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Magnetic cellulose: does extending cellulose
versatility with magnetic functionality facilitate
its use in devices?

Tiina Nypels (2°°

Magnetism is certainly one of the most intriguing properties of materials. It provides a means for
manipulating macroscopic and microscopic positioning and alignment of materials and is a
characteristic that is essential for the creation of numerous devices and appliances. Cellulose is a
renewable resource that encompasses a diverse portfolio of material hierarchies: the cellulose molecule,
molecular clusters, fibrils, fibers, films, and wood products. Cellulose is exploited in materials due to
its impressive intrinsic properties of non-toxicity, low density, and low cost as well as due to the
extraordinary material properties of thermal stability and strength. However, many devices operate on
electrical or magnetic signals, a functionality that cellulose lacks. To exploit cellulose in such
applications, cellulose is often modified by ferromagnetic particles. Ferromagnetic cellulose fibers are
not only demonstrated for separation of biomolecules and environmental accumulations but also in
electrical textiles, loudspeakers, magnetic shielding, and optical and medical devices. This review focuses
on presenting the current selection of methods for rendering cellulose magnetic; its demonstrated use
in devices; and an outlook on the challenges, application, and gaps in knowledge of creating the
requisite materials.

Introduction

Cellulose is a marvelous material available in nature; it comes
in various formats, either natural or human-made. Much effort
has been directed to functionalize cellulose to enable its use
in active materials and applications that require a prompt
stimuli-response. Cellulose is a material with much to offer to
materials science. Cellulose fibers are a non-toxic, inexpensive
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(e.g., bleached hardwood kraft pulp price approximately 980
USD per metric tonnes') and abundant (e.g., 190 million tons of
wood pulp produced annually?) material for paper, textiles, and
packaging, to name just a few fields of use. In addition to the
“dry” forms, its hygroscopic nature makes nanosized cellulose
an appealing material for hydrogels potential for medical uses.
Cellulose does not melt until the onset of degradation at
240 °C,* and cellulose particles and fibers are frequently used
to reinforce polymer matrixes®” that benefit from its high
elastic modulus and aspect ratio. In engineered materials,
cellulose is often used as a substrate and carrier material and
has also been demonstrated as a carrier for magnetic moieties
and magnetic materials.

The aim of this review is to present the aspects related to
the intrinsic magnetic properties of cellulose and the synthesis
of (ferro) magnetic cellulose hybrids, their properties, and
applications. The outlook provides a discussion on the limitations
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of current preparation methods and the uses of magnetic
cellulose.

Both cellulose that exhibits the backbone structure of $-1,4-
linked anhydroglucose units (AGU) and hydroxyl functionality
as well as modifications that introduce a functionality but
preserve the cellulose hierarchy are included here. This review
focuses on cellulose from forest resources, its various hierarch-
ical structures, and its use in devices that require magnetic
functionality. Forest-based cellulose materials are available
from the pulp and paper sector and may be considered abun-
dant and currently a more widely available commodity than, for
example, cellulose synthetized by bacteria. Bacterial cellulose-
magnetic materials have been reviewed by Sriplai et al.® and
Hu et al.® but these are excluded from this review.

In demonstrations where cellulose has been carbonized,
separation and enzyme immobilization with magnetic cellu-
lose,'® and magnetic acid catalysis for cellulose hydrolysis are
largely excluded. The focus is on the literature published
between 2010 and 2021.

Characteristics of
supramolecular cellulose

The continuous motivation toward fundamentals and developing
cellulose-based materials may be influenced by two aspects. First,
cellulose is a polysaccharide with a high degree of polymerization.
It consists of cyclic monosaccharides, linked via glycosidic bonds,
thereby resulting in a linear macromolecule with backbone
stiffness that, along with intrachain hydrogen bonding (Fig. 1),
contributes to making cellulose dissolution behavior complex and
intriguing. Second, the cellulose chains form structures beyond a
single polymer chain and the resulting supramolecular structures

Fig. 1 Structure of cellulose and inter and intrachain hydrogen bonding
(dashed line).
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provide an immense number of structural building blocks for
purposes related to chemistry, physics, and materials science.

Hierarchical structure of cellulose

Every other AGU is flipped over and glycosidic bonded (Fig. 1)
forming a high molecular weight macromolecule that is at the
lowest level of material hierarchy of cellulose considered here
(Table 1). In plants, these cellulose chains are synthetized into
fibrils, which are the structural units that constitute the cell
wall of plant fiber. The fibers are often the targeted material
from plant tissue for engineering purposes. The liberation of
cellulose from wood via pulping'' is a voluminous industrial
process, which provides fibers for paper, textiles, and packa-
ging materials. Exposing the wood fibers into further chemical
and mechanical treatments liberates the fibers and fibrils into
nanofibers and particles. These materials are called nano-
celluloses. The main engineering grades of nanocelluloses are
cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs)
(Fig. 2). CNFs are characterized by longer length and lower
crystallinity than CNCs, which are rod-like particles produced
typically via acid hydrolysis (Table 1). CNFs are excellent film-
forming materials with good barrier properties.'” Furthermore,
CNCs are a remarkable cellulose grade of lyotropic colloidal
nanoparticles® and have tremendous potential to revolutionize
nanotechnology.”*'® CNCs self-assemble into a cholesteric
liquid crystal order, in which they form a chiral organization.
A nematic liquid crystal order where CNCs orient almost
unidirectionally can be facilitated by applying shear force to a
suspension.

