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Nanofibrillated cellulose composites and wood
derived scaffolds for functional materials
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As an alternative to the production of nanofibrillated cellulose based composites (NFC) in bottom-up

processes the functionalization of wood or cellulose scaffold materials in a top-down approach has
attracted increasing attention in recent years. Here we compare both concepts regarding mechanical
properties, electric and magnetic properties as well as filtration and adsorption properties for oil/water
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separation and heavy metal remediation. Depending on the targeted properties, both the bottom-up and

the top-down approach show specific advantages and limitations in processing and performance. The
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Introduction

The fabrication of functional materials in bottom-up
approaches using cellulose nanofibrils (NFC) has attracted
increasing attention over the last 20 years. The large surface
area and the high amount of reaction sites make NFC a very
attractive renewable raw material." However, there are limiting
factors for a wider utilization such as energy-intense disas-
sembly processes and challenges to achieve a beneficial parallel
alignment of NFC in the composite. Recently, there has been
great progress regarding cellulose fibril alignment by a sophis-
ticated microfluidic system, resulting in high performance
macroscale fibres,”> but the fabrication of NFC composites with
high fibre directionality remains challenging. An emerging
manufacturing and functionalization alternative is based on
a top-down approach, which either utilizes the hierarchical
structure of native wood or comprises a full or partial deligni-
fication to fabricate cellulose scaffolds that retain the original
fibre directionality and structural integrity.*® Wood itself or
these cellulose scaffolds can be functionalized or densified in
subsequent treatment steps. Here, we intend to review proper-
ties of materials based on assembled cellulose fibrils and on
cellulose scaffolds or wood. The comparison is a first indicator
for which properties or functions a top-down or bottom-up
approach might be more beneficial. We have selected three
categories of properties with high application relevance, namely
mechanical properties in terms of strength and stiffness,
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comparison shows that the use of wood and wood derived cellulose scaffolds is a very promising
alternative to the assembly of NFC for developing green and scalable functional materials.

electric and magnetic properties as well as filtration and
adsorption properties for oil/water separation and heavy metal
remediation.

Mechanical properties

Nano- and microfibrillated cellulose can be prepared by
different methods from a large variety of natural resources
(Fig. 1) to be used as reinforcement in combination with
a multitude of natural or synthetic matrices to produce polymer
composites.*® Dufresne and coworkers were the first to show
the reinforcing effect of NFC in cellulose-starch composites.*
In the following various combinations with arabinoxylan,

Fig. 1 Transmission electron microscope (TEM) images of cellulose
nanofibers of (a) kenaf?® and (b) rubberwood?® and (c), (d) images of
shaped wood-based cellulose scaffolds.®> Reprinted by permission
from Springer Nature;?*?¢ reprinted with permission from American
Chemical Society.?
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carboxymethyl cellulose, hydroxypropyl cellulose, regenerated
cellulose, galactoglucomannan, xyloglucan, chitosan, or adhe-
sives peptides have been tested."** Nano- and microfibrillated
cellulose composites with a phenol-formaldehyde- or melamine
formaldehyde resin matrix were produced by Nakagaito and
Yano'® and Henriksson and Berglund,'” respectively.

In recent years, several wood delignification approaches have
been followed to fabricate cellulose based materials that benefit
from the hierarchical structure of the cellulose scaffolds. A
structure-preserving delignification protocol was first intro-
duced as a preparation method for light microscopy studies.*®
Later it was shown that delignification allows for the prepara-
tion of wood templated ceramics down to the nanoscale of the
wood cell wall.” Yano and coworkers densified partly deligni-
fied wood samples together with a PF-resin to produce
extremely strong and stiff densified composites.*** Song and
coworkers utilized the bonding capacity of lignin and achieved
very high strength, stiffness and toughness values for partly
delignified cellulose composites.> Fully delignified cellulose
scaffolds (Fig. 1) were produced by Frey et al., which were then
densified by a combined action of compression and shear.?
Various delignification approaches also facilitated the fabrica-
tion of wood sponges* or transparent wood.>>** These scaffolds
were filled for instance with PMMA to add a polymer with
a similar refractive index compared to cellulose, resulting in
transparent polymer composites.>*

For the comparison of the mechanical properties of polymer
composites made of nano- and microfibrillated cellulose on the
one side and wood/cellulose scaffolds on the other, we have
used the very comprehensive review article by Lee and
coworkers as a basis.” In this article the reinforcing ability of
NFC in a multitude of polymer nanocomposites has been
compared. This is compiled with the mechanical properties of
a selected wood species and a small number of cellulose scaf-
fold based composites displaying strength against stiffness
(Fig. 2).

