015)

poly(N-isopropylacrylamide) (PNIPAAm) is hydro-
phobic above ~32 °C. The grafted paper presented
a contact angle of 110° at 50 °C. A “graft-on graft”
polymerization was performed, where PGMA was
used as the first grafted polymer. The surface with the
new PGMA-g-PNIPAAm coating displayed a con-
tact angle of 130°. Similarly, PAVP, a pH-responsive
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polymer, was grafted from filter paper. The surfaces
achieved contact angles of 90°-100° at pH 7 and of
125° at pH 9. The grafting of first PNIPAAm and
then P4VP resulted in surfaces that were both pH-
and temperature-responsive and that reached contact
angles up to 120° at 50 °C and pH 9.
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Fig. 12 Mechanism of RAFT polymerization. Image obtained from Roy et al. (2009) A polymer radical chain P,°, may react with a
monomer. The reaction is paused by reversibly binding with a labile thiocarbonyl moiety

TEMPO-oxidized CNFs (TOCNFs) were grafted
with styrene via surface-initiated ATRP (SI-ATRP)
as depicted in Fig. 11 (Huang et al. 2015). Carbox-
ylic acids in TOCNFs deactivate the copper catalyst,
preventing the polymerization reaction from occur-
ring. By preparing the acid salt of the TOCNFs, the
carboxylic groups are neutralized, and it is possible
to conduct ATRP. BiB was first grafted onto the sur-
face of the TOCNFs and then the polymerization of
styrene took place. Polystyrene molecular weights
between 14,100 and 29,000 g/mol were obtained
and the contact angles of dry grafted TOCNFs were
between 85.1 and 98.7°. The modified CNFs are
promising materials for the absorption of organic
pollutants.

Bacterial nanocellulose membranes were grafted
with MMA and BA (Lacerda et al. 2013). The surface
of the membranes was first modified with BiB and
then with either MMA, BA, or MMA-co-BA. The
molecular weight of BNC-PMMA was 2.7 X 10° Da,
and that of BNC- PMMA-co-PBA was 3.7x 10° Da.
Grafting of PMMA and PBA increased the hydropho-
bicity of BNC, with contact angle values of 134° for
BNC-PMMA and 116° for BNC-PBA.

RAFT

Unlike ATRP and NMP that are based on revers-
ible termination mechanisms, RAFT is based on
reversible chain transfer. RAFT polymerizations are
performed in similar conditions than radical polym-
erizations, but they require the presence of a chain-
transfer agent (RAFT agent). These RAFT agents
reversibly transfer a labile end group (typically dithi-
ocarbamates, dithiocarbonates, or dithioesters) to a
propagating chain. The labile end-group is reversibly
exchanged between different growing polymer chains.
The raft agents also contain R and Z groups which
allow tuning the reaction kinetics and equilibrium
between the dormant and active states (Fig. 12). The
architecture of the RAFT agents is determined by the

reaction conditions and the choice of monomers. The
main challenges of RAFT polymerizations are that
RAFT agents are not commercially available and that
the resulting polymers have inherent colors and odors
caused by the dithioester groups. However, these
groups can be easily cleaved (Odian 2004; Moad
et al. 2005).

Among the controlled radical polymerization
methods, RAFT allows the polymerization of the
widest range of monomers, which include (meth)
acrylates, (meth)acrylamides, and styrenic mono-
mers, and vinyl monomers. The polymerization
is performed in the same solvents as free radical
polymerizations, including protic solvents such as
water and alcohols, and using the same initiators
and temperature range, which can vary from ambi-
ent temperature to 140 °C (Odian 2004; Moad et al.
2005). Nevertheless, there are few examples of poly-
mer grafting from cellulosic materials using RAFT.
In most cases, hydrophobic polymers such as PS,
poly(methyl acrylate) (PMA) and PMMA have been
grafted from cellulosic materials. However, in many
of these examples the contact angle of the samples
was not measured.