Cellulose can be dissolved into solvents such as N-methyl-
morpholine-N-oxide'” and ionic liquids® that enable the for-
mation of films and fibers into solutions. Such regenerated
fibers are the basis of modern textile manufacturing. They have
greater homogeneity compared to native fibers and can be spun in
a continuous process into filaments. The filaments are further
processed into staple fibers and threads for garment and technical
textiles."” Indeed, cellulose is a family of materials that spans
from molecular to macroscopic hierarchies (Table 1).

The magnetic properties of materials

Magnetism is caused by the movement and spin of electrons.
The number of unpaired electrons and the size of the atom

Table 1 Cellulose hierarchies available from wood for engineering, for example, magnetic cellulose materials

Structure Hierarchy Size
Cellulose macromolecule™ Molecular A
Cellulose nanocrystals (CNCs), also called whiskers'*2%2! Molecular to nano d 3-5 nm

L 100-300 nm
Cellulose nanofibers (CNFs)**™° Molecular to micro d 7-170 nm

L few pms
Native fibers (macrofibres)***’ Molecular to macro d 20-35 um

L 1-3 mm
Regenerated cellulose fibers and filaments (macrofibres)'”*® Molecular to macro d tens of pm
Papers, membranes, textiles Molecular to macro Diverse
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Fig. 2 Atomic force microscopy visualization of cellulose nanofibers (a)
and cellulose nanocrystals (b). The frame size is 3 x 3 um.

define the magnitude of magnetism. The magnetic character is
divided into ferromagnetic, ferrimagnetic, antiferromagnetic,
paramagnetic, superparamagnetic, and diamagnetic behavior
(some of which are illustrated in Fig. 3). Ferromagnetic materials
have the highest magnetic susceptibility, as all the molecular
magnetic dipoles permanently align in the same direction (even
without an external magnetic field, H, H = 0). In antiferromagnetic
(and ferrimagnetic) materials, the dipoles align into opposite
directions, thereby reducing magnetic susceptibility. Paramag-
netic atoms and molecules have a magnetic moment and are
weakly affected and attracted by a magnet; however, they cannot
form a permanent magnet. Furthermore, superparamagnetism is
a property of small particles, where magnetization can flip direc-
tion under the influence of temperature. Diamagnetic materials
do not have a magnetic moment, but the magnetic field creates
more induced magnetic fields in the opposite direction of the
main field.

Ferromagnetism

The most familiar form of magnetic materials are ferro-
magnetic materials that form permanent magnets. Iron (Fe),
cobalt (Co), and nickel (Ni) are the main ferromagnetic sub-
stances and 3d-block elements in the fourth period. Their
electron configuration has five 3d orbitals, each of which can
include two electrons. Moreover, according to Hund’s rule,
orbitals of similar energy levels are occupied first with parallel
spins rather than paired ones (Fig. 4). For example, for iron
(3d®), the ground state consists of one fully occupied d-orbital
(with paired electrons) and four unpaired (Fig. 4) ones. Iron,
cobalt, and nickel with their 4, 3, and 2 unpaired electrons,
respectively, are ferromagnetic materials.

Furthermore, paramagnetism also originates from unpaired
electrons. However, the magnetism is not maintained when the
magnetic field is removed. Diamagnetic materials have only
paired electrons and in a magnetic field, align in the direction
opposite to that of the field. Magnetic materials in engineering
are typically alloys of iron, aluminum, nickel, cobalt, and rare
earth elements, such as samarium, dysprosium, and neodymium.
Iron can form magnetite (Fe;0,), hematite/maghemite (Fe,Os),
limonite (Fe,O3 x H,0), and siderite (FeCOs) from which magne-
tite (Fe;04) and maghemite (y-Fe,O3) are common in nano-
particle forms.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Illustration of the magnetic dipole moments in magnetic materials
with and without an external magnetic field (H).

Intrinsic magnetic moment of cellulose

Cellulose is a diamagnetic substance. The combination of
anisotropy (Table 1) and diamagnetic polarizability makes it
susceptible to a certain extent, to manipulation in a magnetic
field because the diamagnetic material tends to exclude
magnetic flux and the anisotropic particles orient to axis with
the most diamagnetic susceptibility perpendicular to the
field.”® Frka-Petesic et al.>® quantified the diamagnetic aniso-
tropy of CNCs by optical birefringence measurements in
Cotton-Mouton experiments and confirmed a negative sign
of the diamagnetic anisotropy and a diamagnetic suscepti-
bility of —0.95 x 107° They further confirmed that the
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Fig. 4 Ground-state electron configuration of iron, cobalt, and nickel.

rod-like CNCs tended to orient themselves perpendicular to a
strong magnetic field.

Indeed, exposure of the elongated CNCs above a critical
concentration to a high magnetic field has been demonstrated
to result in alignment of the CNCs.*! Moreover, the control of
CNC orientation is interesting for liquid crystal materials
where, in case of CNCs, either a cholesteric or nematic order
is to be manipulated. It has been suggested that cholesteric
structure formation is unaffected by the magnetic field, but the
pitch (the magnitude of total rotation in the cholesteric order)
can be increased and is due to alignment of the individual
crystals in the liquid crystal order.>” Drying a CNC film in
the presence of a 0.2 T external magnetic field increases the
pitch, but the resulting structure is also affected by the drying
process.*?