The light blue-colored region reflects the region of strength
and stiffness values of NFC composites. The vast majority
possesses values around 80 MPa strength and an elastic
modulus around 4 GPa.? Only NFC composites with a very high
fibre volume fraction reach exceptional strength values of up to
360 MPa and elastic moduli around 19 GPa.*®

Natural wood (here we show Japanese cedar according to the
cited reference) with a comparably low density of (~340 kg m™3)
possesses a tensile strength around 80 MPa and an elastic
modulus around 10 GPa, while its strong densification
(1200 kg m ) results in an increase in fibre volume fraction and
an elastic modulus of 30 GPa and a bending strength of
300 MPa.” In their study on transparent wood, Li and coworkers
conducted mechanical tests on the transparent cellulose scaf-
fold-PMMA composites. For a cellulose volume fraction of 5%,
an elastic modulus of 2 GPa and a tensile strength of 40 MPa
were measured.” Zhu et al. measured similar values for their
transparent wood samples, but the volume fraction of cellulose
was not provided in that article.”® Upon compressing trans-
parent wood, the cellulose volume fraction was increased to
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19% and tensile strength (90 MPa) and elastic modulus (3.6
GPa) were improved.?

With the objective to optimize the mechanical performance
of cellulose scaffold based composites, Yano performed a very
systematic study to produce high-strength materials. In
a preliminary assessment he conducted sound velocity tests on
wood specimens to identify those with the highest elastic
modulus. After partial delignification and PF resin impregna-
tion the specimens were strongly compressed to reach density
values of 1400 kg m~>, which led to a bending strength of
670 MPa and an elastic modulus of 62 GPa (green star).® Other
cellulose-PF resin composites without preselection of speci-
mens reached lower strength and stiffness values.>® Recently,
Song et al. compressed partly delignified cellulose scaffolds at
100 °C activating the binding capacities of lignin. For samples
with a weight loss of 45% (partial degradation of hemicelluloses
and lignin) the highest mechanical properties were measured.
These samples had a density of 1300 kg m™> and possessed
a strength of almost 600 MPa and an elastic modulus of 51 GPa
(red star).® Frey and coworkers reached an elastic modulus of
35 GPa and a tensile strength of 270 MPa when testing densified
cellulose scaffolds without adding any matrix. This data point
(blue star) is below the dashed line in Fig. 2, which acts a visual
guideline for comparison of wood and the different cellulose
scaffold composites. A possible explanation is that in particular
the strength is affected by the absence of a matrix. The
comparison in Fig. 2 clearly shows that much stronger cellulose
composites can be obtained, when densified cellulose scaffolds
are utilized compared to NFC/MFC composites. For a better
understanding of the underlying structure-property relation-
ships, one needs to consider the large variety of parameters, like
cellulose volume fraction, fibril geometry, cellulose source or
wood species, degree of delignification and hemicellulose
removal, cellulose orientation, polymer matrix, porosity, or
interfacial properties of the fabricated composites. The
mechanical properties of nano- and microfibrillated cellulose
composites depend in particular on the applied preparation
methods to produce the cellulose nanofibrils.” This was for
instance shown in a study by Fukuzumi and coworkers, who
studied the influence of the length of TEMPO oxidized nano-
cellulose fibrils on the mechanical properties of different NFC
composites. The aspect ratios of the nanofibrils were varied due
to different mechanical disintegration conditions. The nano-
fibrils had different lengths (200, 680, 1100 nm) but the same
width of about 4 nm. Microtensile tests revealed an increase of
tensile strength and an increased elongation at break with
increasing nanofibril length.?®

Here we would like to restrict ourselves to a more detailed
comparison of two parameters of crucial relevance for which
a sufficient amount of data is available. A parameter with strong
impact on the mechanical properties is the relative cellulose
volume fraction. When comparing the different NFC polymer
nanocomposites from literature, Lee and coworkers could show
a good correlation with strength and elastic modulus. While
composites with a NFC volume fraction of 10% reached
strength values of max. 100 MPa and elastic moduli values of
max. 5 GPa, composites with a NFC volume fraction above 80%

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Elastic modulus against strength of NFC/MFC composites, wood (natural and densified) and cellulose composites utilizing the hierarchical
scaffold of wood. Note that mechanical properties were either measured in tension or bending. Dashed line acts a visual guideline for

comparison of wood and the different cellulose scaffold composites.

possessed a strength and an elastic modulus around 3 times
higher.® The same trend can also be observed for wood and the
cellulose scaffold composites. The direct comparison of trans-
parent wood studied by Li and coworkers shows that an increase
of the volume fraction of the cellulose scaffold from 5% to 19%
doubles the strength and elastic modulus values.”” However,
density as a single parameter is not useful for a general
comparison of composites with different matrices and degrees
of densification as it is not necessarily correlated with cellulose
volume fraction. For instance, transparent wood has a high
density, but comparably low strength and stiffness, because
PMMA, which has the largest volume fraction in these
composites, possesses a density of 1150 kg m™3,2°2?