PMMA/CNC composites were prepared using
two different methodologies based on RAFT polym-
erization (Anzlovar et al. 2016). First, the CNCs
were modified with a RAFT chain transfer agent
and then two different pathways were followed: 1)
in-situ grafting of MMA during bulk polymerization
of the PMMA/CNC composite, and ii) grafting of
MMA from the CNCs followed by dispersion of the
CNCs and bulk polymerization of MMA. The reac-
tion scheme of MMA grafting from CNCs is shown
in Fig. 13. Both approaches resulted in composites
with improved tensile strength (11 and 10%, respec-
tively), Young’s modulus (24 and 10%), and Charpy
impact resistance (11 and 7%) compared with pure
PMMA. Composites prepared with unmodified CNCs
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Fig. 13 Grafting of MMA from CNCs via RAFT polymerization. Image obtained from Anzlovar et al. (2016)

presented a decrease in the mechanical properties due
to aggregation of the CNCs.

Grafting of PVAc from CNCs was performed by
RAFT and macromolecular design via the inter-
change of xanthates (MADIX, RAFT/MADIX)
polymerization using two different grafting proce-
dures (Boujemaoui et al. 2016). DPs of 57 and 230
were targeted, resulting in molecular weights of
3630 and 3880 g/mol for DP=57, and 15,930 and
16,270 g/mol for DP =230. Nanocomposites of PVAc
with grafted CNCs were prepared and they presented
improved mechanical properties than composites
with unmodified CNCs, achieving up to 154% higher
Young’s modulus.

Hydroxypropyl cellulose and methyl cellulose
were modified by RAFT polymerization (Fleet et al.
2008). Grafting of VAc from the active sites resulted
in the formation of an amphiphilic copolymer. After
grafting the molecular weights of hydroxypropyl cel-
lulose and methyl cellulose increased from 64,000
and 32,000 g/mol to 450,000 and 600,000 g/mol,
respectively. PVAc, poly(butyl acrylate), PS and cati-
onic amphiphilic PS/poly(4-vinylbenzyl chloride)
(PS-PVBC) copolymers were grafted from wood fib-
ers (Tastet et al. 2011). Grafted polymers with a wide
range of molecular weights (600-33,700 g/mol) were
obtained. Contact angles between 90° and 95° were
obtained for fibers coated with PS and PS-PVBC.
Additional experiments showed that wood pellets pre-
pared with blends of crude fibers and PS-grafted fib-
ers were only hydrophobic when all the fibers were
grafted. On the other hand, hydrophobicity could also
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be achieved when the pellets were coated with grafted
fibers amounting to 9% of the total weight.

Styrene, MA and MMA were grafted from the
surface of cotton fabric, which previously had been
modified with a RAFT chain transfer agent (Perrier
et al. 2004). The polymerizations reached full conver-
sion of the monomers and the molecular weights were
106,900 g/mol for styrene, 84,850 g/mol for MA, and
60,500 for MMA. Hydrophobic filter paper was pre-
pared by grafting styrene (Roy et al. 2005). Prior to
polymerization, the paper was modified with a chain
transfer agent, as shown in Fig. 14. The water contact
angles were around 130°, and the grafting ratio was
comparable to that obtained by ATRP under similar
conditions. The initial contact angle on unmodified
filter paper was impossible to determine, due to quick
sorption of water.

In-situ polymerization

A one-pot synthesis was used to prepare waterborne
polyurethane (WPU)/CNC composites. The graft-
ing reaction occurred by first modifying polycaprol-
actone diol with isophorone diisocyanate, and then
adding the CNCs to the reaction mixture (Cao et al.
2009). The reaction between the hydroxyl groups on
the CNCs and the isocyanate functionality resulted
in the formation of polyurethanes. Grafting densities
of 45.7-57 wts% were obtained with this method,
and the WPU/CNC composites presented improved
mechanical and thermal properties.

Grafting of poly(ionic liquid)s (PILs) has also been
suggested as a method to obtain hydrophobic CNFs
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(Grygiel et al. 2014). PILs were electrostatically
grafted onto TOCNFs by in situ polymerization of
1-ethyl-3-vinylimidazolium bromide (PIL-Br) with-
out requiring any functionalization of the TOCNFs.
The thermal stability of the CNFs was maintained
after grafting, and the possibility of exchanging the
anions present in the PILs allows the dispersibility
of the modified CNFs in a wide range of solvents.
Hydrophobic CNFs were obtained by replacing the
bromide anion with bis(trifluoromethylsulfonyl)imide
(TF,N), which were soluble in dimethyl sulfoxide
(DMSO), and with hexafluorophosphate, which were

soluble in DMSO, acetone and methanol. The modi-
fied CNFs were used as reinforcements for PIL mem-
branes, presenting higher Young’s modulus and stress
at failure than non-reinforced membranes (Fig. 15).
Table 4 shows the two in-situ polymerization meth-
ods described in this section.