Furthermore, the unidirectional alignment of cellulose is
interesting for creating anisotropic materials that exhibit
piezoelectricity®® and for control over thermal expansion®* and
strength® owing to the increase in order. The potential of the
aligning cellulose using magnetic fields has been proven
mostly in water, but is also found in solvents of higher
dielectric permittivity.>" A field of 7 T was required to align
tunicin CNCs in a film that was prepared in a magnetic field.*®
The tunicin CNCs are characterized by a length that is greater
by a factor of 10 than that of wood CNC varieties.’” The length
and rigidity that arises from the supramolecular order make it
appealing in applications that benefit from the rod-like particle
alignment. However, the magnetic field of 7 T is high. To put
this in perspective, we may consider that the typical magnetic

Table 2 Approaches to render cellulose magnetic
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resonance imaging (MRI) magnets are 1.5-3 T and the strongest
ones currently available exceed 10 T.*®

Mao et al.*® revealed that the nematic phase of CNCs was
aligned by applying a magnetic field of 0.5 T, while the isotropic
phase was not. A field of 1.2 T applied to cellulose nano-
whiskers (i.e., CNCs) in a cellulose matrix resulted in pro-
nounced orientation of the nanowhiskers in certain domains,
while in other areas the random orientation remained."’
A similar field strength, 1.2 T, was used to align cellulose
nanowhiskers in a pulp matrix. They found that exposure to
the magnetic field aligned the particles, while the wood pulp
fibers remained unaligned.*’ The orientation increased the
storage modulus along the direction perpendicular to the
magnetic field. It has actually been shown that the effect of
the magnetic field on the simple shear and viscoelastic proper-
ties is more significant at a lower concentration of cellulose
particles, thereby demonstrating that the interacting particles
may hinder the orientation.> However, using dilute systems is
not practical most of the time for engineering materials that are
designed to be solid (dry) and this is a limiting factor for using
dilute systems.

Furthermore, in addition to the demand for high field
strength, time is a limitation for using the intrinsic diamag-
netic property of cellulose for alignment purposes: for example,
0.7 T and 20 h has been found to be required for achieving
alignment.>" On the other hand, 0.56 T was reported to reach
almost perfect alignment in CNC water suspension in less than
200 min.** However, these are still long-time scales, consider-
ing the typically required magnetic response time; for example,
in devices. A combination of electric and magnetic fields may
facilitate shorter times. In fact, to facilitate alignment in a
magnetic field (5 T), an electric field (50 V. ecm™* at 100 Hz) was
applied to wet-spun cellulose fibers.** Either electric and mag-
netic fields alone or applied simultaneously induced alignment
of CNFs. However, the issue of the long time duration required
for alignment remains to be resolved.

Synthesis of magnetic cellulose

It may be that the most feasible method for introducing a
magnetic property to cellulose is combining it with ferromag-
netic nanoparticles. The main methods of preparation of
ferromagnetic cellulose hybrid materials are presented in this
chapter and summarized in Table 2.

Magnetic moiety In situ incorporation

Ex situ incorporation

Iron oxide Co-precipitation in cellulose matrix: cellulose
suspension,’”*®3! cellulose solution®®>*>¢~>8
Hydrothermal methods®®
Co-precipitation: in suspension,
solution,”” in swollen cellulose marix’®
Hydrothermal method in suspension”®®'
Solvothermal method®

Nanoparticles precipitated and immobilized
in cellulose solution®

Ferrite 73,74,77,78,81

Nickel

808 | J Mater. Chem. C, 2022,10, 805-818

Preformed particles: added to cellulose solution;*®>>73559-62

surface modification of cellulose prior;®* using
a retention aid”*
Preformed particles added to cellulose suspension’>

This journal is © The Royal Society of Chemistry 2022
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Iron oxide particles

Magnetite particles are by far the most utilized particles for
preparing magnetic cellulose materials. Iron oxide particles and
their magnetite phase are typically prepared by co-precipation***°
using iron salt solutions—for example, precursor mixture iron(u),
chloride FeCl,, and iron(m) chloride (FeCl;). Magnetite particle-
cellulose hybrids have been synthetized by dissolving the salts of
FeCl, and FeCl; into a cellulose particle suspension and initiating
particle precipitation by changing pH to alkaline through the
addition of a base.””* Maghemite particles have also been
incorporated into cellulose hydrogels using the immersion of
preformed hydrogel into iron salts, followed by particle initiation
by a shift in the pH level.>® The structure of the formed particles
via co-precipitation is determined by nucleation and molecular
growth events. Nucleation begins by the formation of molecule
clusters that function as precipitation points for further develop-
ment into particles. The particle growth is influenced by mixing
and temperature also plays a role; for example, at room tempera-
ture, a diameter of 6.5-12.5 nm was reported for total iron
concentration ranging from 0.04 to 0.8 mol 17", synthesized in a
cellulose matrix, while increase in temperature affected the size
distribution and dispersion.**

The co-precipitation has been mostly performed in a matrix
of various cellulose material hierarchies (Table 1), thereby
producing hybrid particles comprising organic cellulose and
inorganic iron oxide phases. The same method has been applied
to produce magnetic cellulose in solution by first dissolving the
cellulose in, for example, NaOH/urea at low temperature and
combining the cellulose solution with pre-formed magnetic
particles®® > or dropwise addition of a solution of FeCl; and
FeCl, into the solution.’®”” Cellulose xanthate, that is a soluble
intermediate in viscose production and can be regenerated to
cellulose, was functionalized with iron oxide particles by adding
premade particles as well as in a one-step synthesis by adding an
iron source into the xanthate solution.*’