Another parameter, with a strong impact on mechanical
performance is the cellulose orientation. While NFC composites
often have a random distribution of cellulose fibrils or less
pronounced anisotropy, the fibre directionality of wood is
retained in the cellulose scaffold composites resulting in
a strong anisotropy with a high elastic modulus in the longi-
tudinal direction. However, Fig. 2 clearly shows that the influ-
ence of cellulose orientation cannot be evaluated without
considering the additional influence of cellulose volume frac-
tion. The transparent wood samples have a strong fibre direc-
tionality and anisotropy but their values of strength and elastic

This journal is © The Royal Society of Chemistry 2019

modulus are well in the region of NFC composites, which shows
that the impact of fibre directionality scales with fibre volume
content. This becomes very obvious, when comparing the
properties of MFC-PF resin composites and cellulose scaffold-
PF resin composites fabricated by the research group of
Yano.*'**® For high MFC volume contents above 80%, densities
between 1400 kg m~* and 1500 kg m~* were reached, which
allows for direct comparison with the properties of the cellulose
scaffold-PF resin composites compressed to a density of ~1400
kg m . The later exceed the MFC composites by a factor of 3 in
stiffness and by a factor of 2 in strength. Hence, for densified
high-strength and high-stiffness cellulose composites a utiliza-
tion of the fibre directionality of wood is highly beneficial and
an energy-intense disassembly may be even counter-intuitive.
Although the high stiffness of approx. 65 GPa for a nano-
cellulose fibril* is often emphasized in NFC composite studies,
the commonly applied assembly processes for composites are
not yet eligible to utilize this performance.

For the high-strength cellulose scaffold composites there
seems to be a good correlation between densification (cellulose
volume fraction) and elastic modulus. Based on our comparison
of available strength and stiffness data points, assumptions on
an additional “cellulose fibrillation effect” for a superior
mechanical performance of cellulose scaffolds cannot be

J. Mater. Chem. A, 2019, 7, 2981-2992 | 2983
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confirmed. Moreover, it seems unlikely that a cellulose fibril-
lation can be caused by a two-step process of (partial) deligni-
fication and densification.

Electrically conductive cellulose
materials and wood

The broad range of available cellulose morphologies allows for
developing materials with manifold electrical properties,
including materials with high electrical conductivity, ON-OFF
electrical, optical switching or electrochemical redox properties.
They are used as sensors, for energy harvesting and electro-
mechanics, in the biomedical field or in catalysis.**** Here, we
specifically focus on synthesis routes which maintain the native
structure and composition of the cellulose or wood materials.
For a detailed review on using carbonisation of biomass to
obtain conductive cellulose materials the reader is referred to
a recent review by Correa et al.**

Three main fabrication routes are distinguished for the
development of electrically conductive cellulose materials: the
cellulosic material can either be blended, coated or doped with
the electro-conductive material. Electrically conductive constit-
uents comprise metal ions and oxides, inorganic particles,
carbon nanotubes, graphene oxide or conductive polymers.>**

Conductive polymers, first developed in the 1970s, represent
highly conjugated polymers with spatially extended m-bonding,
which are built up of basic structures such as polyacetylene,
polypyrrole, polyfuran and polyaniline.** In order to obtain
electrical conductive cellulose composites, films were, for
instance, cast from aqueous slurries consisting of carbox-
ymethyl cellulose and polypyrrole particles or NFC aerogels
were simply dipped in polyaniline-dodecylbenzene sulphonate
solution in toluene to coat the aerogel.***® Further, polypyrrole
and polyaniline were in situ polymerized in cellulose pulp
suspensions followed by the formation of conduction paper
sheets.’”*® It is important to note that for the polymerization of
conductive polymers (e.g. pyrrole) typically oxidants at very low
pH values are used. Thus the potential influence of the acidic
environment on the cellulose properties must be considered.*

In addition to conductive polymers carbon nanotubes and
graphene are frequently used for the fabrication of cellulose
composites. Since their discovery in 1991 carbon nanotubes are
used in many applications due to their unique properties in
terms of mechanical, thermal and electronic properties. Two
different types of carbon nanotubes are distinguished: single
walled carbon nanotubes (SWCNTs) characterized by a single
layer of graphene in a cylindrical tube shape and multi-walled
carbon nanotubes (MWCNTSs) consisting of multiple graphene
layers.* Cellulose nanofibers were mixed with SWCNTs to
obtain composite films with relatively high conductivity of
3 S ecm ™! (ref. 40) and MWNTs were dispersed in a cellulose
triacetate solution and composite films were prepared with
potential applications in electromagnetic shielding.* Reason-
able conductivity of 0.1 S cm ™" was also obtained by loading
with 10% graphene oxide.*” Its high mechanical strength and
conductivity makes graphene oxide an ideal candidate to be
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used in composites and graphene oxide cellulose composites
are for instance applied as flexible electrodes in supercapacitors
as they keep their conductivity even after multiple bending
events. 334

A third option for the fabrication of conductive cellulose
composites is based on the incorporation of an inorganic phase.
Cellulose composites loaded with copper, incorporated by
electrolysis plating** or tin oxide formed on cellulose via a sol
gel process*® were prepared. Alternatively, conductive paper was
obtained by atomic layer deposition of ZnO or by the in situ
synthesis of TiO, nanoparticles within the cellulose matrix.*
Especially TiO,-cellulose composites are of great interest due to
their photocatalytic activity to be used for example in waste
water treatments.”” Table 1 provides an overview of strategies for
the development of cellulose based conductive composites and
the conductivities that can be achieved.