Radiation-induced modifications
Grafting of cellulosic materials can also be initi-

ated using radiation sources such as ultraviolet light,
gamma radiation, and plasma. These techniques
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Table 4 Overview of modifications of cellulosic materials by in-situ polymerization

Source of cellulose Type of cellulose Monomer Grafting yield (%) References

Cotton linter CNC Polycaprolactone diol 45.7-57 (Cao et al. 2009)
Softwood pulp CNF PIL-TF,N/PF 70 (Grygiel et al. 2014)
Fig. 15 Synthesis of CNF .

CNF-reinforced porous PIL polyrwf\;ariéahon

membrane via one-step N—TT of IL-Br

surface grafting. Image H,0, 85°C

obtained from Grygiel et al.
(2014)

generate radicals that can be used as initiators for
graft polymerizations. Radiation-induced modifica-
tions are a “grafting from” technique, and as previ-
ously described in the free raadical polymerization
section, polymerization occurs via the free radical
polymerization mechanism. However, to improve the
readability of this review, radiation-induced modi-
fications are described in a separate section. Table 5
shows a summary of all the references discussed in
this section of the review.

UV initiated polymerization

The synthesis of polymers using ultraviolet (UV)
radiation is possible when photoinitiators are present.
The irradiation of these initiators with UV light gen-
erates radicals that can start polymerization reactions.
The advantages of using UV polymerization are the
simplicity of the method, the absence of organic sol-
vents, the high degree of grafting, and the lack of
homopolymer formation. Some examples of polymer
grafting by UV light are listed below.

Glycidyl methacrylate was grafted from cotton fib-
ers using both photoinitiators and chemical initiators
(Shukla and Athalye 1994). Uranyl nitrate, CAN and
benzoin ethyl ether were chosen as photoinitiators, and
CAN and KPS as chemical initiators. The optimal reac-
tion conditions were found for each initiator, resulting
in grafting yields between 8.95 and 26.20%. Slightly
higher grafting was obtained when CAN was used as
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. with PAA/PIL mixture

anion exchange
(#Br,®@ PFgor Tf;N)

Membrane formation

PIL-PF¢@CNF or PIL-Tf,N@CNF

photoinitiator (26.20%) instead of chemical initiator
(24.13%). The same photoinitiators were used to graft
styrene from cotton fibers (Shukla et al. 1993). Ura-
nyl nitrate was the initiator that provided the highest
grafting yields, reaching 1.10%. Both in the grafting
of GMA and styrene, preswelling the fibers resulted in
higher grafting due to the opening of the fiber structure.

The photo-sensitizer 2-ethylanthraquinone was
used to graft polymers from cotton fabric via light-
induced surface radical polymerization (Zhuo and
Sun 2014). The proposed reaction mechanism is
shown in Fig. 16. 2-ethylanthraquinone generates rad-
icals and active oxygen species when exposed to UV
or day light. After dyeing the fabrics with the photo-
sensitizer, the grafting of the hydrophobic monomers
butyl acrylate, 1H, 1H, SH-octafluoropentyl acrylate
(OFA), and styrene was attempted, as well as graft-
ing of two hydrophilic monomers (acrylamide and
[2-(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl)
ammonium hydroxide). All monomers were suc-
cessfully grafted except for styrene, which quenches
the photoinitiator. The modified fabrics displayed
remarkable antibacterial properties.