Furthermore, ionic liquids are a rather new class of cellulose
solvents, which are already being used in preparing magneti-
cally functional cellulose: ionic liquids have been used to
dissolve the cellulose and iron salts for co-precipation,’® mixing
together,”*™®* or grafting®® the cellulose and magnetic compo-
nent. Ionic liquids were also used as a solvent for dissolution
and regeneration in the sol-gel transition method to produce
cellulose-chitosan magnetic composites.®*>

While co-precipitation is a widely used method, there
are also other chemical methods, including hydrothermal
methods.®® Hydrothermal methods for preparing cellulose
composite films with Fe;O, have been established using FeCls,
trisodium citrate dihydrate, and sodium acetate trihydrate
dissolved in ethylene glycol and autoclaved at 200 °C, thereby
leading to spherical particles of diameter 243 & 72 nm.®” CNC-
Fe;0, hybrids were prepared via hydrothermal decomposition
of iron(m) acetylacetonate. This was added to a mixture of oleic
acid, 1-octadecene, and benzyl ether and heated to form Fe;0,
nanoparticles.®®

The majority of iron oxide particles are spherical. However,
the synthesis of platelike Fe,O; nanoparticles with a size of

This journal is © The Royal Society of Chemistry 2022
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48 nm and a thickness of 9 nm in a cellulose matrix with weak
ferromagnetic properties and magnetic anisotropy has been
reported.®’

The primary method of affecting the load of particles in the
cellulose matrix is by varying the synthesis conditions and the
reagent concentrations and ratios. However, the loading can
also be adjusted by affecting the accessibility of the selected
cellulose hierarchy. The modification of native macrofibres
(instead of nanofibrils and regenerated macrofibres) has the
likelihood of extending the modification from the surface to
the fiber lumen and cell wall. An ultrasound treatment of
cellulose fibers increases the amount of iron oxide particles
that could be introduced via co-precipitation.”® The reasoning
for this is the improved accessibility and opening of the nano-
scale voids of the cellulose matrix. In addition, the ultrasound
synthesis was deemed effective to control the size (10-100 nm)
and the particle distribution of the magnetic iron oxide in
the magnetic cellulose composite.”® The ultrasound treatment
increased the mass of detected iron in the material. The
so-called Lumen loading has also been facilitated for iron oxide
particles to be incorporated within cellulose fibers by swelling
the fibers and using polyethyleneimine (PEI) as a retention aid.”*

Ferrite particles

Ferrites are formed in the reaction of iron oxide with another
metal (e.g., cobalt, nickel, copper, aluminum, and manganese).
Cobalt ferrite (CoFe,0,) particles are commonly used to pre-
pare magnetic cellulose via co-precipitation.”” They can be
synthetized using iron(u) sulfate (FeSO,) and cobalt(u) chloride
(CoCl,)”7* or FeCl, and CoCl,.”> CoFe,0O, particles were
synthetized in a cellulose aerogel via co-precipitation in a
swollen cellulose network followed by freeze drying, which led
to the production of particles of diameter 98.5 nm.”® An impress-
ive 95% loading has been achieved by co-precipitation of cobalt
ferrite in a CNF matrix. The CNFs acted as templates for
the non-agglomerated growth of ferromagnetic nanoparticles
(diameter, 40-120 nm).”” The same procedure has been demon-
strated in CNC hybrid materials, but with a lower loading
of 7 wt%.”® Electron microscopy visualization of the stages of
cellulose (CNC) prior and after treatment with cobalt and iron
precursor salts, after precipitation and purification are pre-
sented in Fig. 5a, b, ¢ and f, respectively. Purification via
magnetic decanting is visualized in Fig. 5d and e. The homo-
genous formation of magnetic particles in the cellulose matrix
is evident (Fig. 5f).

Copper cobalt ferrite (Cug 5C0, 5Fe,04) has been synthesized
in situ by controlled hydrothermal chemistry and immobilized
on CNCs.”® In addition, positive electric charge manganese
ferrite particles (MnFe,0,) have been prepared using the solvo-
thermal method using FeCl; and MnCl,.*° The precipitation
of zinc ferrite (ZnFe,O,) nanoparticles onto the surface of
cellulose fibers has also been established.®'

Nickel-containing particles

Nickel nanoparticle-cellulose-grafted graphite oxide nano-
composites have been proposed for applications in biosensors

J. Mater. Chem. C, 2022,10, 805-818 | 809
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Fig. 5 Electron microscopy images of CNCs (a), precursor salt-treated
CNCs (b), and magnetic CNCs (c) deposited on silicon substrates. The
magnetic CNC phase (d) was subjected to magnetic separation with
NdFeB magnets (e) and imaged (f). Image reprinted by permission from
Nypels et al.”®

and biocatalysts.®> Moreover, the sputtering of nickel nano-
particles on carbonized cotton has also been reported.®

Properties of cellulose-magnetic
particle hybrid materials

Cellulose-magnetic hybrid materials represent the possibility of
cellulose functionalization with a magnetic property. The mag-
netic particles are primarily responsible for the ferromagnetic
character that is introduced into the cellulose material.