In contrast to numerous examples of electrically conductive
cellulose composites only a very limited amount of publications
has dealt with the development of conductive wood. Trey et al.
reported on the functionalization of entire wood veneers by
conductive polymers. The veneers were impregnated with
aniline monomer solution and in a second step in situ poly-
merized.* Despite the limited weight gain of below 10% a semi-
conductive behaviour of the veneers was reached. A similar
approach was followed by Lv et al® to fabricate a flexible
supercapacitor based on wood. Thin wood slices were first
impregnated with pyrrole monomer followed by in situ poly-
merization. The polypyrrole-modified wood electrodes reveal
good specific capacitance and cyclic stability. An alternative
route to construct a wood based supercapacitor was demon-
strated by Hu and co-workers, using a wood-carbonization
route.”

A main advantage of using wood as a template is its inherent
fibrous architecture, resulting in anisotropic properties. Rather
recently this wood inherent anisotropy was used for the devel-
opment of composites with highly anisotropic electrical and
thermal conductivity. Wood was filled with Sn-Bi alloy in its
liquid state and then solidified at room temperature. In fibre/
vessel direction high electrical conductivity is reached due to
the continuous electron pathway whereas perpendicular to fibre
direction the lack of contact between the channels limits the
conductivity. The obtained samples reveal an electrical aniso-
tropic ratio of up to 10" Electrical anisotropic conductivity of
wood samples was also reported by Guo et al. Copper nanowires
were formed on wood surfaces and the electrical properties are
determined by the surface topography of wood resulting in
a highly anisotropic conductivity.”” Considering the limited
publications on this topic, additional work especially targeting
the development of highly conductive wood and cellulose
scaffolds while retaining the porous lightweight structure would
be of high interest for various applications.

Magnetic cellulose materials and wood

Magnetic cellulosic materials of different morphologies have
been developed within recent years ranging from cellulose
fibres,*®** lignocellulosic pulp,** nano-fibrillated cellulose

This journal is © The Royal Society of Chemistry 2019
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Table 1 Strategies for the development of cellulose based conductive composites

Conductive material Process Conductivity Applications Literature
Conductive polymers (PPy; Coating (e.g. fibers), in situ 10°-10*Sem ™! Organic electronics; 48-50
PANI; PA; PPs; PP; PTh;...9) polymerization; casting of biosensors;
dispersions; layer by layer electromechanics
coating
Carbon nanotubes, Blending in cellulose matrix; 10" *-10*S em™* Energy storage; wearable 43, 50 and 51

graphene oxide solvent casting after
blending; electrospinning,
3D-printing

Liquid phase deposition;
atomic layer deposition;
molding after mixing

Inorganic nanoparticles
(SnOy; TiO,; Au; Ag; Cu; ZnO)

107°-10° S em™*

electronics; flexible
supercapacitors and
electrodes

Chemical sensing;
biosensing; photocatalysis

44, 46, 47 and 52

“ PPy: polypyrrole; PANI: polyaniline; PA: polyacetylene; PPs: poly(para-phenylene sulfide); PP: poly(para-phenylene); PTh: polythiophene.

(NFC),* over cellulose aerogels® to cellulose nanocrystals® with
potential applications in biomedicine, textronics, security
papermaking, magnetic membranes for purification, filtration,
magneto-responsive actuators and flexible data storage. They
have in common that they are mainly obtained by the incor-
poration of either iron oxides,* nickel® or cobalt ferrites.** In
classical approaches the inorganic particles are first synthesized
and then mixed with the corresponding cellulosic material.*®%
Nevertheless this approach is hindered when high nanoparticle
loadings for high functionality are targeted, as the nano-
particles tend to agglomerate at high concentrations which
influences the processing and compromises the macroscopic
properties.” This is of particular relevance for magnetic nano-
particles as they exhibit inter-particle dipolar forces.” Alterna-
tively, cellulosic materials can be used as template for the in situ
growth of magnetic nanoparticles methods including for
example the classical co-precipitation of ferrous and ferric salts
in aqueous solutions using alkaline solutions.”” Depending on
the process and the process conditions different structures of
iron oxide such as hematite, maghemite and magnetite are
formed. Among these three structures, magnetite exhibits the
strongest magnetism. Under ambient conditions hematite and

co-precipitation

maghemite are preferentially formed, whereas an oxygen free
ammonia gas atmosphere as proposed by Katepetch et al
fosters the exclusive formation of magnetite.”