Hydrophobic filter paper was obtained by grafting
perfluoropolyether urethane methacrylate (Bongio-
vanni et al. 2011). Benzophenone was used as pho-
toinitiator. The grafted papers presented large water
contact angles (120-140°), depending on the reac-
tion conditions, as well as lipophobic properties and
excellent resistance to grease and oil.
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Table 5 Overview of modifications of cellulosic materials by radiation-induced polymerization
uv
Cellulose source  Type of cellulose Monomer Grafting yield (%) Grafting Contact angle (°) References
efficiency
(%)
Scoured, bleached Fibers GMA ~8.95-26.20% (Shukla and Athalye
cotton yarn 1994)
Styrene 0-1.10 (Shukla et al. 1993)
Bleached, desized Fibers BA, OFA, styrene Styrene: 0% (Zhuo and Sun
cotton fabric 2014)
Whatman filter Fibers Perfluoropolyether 120-140 (Bongiovanni et al.
paper urethane meth- 2011)
acrylate
Whatman filter Fibers MMA (Garnett et al. 1999)
paper
Whatman filter Fibers MMA 0.36-89 77-88 (Margutti et al.
paper Ethylacrylate 14 2002)
MA 28
Wood pulp CNC MMA 477.2 79.7 (Wang et al. 2016)
BA 311.2 75.4
NIPAAm 292.4 73.5
Japanese cypress ~ CNF MMA 8484 91.3,99.7 (Yang et al. 2019)
wood powder Butyl meth- 131 113.4
acrylate
BA 88 119.7
HEMA 59 75.7
Acrylonitrile 210 64.3
MMA-co-styrene 41 116.5
Gamma radiation
Cellulose source Type of cellulose Monomer Grafting yield (%) Contact angle (°) References
Cotton-cellulose Fibers GMA PIG<111 (Desmet et al. 2011)
bleached woven SG <350
fabric
MCC GMA (Madrid and Abad 2015)
Whatman filter paper Fibers Styrene <55 123-138 (Barsbay et al. 2007)
Jute fibers Fibers MMA <73% (Khan 2005)
Cotton fabric Fibers DEAETPN, MMA 0-32 (Verma and Kaur 2012)
Methyl-cellulose, CNC TMPTMA (Sharmin et al. 2012)
Plasma polyerization
Cellulose source Type of cellulose Monomer Contact angle (°) References
Cotton fabric Fibers Styrene 91-133 (Parida et al. 2012)
Cotton fabric Fibers HMDSO <162 (Yang et al. 2018)
Viscose rayon Fibers 1,3-Butadiene <90-143 (Samanta et al. 2012)
Ramie fibers Fibers Propylene 96-106 (Zhang et al. 2015)
Propane 97.6
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Fig. 16 Suggested mechanism for light-induced polymer grafting onto activated cellulose. Image obtained from Zhuo and Sun

(2014)

MMA was grafted from filter paper using several
photoinitiators (benzoin ethyl ether, Irgacure 184,
1700, 1800, and Darocure 1173) (Garnett et al. 1999).
The grafting reactions were performed with UV light
and ionizing radiation. The effect on the grafting of
monomer concentration, acid pH, nitrogen atmosphere,
presence of styrene comonomer, addition of vinyl ether
additives and charge transfer monomers was inves-
tigated, resulting in a wide range of grafting percent-
ages. The use of charge transfer monomers allows the
synthesis of copolymers using a one-step method.

Wang et al. (2016) immobilized the photoinitia-
tor bis(acyl)phosphane oxide at the surface of CNCs
and grafted MMA, BA, NIPAAm, and 2-hydroxyethyl
acrylate. The highest grafting yield was obtained for
the polymerization of MMA, and the lowest for the
polymerization of the hydrophilic monomer 2-hydrox-
yethyl acrylate. CNCs grafted with PMMA were incor-
porated into a PMMA matrix as reinforcement. The
grafted CNCs increased the elastic modulus of PMMA
by 8% while maintaining the tensile strength constant.