Magnetic properties

The magnetic properties of a material are characterized by
magnetization (that is, the magnetic moment per volume or
mass (emu g ")) and the response of the material to the
magnetic field, known as magnetic induction (Tesla). Magnetic
properties are measured and presented as magnetization versus
the applied magnetic field. In ferromagnetic materials, the
magnetization becomes saturated (reaches a plateau) above a
certain applied field and is quantified by a saturation magne-
tization (i.e., a magnetic field that leads to maximum magne-
tization). Coercivity characterizes the ability of a ferromagnetic
material to withstand an external magnetic field without
demagnetization. Superparamagnetism is a property of small
particles where magnetization can flip direction. The decrease
in the domain size leads to a decrease in coercivity.>® Moreover,
the type of magnetism sought depends on the application.
In data storage applications, the particles need to have a
switchable magnetic state that is not affected by temperature
fluctuations. Typically, large coercivity is sought.”® For bio-
medical applications, superparamagnetism at room tempera-
ture is a prerequisite, along with high magnetization, to be
directed into the body.** The materials also need to be (colloidally)
stable in water and in physiological conditions, with the ability to
diffuse in tissue. For in vivo applications, a biocompatible surface
is required, and magnetite and maghemite are commonly used
in vivo. Cobalt and nickel, being toxic, are less preferred.

810 | J Mater. Chem. C, 2022, 10, 805-818
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In a hybrid material of CNC-CoFe,0,4, a maximum magne-
tization saturation of 12.96 emu g~ " has been obtained,* while
the CoFe,0, alone was discussed to reach a saturation magne-
tization of 60 emu g~ '. Furthermore, CNF saturation magneti-
zation of 14.17 emu g~ ', with 20% loading of Fe;O, nano-
particles has been reported.®® Fe,0; as synthetized in a cellulose
matrix exhibited a saturation magnetization of 98.39 emu g~ *
and the coercivity was 32.68 Oe.®” In addition, cellulose macro-
fibers modified with cobalt ferrite particles presented a satura-
tion magnetization of approximately 8.0 emu g~ " and a coercivity
higher than 200 Oe.”” It was indicated that the properties are
adequate for magnetic recording applications.

What is the benefit of cellulose in magnetic hybrid structures?

Perhaps the most important asset of cellulose in magnetic
materials is the diversity of the available natural and human-
made particles and fiber forms (Table 1). In addition to the
pulp fibers and regenerated fiber filaments,*® the cellulose
hierarchy that has recently become popular in magnetic
demonstrations are the nanocelluloses. One of the benefits of
using nanocelluloses for magnetic hybrids includes the fact
that the nanocelluloses can be formed into transparent films.*°
The nanocellulose films resemble plastic films, and it is easy to
understand the excitement generated by this potential devel-
opment: it has the ability to replace synthetic plastics with
natural materials. Consequently, nanocellulose films with mag-
netic particles are also transparent (up to a certain loading).
A transparency of 86% and a tensile strength of 170 MPa was
reported with 5% of Fe;O,-particle loading.®®

The challenge of nanoparticles (of any kind) in materials
engineering is their dispersion in a manner that allows aggre-
gation to be controlled. An asset of using, for example, CNFs as
the templates for growing particles”® is the ability to prevent the
subsequent free migration of particles as well as the evident
aggregation.

Nanoscale cellulose fibers used to carry magnetic moieties
in hybrid materials have been created by transferring cellulose
solutions into fibers via electrospinning. Electrospinning of
CNC-Fe;0, particles in a poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) and polyethylene glycol matrix*” as well as cobalt
ferrite particles in a polyvinyl alcohol matrix’® has been used
to prepare continuous nanofibers with a smaller diameter than
pulp or textile fibers. Nanofibers with a small diameter are
often sought in biomedical applications in which a high surface
area is advantageous for interactions with tissue and cells.
Another emerging field of fiber spinning is the wet spinning
of suspensions containing nanocelluloses into filaments,
which also involves the opportunity to incorporate magnetic
particles into these filaments.*®

In addition to the hierarchies listed in Table 1, there are a
few additional human-made formats that have been popular in
magnetic cellulose endeavors. Cellulose beads or spheres are
often prepared via the dissolution of cellulose and their mag-
netic property is created by the incorporation of iron oxide
particles in the beads.>>°'~°° Cellulose has been combined with
other hydrophilic polysaccharides and polymers in the creation

This journal is © The Royal Society of Chemistry 2022
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of cellulose-hydroxyapatite magnetic beads®” and in cellulose-
chitosan microspheres.’® The beads are mostly used in protein
detection®® or in encapsulation and separation applications.
Moreover, CNCs are used in microbead formation (or oil
stabilization®®) due to their specific property of assembling at
an oil-water interface and functioning as a Pickering stabilizer
to form a shell around the bead.'*>"*

Cellulose-magnetic hydrogels are a large material group
used for separation and immobilization of biomolecules."*>
A rather straightforward approach of preparation is the dis-
solution of cellulose followed by crosslinking into a gel and
incorporation of iron oxide particles into the hydrogel.'®
Cellulose along with other hydrophilic polymers (polyvinylalco-
hol and chitosan) have been demonstrated to form gels that
also enclose magnetic particles’®'% and are used for the
removal of heavy metals, like lead (Pb), by using the carboxylate
groups of cellulose as an active site for Pb retention.'’® Mag-
netic beta-cyclodextrin-cellulose hydrogels have been prepared
by epoxidation of cellulose with cyclodextrin, followed by dis-
persing Fe;O, particles in the mixture and finally coagulating
the system in a CaCl, bath into hydrogel microbeads.'®”
Quaternized xylan and CNCs were used to create a network
via ionic crosslinking and formed a hydrogel, where magnetic
functionality was incorporated via Fe;O, synthesis within the
reinforced hydrogel matrix."*®