Olsson et al.** developed magnetic cellulose aerogels by
using freeze dried bacterial cellulose, which was modified by
in situ growing of ferromagnetic cobalt ferrite. The obtained
aerogels exhibit high flexibility, high porosity and surface area
with potential applications in microfluidics or electronic
actuators. For the ease of processing it would be beneficial to
have the cellulose material (e.g. cellulose fibrils) and the
magnetic nanoparticles in liquid form. Thus Galland et al.”*
proposed a single step process based on the in situ precipita-
tion of metal ions on cellulose nanofibrils to obtain a magnetic
colloidal suspension respectively hydrogel with a high content
of the inorganic phase (more than 50 wt%). The hydrogel can
be then further liquid-processed into different shapes by
molding or filtration at room temperature. By that it was
possible to fabricate ultrathin magnetic membranes with
sufficient mechanical stability due to the interpenetrating
network of the cellulose nanofibrils but also sufficient func-
tionality. It was shown that the fabricated membrane is
applicable in loudspeaker applications.

microwave-assisted magnetization

1.-

magnetic field lines perpendicular to fiber direction

5 —— longitudinal Spruce - 804 |ongitudinal,5K
——— e
@ _— i ongitudinal,
E 2004 tangential {; w0
E g 20
; =
§ e 0
£ 8 -20-
£ B -40
5 &
& < -60- g Be
© 2 o
= = g
-804
-400 T T T T T T T T T T

10 8 6 4 2 0 2 4 6 8 10 -6 4 2
Magnetic field H (kOe)

g 2
Magnetic Field (kOe)

S
o h

magnetic field lines parallel to fiber direction

T T T

0 4 6

Fig. 3 Magnetic characterization of wood synthesized by two different methods: co-precipitation of ferric and ferrous salts in aqueous media
(left) and the microwave assisted formation of metal oxide nanoparticles via a non-aqueous thermal decomposition process (right). Due to the
difference in distribution of magnetic particles a different magnetic behaviour is obtained. Whereas samples, prepared by co-precipitation, reveal
a clear anisotropic behaviour samples prepared with the microwave process show now anisotropy on the microscale but on the macroscopic
scale. Reprinted with permission from the American Chemical Society;®* reproduced by permission of The Royal Society of Chemistry.®4
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An emerging field of application of magnetically modified
cellulosic materials is the development of bio-based magnetic
cellulose adsorbents for filtration purposes. Various different
methods for the remediation of heavy metals or dyes have been
developed comprising chemical precipitation, membrane
filtration, flotation or electrochemical treatment.”> However,
most of these approaches engage disadvantages such as high
costs, complex manufacturing and operation. Alternatively, bio-
adsorbents are very promising due to their ready availability,
low cost, biodegradability and biocompatibility.” Their main
disadvantage includes difficulties to separate the bio-adsorbent
and the effluent - for that filtration or high speed centrifugation
is normally needed. By magnetizing the cellulosic bio-adsorbent
this limitation can be simply overcome as the adsorbent can be
separated from the effluent by applying an external magnetic
field.”

Early works of Oka et al. report on the simple pressure
impregnation of wood and wood materials with aqueous
magnetite particle dispersions proposing applications of the
magnetized wood materials in electromagnetic shielding,
actuation or induction heating.”®*

The potential of magnetic wood as induction heating mate-
rial was recently investigated by Gan and coworkers, by
measuring a temperature rise of the magnetic wood from
~20°Cto ~70°Cin 10 min at a low frequency magnetic field. In
addition the magnetic wood acts as a thermal insulator due to
the low thermal conductivity.®" In a further study, they showed
the improved UV resistance and dimensional stability of
magnetic wood composites.**

A more detailed study on magnetized wood, in terms of
distribution, penetration depth and colloidal characteristics,
was reported by Merk et al.*® Iron oxide magnetite and
maghemite were in situ synthesized within the bulk wood
structure by a co-precipitation process of ferric and ferrous
salts in aqueous media with alkaline solutions. Interestingly,
the magnetized samples clearly reveal a direction dependent
magnetic behaviour respectively a pronounced anisotropic
magnetic behaviour which is correlated to the internal fibrous
wood structure and the predominant deposition of ferrites
along the inner cell walls. The exact spatial distribution was
characterized by confocal Raman spectroscopy imaging and
electron microscopy. Segmehl et al. introduced a different
approach for the magnetization in order to avoid material
deposition in the lumina. For that, a microwave assisted
formation of metal oxide nanoparticles via a non-aqueous
thermal decomposition process was used. The even temper-
ature profile due to microwave heating and the wood inherent
polar hydroxyl groups acting as nucleation sites provide
a homogeneous particle distribution and final functionality.
In contrast to previously described co-precipitation a rela-
tively uniform deposition of nanoparticles in the cell wall and
compound middle lamella proven by Raman spectroscopy
was obtained. As a result of the homogeneous distribution no
anisotropy on the microscopic level was obtained, whereas on
the macroscopic level an anisotropic behaviour is still detec-
ted (Fig. 3).%
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Cellulose nanomaterials and wood for
oil/water separation and heavy metals
remediation

The heavy discharge of oily wastewater from industries and our
daily life, and frequent oil spill accidents occurring during oil
exploitation and transportation have aroused considerable
global concerns with regard to their harmful impacts on the
environment.*>®*® The traditional oil/water separation methods
including in situ burning, mechanical extraction, chemical
treatments, electrochemical processes, and bioremediation
suffer from low separation efficiencies, secondary pollutions,
and high costs.®”*® Alternatively, a separation based on
adsorption and filtration is generally more promising due to its
relatively low cost, easy operation and high efficiency. In
particular, three-dimensional (3D) porous materials (aerogels or
sponges) derived from synthetic polymers,®* carbon nano-
tubes,’>** and graphene®®* have been extensively explored.
However, the complicated assembly processes, high cost and
poor degradability of these materials hinder their practical
utilization. In this context, there are growing interests in
utilizing sustainable cellulose materials for developing envi-
ronmentally friendly oil absorbents or filtration membranes.*>*®
Herein, we summarize the advance of nanofibrillated cellulose
(NFC)-derived aerogels and wood-based scaffold materials for
oil/water separation.