CNFs were grafted with MMA by irradiating the
microfibrils with UV light (Yang et al. 2019). Radicals
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were generated at the surface of the CNFs in aqueous
media without the need for an initiator or organic sol-
vents. Grafting increased the hydrophobicity of the
CNFs and enabled their dispersion in organic solvents.
The grafted PMMA had molecular weights in the
range of 640-1330 kg/mol. Films were prepared by
hot pressing from two samples of grafted CNFs with
different degrees of grafting and displayed contact
angles of 91.3 and 99.7°. TOCNFs and CNCs were
grafted with PMMA following the same procedure,
where TOCNFs achieved the highest grafting degree
and CNCs the lowest, compared with CNFs. Grafting
of CNFs was also successfully performed with n-butyl
methacrylate, 2-hydroxyethyl methacrylate (HEMA),
BA, N,N-dimethyl acrylamide, and acrylonitrile.
Except for poly(N,N-dimethyl acrylamide), all grafted
polymers increased the hydrophobicity of the CNFs,
including the hydrophilic polymer PHEMA. However,
the water contact angles of CNFs grafted with poly-
acrylonitrile and PHEMA were below 90°.

Grafting of methyl methacrylate was performed on
previously oxidized cellulose, which contained dial-
dehydic groups where the monomers were grafted
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(Margutti et al. 2002). The polymerization occurred
using vaporized acrylic monomers. The increase in
the oxidation of the cellulose led to a higher graft-
ing percentage. Additional samples were prepared by
grafting MMA, ethylacrylate and methyl acrylate from
oxidized cellulose that had been irradiated with UV
light prior to the polymerization. Pre-irradiation of
oxidized cellulose results in the activation of the alde-
hyde groups. Pre-irradiated samples that were polym-
erized with MMA for 1 h achieved a similar grafting
percentage as samples that were polymerized during
5 h without pre-irradiation. In addition to decreas-
ing the grafting time, pre-irradiation also enhances
the penetration of the monomer within the fibers and
results in a lower formation of homopolymer (7-15%).

Gamma Radiation initiated polymerization

Gamma radiation is a high energy ionizing radia-
tion that leads to the formation of ions and radi-
cals, which in turn can polymerize vinyl and acrylic
monomers. There are two different approaches used
in polymerization reactions with gamma rays: pre-
irradiation grafting (PIG) and simultaneous grafting
(SG). Gamma irradiation is typically used for graft-
ing of textiles. In the PIG technique, the fabric is first
irradiated and then immersed in a monomer solution,
whereas in the SG technique, the fabric is irradiated
while immersed in the monomer solution.

In one example, the hydrophobicity of cotton fabric
was increased by grafting GMA with gamma radia-
tion using the PIG and SG techniques (Desmet et al.
2011). Simultaneous grafting resulted in higher effi-
ciencies (55% for PIG and 350% for SG under the

Fig. 17 Schematic repre-
sentation of cellulose graft-

ing with gamma radiation. y-radiation
Reprinted (adapted) with o Lk
permission from Macro- !
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7140-7147. Copyright 2021 Le :
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same conditions). However, SG leads to the formation
of homopolymers not grafted to the substrate caused
by radicals generated in the solvent. The modified
fabric presented reduced water sorption. At higher
degrees of grafting, the SG samples were more hydro-
phobic than the PIG ones because SG occurs on the
surface, while PIG occurs through the cross-section of
the fabric. Modification of the cellulose samples with
GMA increased their ability to adsorb aromatic pol-
lutants from water. Similarly, GMA was grafted onto
microcrystalline cellulose (MCC) by simultaneous
grafting (Madrid and Abad 2015). The highest graft-
ing was achieved in mixtures of methanol/water solu-
tions, although large amounts of homopolymer were
obtained. Further grafting experiments performed in
methanol resulted in degrees of grafting up to 20%.

Barsbay et al. (2007) grafted styrene from filter
paper via RAFT polymerization initiated by gamma
radiation as illustrated in Fig. 17. A grafting degree of
55% was achieved when the reaction was performed
in methanol, and up to 39% when it was performed in
a dioxane/water mixture. The contact angles of sam-
ples with 20, 30 and 39% grafting were 123, 134, and
138°, respectively. The grafted chains were cleaved
from the substrate and characterized by SEC, present-
ing molecular weights between 6500 and 14,500 g/
mol and PDIs in the range of 1.13-1.18.