Alignment in magnetic cellulose materials

Aligned magnetic nanoparticles in a cellulose matrix were pre-
pared by embedding a cellulose solution with Fe;O, nanoparticles
subjected to magnetic orientation, regeneration to cellulose, and
stretching the composite to magnify the alighment.'*® CNCs were
aligned in a polymer matrix by first aligning them in the precursor
system followed by curing using polymerization.'*® Tunicate-
CNCs were demonstrated as a filler for rubber to produce rubber
composites with an alignment and magnetic functionality."** The
preparation procedure is simple exposure of the system to a
magnetic field and then curing. Overall alignment is attained
by the alignment of the anisotropic cellulose particles that carry
iron oxide particles. A simple approach for aligning macrofibers
decorated with magnetic particles has been demonstrated using
permanent magnets in a flow cell.'*?

Furthermore, Yoshitake et al'*® demonstrated that films
where the CNCs and magnetite (Fe;0,) particles are oriented
can be directed by an external magnet. Rectangular strips of
films assembled the draw direction vector parallel to the field
vector. The manipulation of magnetically modified cellulose
with a magnetic field is more instantaneous than the mani-
pulation of neat cellulose and requires, in general, magnets
with lower strength—Yoshitake et al'"® used a 0.15 T bar
magnet to move the hybrid materials.

Cellulose in magnetic devices

This section presents demonstrations of devices that benefit
from the combination of cellulose and magnetic substances.

This journal is © The Royal Society of Chemistry 2022
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Here, a device is defined as a system adapted for a particular
purpose.

Loudspeakers

An application of cellulose in magnetic devices that is tangible
in everyday life is the demonstration of magnetic cellulose
films in loudspeakers. A thin prototype loudspeaker has been
proposed, where a cellulose-CoFe,O, membrane is driven to
generate music through a static coil."™* In a traditional loud-
speaker, there is a membrane that is attached to the voice coil
that moves in a magnetic gap and causes a membrane to
vibrate and produce a sound. The setup by Galland et al'**
with a magnetic cellulose membrane was to make an external
magnet unnecessary by introducing the magnetic cellulose
membrane. The magnetic membrane in the loudspeaker
prototype is depicted in Fig. 6. The benefit of using CNFs as
the template for magnetic nanoparticles and in the membranes
was that the nanoparticles attached to the fibrils ensured a
homogeneous particle distribution. The membranes had an
impressive strength of 100 MPa and a stiffness of 5 GPa at
60 Wt% CoFe,0, loading.'** The strength is due to the CNF
matrix: CNF films have often been reported with a tensile
strength of above 200 MPa.'™>™'®

8. Loudspeaker application

&

Fig. 6 A magnetic membrane (bottom right) prepared by vacuum filtra-
tion of magnetic nanofibril suspension in a thin prototype loudspeaker
operating without an external magnet (upper figure). Hard permanently
magnetized spherical beads are shown in bottom left figure. The image
has been reproduced from Galland et al.'** under CC BY-NC 3.0 license.
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Tarres et al.''’ suggested a simplified procedure for the
preparation of a loudspeaker membrane, in which the in situ
co-precipitation was replaced by mixing CNF and magnetite
nanoparticles and using cationic starch for retention. They
reported lowered strength from 80 MPa to 40 MPa with 60%
loading and a Young’s modulus of 5.4 GPa. The stiffness of the
membranes was found to limit the use. The authors suggested
consideration of plasticizers or cellulose macrofibers to
improve the membrane properties.

One of the benefits of using cellulose fibers and nanofibers
in membranes is that they enable the formation of films,
sheets, and paper materials that are flexible, because flexible
fibers form an entangled network that can be typically rolled
and folded in a manner similar to paper.''® However, this
flexibility is accompanied with lacking thermo-moldability
and, occasionally, instability in mechanical performance that
stems from humidity sensitivity. The mechanical stability of
CoFe,0,-loaded nanocellulose composites has been addressed by
low temperature heat treatment and impregnation with an epoxy
resin, which further strengthens the nanofiber networks."*

Optical devices

The transparency of nanocellulose films with magnetic func-
tionality is often mentioned to be beneficial for magneto-optic
use.'*>'*! However, thus far, the optical use considerations of
magnetic cellulose do not utilize the magneto-optic effect as
such but rather the cellulose light-interactions combined with
the magnetic character of the material. Utilizing the ability of
CNCs to form cholesteric phase has inspired demonstration
toward chiral photonic materials. The spacing between the
rod-shaped nanoparticles as well as the chirality are essential
for provoking light-cellulose interactions. The combination of
magnetic functionality and optically active structure can be of
interest for future magnetic cellulose materials for optical
devices. Chen et al.'*® incorporated iron oxide particles in
CNCs via co-precipitation in the cellulose matrix. The modified
particles were mixed with neat CNCs that enabled the formation
of films that exhibited liquid crystalline cholesteric ordering. A
field strength of 7 mT was adequate to tune the chiral nematic
pitch of the cholesteric phase (Fig. 7).