Highly porous NFC aerogels with entangled nanofibrils can
be prepared via freeze-drying or supercritical drying techniques,
which allow for retaining the porous structure during solvent
removal.”” Recently, cellulose aerogels derived from NFCs have
attracted a lot of attention due to their fascinating properties,
such as renewability, low density, high porosity, large specific
surface area, flexibility, and biodegradability,”®** which make
them promising candidates for sustainable absorbent mate-
rials. However, due to the presence of abundant hydroxyl
groups, the native NFC aerogels are intrinsically hydrophilic,
resulting in poor oil/water selectivity. The hydrophilic nature of
the aerogels also provokes structural collapse upon contact with
water, making them unsuitable for direct application in oil/
water separation. Therefore, they have to be chemically modi-
fied to render the cellulose fibrils hydrophobic. In general, there
are mainly two pathways to tune the surface wettability of the
cellulose aerogels, i.e., modification of the aerogels or modifi-
cation of the NFC dispersions prior to drying.

An ideal modification of the cellulose in the aerogel is ex-
pected to retain the highly porous structure as much as
possible. In this regard, chemical vapor deposition (CVD) has
been widely used for hydrophobization of cellulose aero-
gels.'*1% For instance, Cervin et al.** fabricated highly porous
(>99%) NFC aerogels with low density (4-14 mg cm ™ *) and high
specific surface area (11-42 m”> g~ ') by freeze-drying aqueous
dispersions of NFCs. The density and pore size distribution of
the aerogels can be tuned by the solid content of nanofibrils in
the NFC dispersions. After vapor phase deposition of octyltri-
chlorosilane (OTS), the NFC aerogels became highly hydro-
phobic with a water contact angle of 150°. The hydrophobic

This journal is © The Royal Society of Chemistry 2019
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aerogel could selectively absorb hexadecane from water, with an
absorption capacity up to 45 times its own weight.

To further improve the oil absorbency of cellulose aerogels,
Jiang et al.*** successfully fabricated ultralight (1.7-8.1 mg
cm?) and ultraporous (99.5-99.9%) aerogels from rice straw
cellulose. Modification with triethoxy(octyl)silane (OTES) via
CVD turned the amphiphilic aerogels more hydrophobic and
oleophilic. The silane-modified aerogel can absorb oils or
organic solvents up to 139-356 times its own weight depending
on the density of the liquids, superior to the absorbents derived
from natural organic, inorganic or synthetic polymers. More-
over, the absorbed liquids could be recovered by distillation.
However, the oil absorption capacity decreased obviously upon
cyclic absorption and distillation. In view of the tedious proce-
dures of oil recovery from cellulose aerogels (e.g., solvent
extraction and distillation), Wang et al.'®® produced highly
porous, elastic and recyclable NFC sponges from commercial
hardwood pulps via simple microfibrillation treatment, freeze-
drying and subsequent CVD treatment. The resulting NFC
sponges showed an ultra-high absorption capacity of 88-228 g
g~ for various organic solvents and oils. Owing to the excellent
elasticity of the sponges, the absorbed oil could be readily
recovered by simple mechanical squeezing. The absorbents
could be reused for at least 30 cycles while still retaining high oil
absorption capacity (137 g g~ * for pump oil). In addition to the
CVD method, the atomic layer deposition (ALD) technique has
also been used for functionalizing the native NFC aerogels with
a nanoscale layer of titanium dioxide (TiO,) to create a hydro-
phobic but oleophilic coating, resulting in an oil absorption
capacity of 20-40 g g~ '.1” Although gas phase deposition of
hydrophobic coatings is easy to implement and can preserve the
high porosity of cellulose aerogels, the grafting distribution of
hydrophobic groups within the material is usually not homog-
enous, with a higher content on the surface. Moreover, aerogel
preparation and hydrophobic modification are conducted in
separate steps, which is a drawback for practical application.