Another example of polymer grafting by gamma
radiation is the modification of jute fibers with
PMMA (Khan 2005). Pre-irradiated fibers were
immersed in an MMA solution. The radicals can be
formed by hydrogen and hydroxyl abstraction or C-C
and C-O bond cleavage in the cellulose, hemicellu-
lose and lignin molecules. Additionally, lignin can
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act as a reaction inhibitor. Fibers pre-irradiated in
air achieved higher grafting percentages (73%) than
fibers pre-irradiated in nitrogen atmosphere (53%).
The effect of temperature and monomer concentra-
tion were also investigated, showing that increasing
temperature and monomer concentration resulted in
higher grafting percentages.

Gamma radiation has also been used for grafting of
more uncommon monomers such as diethyl (acryloy-
loxy) ethylthiophosphoramidate (DEAETPN) and tri-
methylolpropane trimethacrylate (TMPTMA) (Fig. 18).
DEAETPN was synthesized and grafted from cotton
fabric to provide flame retardant properties. Copo-
lymerization with small amounts of MMA improved
the grafting efficiency of DEARPN (Verma and Kaur
2012). The hydrophobic monomer TMPTMA was
used in methylcellulose films in presence of glycerol
to improve the mechanical properties and decrease the
water vapor permeability of the films (Sharmin et al.
2012). The addition of CNCs to these films contributed
even further to the decrease in the water vapor perme-
ability, due to the increasing tortuosity of the films.

Plasma
The general mechanism of plasma grafting occurs

via three steps: i) activation of the surface, ii) for-
mation of peroxide radicals, and iii) polymerization,

as illustrated in Fig. 19. In the first step, hydrogen
is extracted from the cellulose chains, leading to the
appearance of radicals. These radicals react with oxy-
gen, forming peroxides, which can further decompose
into new radical species and start a polymerization
reaction when they are in the presence of a monomer
(Couturaud et al. 2015).

There are many examples of preparation of hydro-
phobic textiles using plasma. Grafting hydrophobic
molecules can result in both covalently attached poly-
mer chains and also deposition of polymers onto the
surface of the fabric. Grafted and deposited polymers
contribute to increasing the hydrophobicity of the
substrate, however, only the covalently attached pol-
ymers will remain after washing the textiles. There-
fore, it is important to characterize the fabrics after
washing to assess whether hydrophobicity is attained.
Examples of modified textiles are given below.

Styrene/helium plasma was used as a method to
obtain hydrophobic cotton fabric samples with con-
tact angles between 107° and 133° (Parida et al.
2012). After washing the samples, the water con-
tact angles decreased slightly (about 20°) due to the
removal of polystyrene deposited at the surface but
remained hydrophobic. Raman spectroscopy char-
acterization suggested that the hydrophobicity of the
fabric is caused by grafting of styrene and benzene
radicals to the cellulose molecules, but not the forma-
tion of polymers. A single-step graft polymerization
of hexamethyldisiloxane (HMDSO) onto cotton fab-
ric was performed in both N, and O, plasma (Yang
et al. 2018). The fibers were coated by a thin layer of
nanoparticles that provided the sample with hydro-
phobic properties. The reactions performed with O,
plasma achieved higher contact angles (162°) than
those performed with N, plasma (149°). The contact
angles of the samples only decreased slightly after
storage in ambient conditions or laundering, dem-
onstrating the stability of the coatings. In addition,

i) Plasma ii) Peroxide \
activation radical formation OH i) Polymerization W, g
—_— - —0 0 . o o 0
= —— | ‘ | | [ |
Surf& ctivat EInETES A —

Fig. 19 The three stages of polymer grafting using plasma
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the fabric appearance and air permeability were not
affected by the grafted polymer.

He/1,3-butadiene plasma was used to obtain hydro-
phobic viscose rayon (Samanta et al. 2012). Increas-
ing the plasma treatment time increased in the water
absorbency time of the textile. Water contact angles
up to 143° were achieved. After washing the tissue
with soap, both the water absorbency time and the
contact angles decreased. However, the washed sub-
strates remained hydrophobic, with contact angles up
to 134°. In the article, it is hypothesized that butadiene
fragments and oligomers react with the cellulose mol-
ecules, whereas the polymers that are formed are only
deposited at the surface and removed during washing.