Using the magnetic functionality combined with optical
activity has been demonstrated as proof of the concept of
advanced multimodal protection of clothing against counter-
feiting.'?>"'** The multifunctionality was obtained by modifying
cellulose fibers with nanoparticles based on lanthanide-doped
fluorides and magnetite that were luminescent and magnetic.
As the mechanical properties were maintained, the fibers
retained their applicability for use in textiles.

Magnetic hyperthermia

Magnetic hyperthermia aims to produce local heating. One of
its applications is in medicine in the treatment of tumors via
localized heating—that is, to facilitate the deterioration of
selected malignant tissue. A cellulose hybrid material of CNCs
decorated with CoFe,O, particles has been shown to heat via
the hyperthermia effect, when the aqueous dispersion was

812 | J Mater. Chem. C, 2022,10, 805-818

View Article Online

Journal of Materials Chemistry C

rd . evaporation to film
S A )

[ & a
Fe304/CNCs suspension R "
304/ } ~ POM of Fe304/CNCs film ~ agglomeration
mixing with \\\ <_

CNCs

l/ evaporation

./>5— induced
\\//4/< self-assembly
=L i .
& €

Fe304/CNC@CNCs POM of Fe304/CNC@CNCs ¥l
suspension film

Fig. 7 A schematic presentation of (a) in situ growth of FezO4 nano-
particles onto CNCs to form an FezO4/CNC suspension; (b) evaporation of
Fes04/CNC suspensions to obtain FezO4/CNC film with agglomeration of
cholesteric order using FesO4/CNC suspension or FesO4/CNC suspension
with neat CNCs, respectively. Scale bars: 100 pm for by and 10 um for b,.
Reprinted with permission from Chen et al.**?> Copyright (2020) American
Chemical Society.

exposed to an alternating magnetic field (200 Gauss, 869 Hz).”®
It is an intriguing idea in terms of not only manufacturing a new
material for the magnetic hyperthermia treatment but opening
consideration of the opportunities of rod-like CNCs in in vivo
applications. However, the toxicological evaluation of CNCs are
still in progress for their use in vivo.

Storage systems

The addition of magnetic CNC-Fe;0, hybrids into phase change
material matrices led to materials that could be used to store solar
or magnetic heating energy.’” The operating temperatures
between 44 and 61 °C and energy storage capacity up to 83 J g *
were achieved and the phase change materials were demon-
strated for drying agricultural products.

Magnetic shielding

There is vivid dissemination regarding the suitability of magnetic
cellulose hybrid materials for magnetic shielding. Recently,
electromagnetic shielding with cellulose aerogels was reviewed
by Wan et al.**®

Magnetic shielding refers to protecting objects from a
magnetic field by the installation of another magnetic field.
The magnetic field is redirected by the additional field that is
generated by a ferromagnetic material. Successful magnetic
shielding was achieved with iron oxide-*” and cobalt ferrite-"®
decorated cellulose materials. The shielding effect can be
quantified by measuring current in the film applied with and
without an external magnetic field in a setup where the
magnetic field-generating films are placed on a magnet.®”'*
In addition, the alignment of the magnetic domains in such

This journal is © The Royal Society of Chemistry 2022
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films allowed a specific response depending on the alignment
in the film and of the magnetic field. Along the direction
parallel to the magnetic orientation, the current instantly
decreased from 7.4 nA to 5.1 nA when an additional magnetic
field was introduced. In a perpendicular direction, the change
was from 3.8 nA to 3.2 nA, thereby demonstrating that the
directionality in the material modulates the magnetic shielding
property.'®

A combination of the chiral nematic structural features of
mesoporous photonic cellulose and the magnetic properties of
CoFe,0, has also been used in electromagnetic interference
shielding. The cellulose template was mesoporous and was a result
of templating with cholesteric CNCs and urea-formaldehyde."*®

Magnetic separation and food

Magnetic-based separation is a popular example of for mag-
netic cellulose hybrid materials.”*"*”""*° The role of the mag-
netism is to act as a stimulus for the collection of the target
molecules. The cellulose acts as a carrier for the magnetic
functionality or as the absorbent. For example, in so-called stir
bar sorptive-dispersive microextraction, a magnetic stir bar is
coated with magnetic (hybrid) material. Stirring results in the
release of the particles into the matrix available for adsorbing
the target molecules. When the stirring is stopped, the particles
are collected onto the bar.”

Magnetic cellulose composite aerogels, films, and papers
have been demonstrated for the adsorption of heavy
metals,®”"3%"%%  dyes,”**™**  drugs,"*® immobilization of
enzymes and proteins,’*'*®**! bacteria,> and as carriers for
drugs.’ Independent of the type of magnetic particle, the
removal of heavy metals or dyes from municipal and industrial
wastewater is a challenge that has been solved in numerous
prior studies."*"*® Qil absorption and separation in general is
one of the popular separation applications for magnetic
cellulose.’®*™*%* The release of encapsulated substances has
also been demonstrated using exposure to a magnetic field
and for controlled delivery of drugs for cancer treatment."®*'%

Molecular imprinting and preparing cavities of a specific
size and shape within a matrix has been used for preparing
magnetic cellulose materials as adsorbents, for example, fluor-
oquinolones and artesunates.’*>'®*'%® n addition, metal
organic frameworks have been recently combined with magnetic
cellulose for separation applications."**'”°

Applications of magnetic cellulose materials in food are
scarce perhaps because cellulose is a non-dietary fiber. Yet,
an innovative approach for preparing edible coating on pine-
apples (and other food as well) with a nanocellulose-chitosan-
iron oxide has been published to maintain human health with
iron-fortified materials.'”*