An alternative strategy is to modify the NFC dispersions prior
to the freeze or supercritical drying process.'®®*™** In this way,
the entire cellulose aerogel could be functionalized. For
instance, Zhang et al.'*® reported a facile process to prepare
hydrophobic, flexible, and low-density (<17.3 mg cm ) cellu-
lose aerogels by freeze-drying aqueous NFC suspensions with
methyltrimethoxysilane (MTMS) as a silylating agent. Due to the
growth of polysiloxane layers on the NFC surface, the silylated
cellulose sponges displayed good flexibility with a high shape
recovery upon compression. The sponges showed good oil/
water selectivity and high absorption capacities (up to
102 g g ') toward various organic solvents and oils. The
hydrophobic sponges maintained their shape and oil absorp-
tion capacity after cyclic extraction/absorption, demonstrating
their reusability. Inspired by the chemistry of mussel adhesives,
Gao et al.'” developed a facile and novel method to fabricate
low-density (6.04 mg cm?), superhydrophobic NFC aerogels by
dipping NFCs into a dopamine/octadecylamine (ODA) emul-
sion, followed by freeze-drying. Here, polydopamine (PDA) was
coated onto the NFC by its adhesive properties and the ODA was
then attached to the PDA by a Schiff base reaction (Fig. 4).
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The PDA interlayer worked as a mediator to bridge the
hydrophilic NFCs and the hydrophobic ODA molecules, thus
endowing the NFC surface with hydrophobicity. The modified
aerogels showed high oil/water absorption selectivity and could
absorb a wide range of organic solvents and oils, with
a maximum absorption capacity up to 176 g g '. This novel
method allows full contact between the NFC scaffolds and the
modifier, leading to a uniform structure of the composite aer-
ogels. Recently, Jiang et al.'*® reported a new approach to
fabricate NFC aerogels with multiple improved properties by
cross-linking NFCs via their surface hydroxyls with rigid,
hydrophobic diisocyanate. The resultant NFC aerogels showed
greatly improved compressive properties and thermal stability.
Cross-linking also made the amphiphilic NFC aerogels highly
hydrophobic, capable of completely separating chloroform
from water via simple filtration. These cross-linked cellulose
aerogels may allow for continuous separation of oils and
hydrophobic liquids from water.

Wood provides a naturally-occurring hierarchical scaffold
that can be functionalized at the nano- and microscale and have
the strong advantage to be easily scalable for technical appli-
cations.” Recently, natural and delignified wood materials have
been demonstrated as promising oil absorbents or filtration
membranes for oil/water separation.**'* Inspired by the
tubular porosity and hierarchical structure of wood, Fu et al.*
developed strong, mesoporous, and hydrophobic wood/epoxy
composites for oil/water separation. Delignified wood scaf-
folds with high porosity were first prepared by removal of the
lignin in bulk wood while retaining its overall morphology and
cellular structure. In a second step, the delignified wood scaf-
fold was impregnated with epoxy to reinforce the structure and
simultaneously render it hydrophobic. Such delignified wood/
epoxy composites showed good selectivity in oil/water separa-
tion and had an oil absorption capacity of up to 15 g g~ .
Nevertheless, the hierarchically porous structure of wood still
holds great potential to be optimized for developing efficient oil
absorbents. In a recent study, Guan et al.'* reported a novel top-
down approach to fabricate highly porous, flexible, and hydro-
phobic wood sponges from natural balsa wood by selective
removal of lignin and hemicelluloses, followed by freeze-drying
and a subsequent silylation treatment via CVD. The resultant
wood sponges possessed a unique spring-like lamellar structure
with wave-like stacked layers, and exhibited high mechanical
compressibility and flexibility. The hydrophobic wood sponges
can selectively absorb oils on water surface and also under
water, with an oil-absorption capacity of up to 41 g ¢~ * (Fig. 5),
which is comparable to or better than many reported
absorbents.

Moreover, the absorbed oils can be easily collected from the
wood sponges by mechanical squeezing and the sponge can
endure multiple cycles of absorption and squeezing while
retaining the high oil-absorption capacity. Compared with
many existing oil recovery methods (e.g., distillation and solvent
extraction), mechanical squeezing is more facile to recover oil
from the viewpoint of practical applications.?® For a continuous
separation of oil from the water surface, wood sponges could be
built into oil-collecting devices.
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Apart from absorption using absorbents, filtration is another
option for oil/water separation. Filtration materials allow only
oil or water to penetrate, while preventing the other phase from
passing through, resulting in a selective separation.®® Recently,
Vidiella del Blanco et al.*™ demonstrated the utilization of
native spruce wood cross sections as filter membranes for oil/
water separation. The hydrophilic nature of wood renders it
underwater superoleophobic, and the anisotropic porous
structure of the wood scaffold directs fluid transport. Such
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wood membranes can separate water from oil with high effi-
ciency (>99%). This wood scaffold allows only water to pass
through, thus avoiding the adhesion of viscous oils to the
filtration scaffold to impair its permeability. These examples of
recent research works demonstrate the feasibility of exploiting
the natural wood scaffold for oil/water separation.