Ramie fibers were modified with propylene and
propane in plasma (Zhang et al. 2015). Increasing the
exposure to plasma resulted in increasing roughness
of the surfaces due to peeling off of the fibers, but
excessive exposure led to smoothing of the surface
due to the peeling off effect. Several samples were
modified with propylene and presented contact angles
up to 106°. A sample was prepared with propane
as a comparison and a contact angle of 97.6° was
obtained. In both cases, when polypropylene compos-
ites were prepared, grafting led to an increased adhe-
sion with the polypropylene matrix.

Summary and outlook

This review presents an overview of the state-of-the-
art of (nano)cellulose hydrophobization using poly-
mers. At a first glance, polymer adsorption seems
the simplest approach to modify cellulosic materials.
However, some applications might require covalent
bonding between the polymers and the substrates,
for instance for filtration purposes, or in clothing
items that must undergo several cycles of wash-
ing. Amongst all the grafting techniques, radiation-
induced polymerizations typically are more envi-
ronmentally friendly, even though they offer little
control on the polymerization process. It is the same
case for radical polymerization, where the simplicity
of the polymerization reaction comes at the expense
of the control on the properties of the grafted poly-
mers. Ring opening polymerization allows grafting
of biodegradable polymers such as PLA and PCL,
which are two of the most environmentally friendly

alternatives when it comes to synthetic polymers.
Controlled radical polymerization involves more
complex systems that provide well-defined polymers.
This can be of interest when one wants to finely tune
the substrates.

The articles cited in this review show a clear ten-
dency over time towards more complex architectures
when it comes to polymer grafting, and also towards
more environmentally friendly solutions, either by the
choice of reagents, experimental design, or applica-
tion of the materials. Hydrophobic cellulosic materi-
als open possibilities of new sustainable products and
profit from a resource as easily available as wood.
Polymer biocomposites is one of the application areas
that clearly benefit from polymer grafting on cellu-
losic materials. The possibility of modifying the cel-
Iulosic reinforcement with the same polymer as the
matrix highly increases the compatibility between the
two components of the composite.

Radiation-induced modifications are the tech-
niques with the highest potential for industrialization.
For example, both the textile and packaging indus-
try are sectors that could benefit from implementing
plasma for modification of the fabric and packaging
surface properties. Although the technology is avail-
able, plasma is not implemented yet for grafting pur-
poses due to the high costs associated with it, such
as the need to have expensive vacuum equipment
(Cvelbar et al. 2019). Other products such as grafted
CNCs and CNFs are not of industrial interest due to
their high production costs. The only implementation
area for grafted CNCs and CNFs could be very spe-
cialized fields where very small amounts of product
are required, such as the pharmaceutical one (Kedzior
et al. 2019).

The reviews Hydrophobization of lignocellulosic
materials parts I, II, and III give an overview of the
state-of-the-art of the different hydrophobization meth-
ods used with lignocellulosic materials. There are sev-
eral general observations that can be drawn from the
three reviews. In general, the physical modification
methods (adsorption and plasma) seem the simplest
modification approaches. Adsorption of “short” mol-
ecules typically only decreases the hydrophilicity of
the substrates without creating a hydrophobic surface,
while adsorption of polymers often yields highly hydro-
phobic surfaces. On the other hand, plasma modifica-
tions, by both etching and (polymer) grafting usually
form highly hydrophobic surfaces. Regarding grafting
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reactions in general, some of them such as esterification
and silylation are more well established than others.
These two types of reactions have the advantage that
they can be performed in the gas phase or in aqueous
medium, and therefore do not require the use of sol-
vents. It is the same case for radiation-induced modi-
fications, which do not involve the use of solvents and
are also regarded as environmentally friendly technolo-
gies. Lastly, reactions such as controlled radical polym-
erization or click-chemistry reactions allow the func-
tionalization of substrates with very complex structures
and high control but have limited industrial applicabil-
ity due to the high cost of the products.

Hydrophobization of lignocellulosic materials is a
subject of great importance in the current social and
political situation, where the use of single-use plastics
in Europe has been banned. This is an opportunity to
take the research in this field a step towards industri-
alization, particularly for single-use products such as
packaging or cutlery and plates. Looking forward, the
short-term goal should be the upscaling and economic
viability of the hydrophobization processes.
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