Besides organic contaminants, water pollution by heavy
metals (e.g., cadmium, chromium, lead and mercury) has also
become a serious issue and remains a topic of global concern.
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the oils or organic liquids. (d) Photographs showing recovery of silicone oil from the SWS by finger squeezing. (e) Cyclic absorption capacities of
the SWS for silicone oil. Reprinted with permission from the American Chemical Society.*®
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permission of Elsevier.”®

Cellulose nanomaterials have emerged as a new generation of
bio-adsorbent with promising potential application in heavy
metal remediation due to their high specific surface area, low
cost, sustainability, and broad possibility of surface function-
alization. The natural cellulose materials mainly offer hydroxyl
groups as reactive or binding sites, and are therefore not able to
form stable coordination complexes with metal ions. In order to
improve the affinity of the cellulose materials towards heavy
metals, surface functionalization is essential to introduce
binding sites on the surface of the cellulose for the chelation of
metallic species. Carboxylation of cellulose nanomaterials by
introducing carboxylic groups is a prevalent strategy for
increasing the adsorption capacity of cellulose for heavy
metals.”®* TEMPO-mediated oxidation has proven to be a facile
functionalization route to introduce carboxylate groups onto
the surface of cellulose nanofibers, resulting in an enhanced
adsorption of Cu®" and UO,*"."'®""7 To further enhance the
adsorption capacity for heavy metal ions, surface modification
of nanocelluloses using carboxylic anhydrides including maleic
anhydride, ethylenediaminetetraacetic acid (EDTA) dianhydride
and succinic anhydride has also been conducted."®™*** For
example, succinic anhydride modified nanocellulose was found
to effectively adsorb a wide range of divalent metal ions (e.g,
Zn**, Ni**, Cu**, Co®*" and Cd*") from aqueous solutions, and
the adsorbent could be regenerated by acid washing and
ultrasonic treatment.** In addition to carboxylic groups, other
functional groups including amine, thiol and phosphate groups
have also been incorporated onto the surface of nanocelluloses,
offering active binding sites for heavy metal adsorption.****** In
general, the functionalized nanocellulose systems with metal-
binding groups represent a promising candidates for the
removal of heavy metals from contaminated water.

As opposed to the nanocelluloses extracted from plant cell
walls, the highly porous and hierarchical wood scaffold itself is
also a potential material of choice for the development of a bio-
adsorbent for heavy metal remediation. Wood cell wall compo-
nents (ie., cellulose, hemicelluloses and lignin) possess abun-
dant hydroxyl groups that have the potential to be further
functionalized to introduce metal-binding sites. Recently, Vitas
et al.”® developed a carboxylic groups (-COOH)-modified beech
wood as a bio-adsorbent for the remediation of copper from
water (Fig. 6). The COOH-modified wood was prepared by

This journal is © The Royal Society of Chemistry 2019

esterification with anhydrides with a homogeneous distribution
of -COOH groups throughout the wood cell walls. The wood
sorbent could remove up to 95% of copper from low concentra-
tion solutions. However, the adsorption capacity of the modified
beech wood was found to be limited due to poor accessibility of
the -COOH groups located deep inside the wood cell walls. This
exploratory work demonstrates the potential of using the natural
wood modified with an appropriate functionality to become
a competitive bio-adsorbent or filter for heavy metal remediation.

Conclusion

In this review we have compared NFC based composites
produced in a bottom-up process and wood or cellulose scaffold
materials processed in a top-down approach. We have chosen
three different categories of properties, in which we studied
preparation processes and performances. The comparison
shows that the assessment of potentials and limitations
strongly depends on the respective field. In terms of mechanical
properties, one can clearly see the benefit of remaining the fibre
directionality of the hierarchical wood structure. Moreover,
densification treatments can be used to reach high fibre volume
fractions, which are not easily achieved in assembly processes.
Hence, for high-strength performance materials the top-down
approach seems to be the more promising alternative.
However, by using bottom-up upscaling possibilities like shown
for 3D-printing of cellulose nanocrystals'* or by cellulose
macrofibre spinning in microfluidic devises,* one can uncouple
from the structure-determining natural scaffold and achieve
strong composites with a higher structural flexibility.

The assembly process of NFC materials and the large surface
area of the individual cellulose fibrils facilitate the imple-
mentation of additional features like electric or magnetic
properties. This is an advantage over wood and wood derived
cellulose scaffolds, for which in most cases only a lower degree
of functionalization could be achieved due to the complex
structure with lower porosity. More research activities are
required to find specific functionalization treatments and better
understand transport pathways for cellulose scaffolds, in order
to fully exploit their potential for functional cellulose materials.

Although NFC-based aerogels have shown promising results
as oil absorbents with respect to their high absorption capacity,
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the complicated bottom-up fabrication procedure of cellulose
aerogels and the tedious process of oil recovery (e.g., solvent
extraction and distillation) are still obstacles to their scalable
application. Up to now, most of the NFC aerogel-based oil
absorbents are developed for separating immiscible oil/water
mixture, and more research attention should be paid to the
stable oil/water emulsions, which are more difficult to separate.
Wood and cellulose scaffolds have emerged as promising bio-
adsorbents or filtration membranes for oil/water separation
and heavy metal remediation. In contrast with the NFC aerogels
produced by the bottom-up approach, the natural hierarchical
wood scaffold already provides an intrinsic solution to the up-
scaling issue.

We summarize that the use of wood and wood derived
cellulose scaffolds, which has attracted increasing attention, is
a very promising alternative to the assembly of NFC for mate-
rials design. Depending on the targeted utilization, either
bottom-up or top-down approach can be chosen to develop
green and scalable functional materials with high functionality.
However, the research on sustainable high performance mate-
rials is still at an exploratory stage and needs further
advancement.
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