Visualization

Imaging of soft organic matter like cellulose using electron
microscopy and several scanning techniques often has the
shortcoming of low contrast. This can be circumvented with
sputtering and labeling. Iron is readily distinguishable within
a carbon network, and energy dispersive X-ray spectroscopy

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 The cross-section of sheets containing 10% of nanoparticle-
labeled materials. The elemental distribution was evaluated by energy
dispersive X-rays, thereby revealing a uniform distribution of carbon
(red), while the distribution of cobalt (cyan) has the form of fibrils. The
image is reprinted from Hobisch et al.”2 Copyright (2021), with permission
from Elsevier.

mapping of iron in the cellulose matrix has been performed for
the analysis of magnetic cellulose material.'*>"'** Another
challenge of visualization of cellulose materials is that the
various hierarchies of cellulose are not easily distinguished
because they have the same chemical composition. Hobisch
et al.'”” resolved this using magnetic nanoparticles to label a
certain proportion of the cellulose particles in paper and enable
their visualization within the fiber matrix (Fig. 8).

CNC-Fe;0, hybrids have been applied as MRI contrast
agents, where the hybrid in fact showed negligible in vitro
cytotoxicity and excellent contrast enhancement compared to
commercial and clinical agents.®®

Outlook

Most magnetic cellulose materials are prepared by co-
precipitation of iron (and cobalt) salts in a cellulose suspen-
sion, which leads to the formation of magnetic particles in the
cellulose matrix. It has been suggested that the interaction first
develops with the precursor salts when Co** and Fe*" ions
are incorporated into the cellulose molecules via electrostatic
attraction between the electron-rich oxygen atoms in the
cellulose molecules and the electropositive metal cations
(schematic presentation in Fig. 9)."”> It is seen that this reduces
the mobility of the metal ions, enhances the formation of, for
example, CoFe,0, nuclei, and stabilizes nanoparticles on the
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Fig. 9 A scenario of coordination of a metal ion (red) with cellulose
molecule or hierarchy (presented by light grey area) that. The nucleation
into particles (dark grey), via co-precipitation, leads to cellulose hybrids.
Reducing end group (green, the arrow indicates the two available forms,
the open form and hemiacetal form) is available for modification. The
asterisk (*) indicates the fact that the cellulose chain continues.

cellulose surface. Discussions in regard of particles formed
separately and then combined with cellulose assign the inter-
action between cellulose and the nanoparticles to a coordinate
bond between Fe;O, and hydroxyl group of cellulose.®” The
improvement in thermal stability has been considered as
evidence of the interaction between hydroxyl groups and mag-
netic particles.*® The co-precipitation of iron oxide particles
leads to strong interaction as demonstrated by the fact that
the nanoparticles remained attached even under intense
sonication.’”* Combining preformed particles and CNCs have
been reported to lead to random attachment of the magnetic
nanoparticles on the cellulose due to the ionic interaction that
is distributed along the cellulose.'”> On the other hand, the
mere immersion of biopolymers in an MnFe,O, nanoparticle
dispersion resulted in no observed interaction between the
cellulose and its magnetic components.”®

The question of the nature and the strength of the bond
between the magnetic particles and cellulose after co-precipitation
appears to have been established; however, it continues to be
discussed. In the case that it indeed is an ionic interaction that
guides the location of the magnetic particles on cellulose, the
location of the magnetic particles cannot be controlled unless the
location of the ionic interaction source on cellulose can be
controlled. Furthermore, a method of deliberately depositing the
particles on distinct locations of the cellulose particle could allow
anisotropy created by magnetic particle location on the cellulose
hierarchy rather than by the shape of the cellulose particle only.
Perhaps, it actually would be easier and more effective to facilitate
the directionality by controlling the location of the magnetic
particles than the alignment of cellulose particles. In that case,
the use of the reducing end group (Fig. 9) is an opportunity that
has not been exploited yet but could provide means of controlling
magnetic anisotropy.

Furthermore, the utilization of the electrostatic attraction of
oppositely charged molecules has been used to further amplify
combining cellulose and magnetic materials by using a cationic
polyelectrolyte as an anchoring layer between CNCs and
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Fe;0, nanoparticles."””” Moreover, iron oxide nanoparticle sur-
face charge was manipulated by pH adjustment and was then
used for self-assembly of the positively charged particles on the
negatively charged CNCs.'”> However, the utilization of the
electrostatic interactions for loading cellulose materials with
magnetic particles allows less control of the location of the
particles than, for example, the specific modification of the
reducing end of cellulose.

Covalent bonding of the nanoparticles around the cellulose
particles has been established by preparing amine functiona-
lized iron oxide particles and coupling them to carboxylic acid
containing CNFs via a coupling reaction involving 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride and N-hydroxy
succinimide (EDC-NHS)."”® In addition, CNC-Fe;0, hybrids were
prepared by covalently linking the cellulose with citric acid and
incorporating magnetic nanoparticles in this matrix.°® A system of
cellulose powder, PEI, and crosslinked magnetic nanoparticles
using glutaraldehyde has been used for preparing a crosslinked
material.’® Similarly, epichlorohydrin has been employed in a
system of cellulose solution, PEI, and magnetic particles to create a
crosslink between the cellulose and PEL"'7®

The application of magnetic cellulose in devices like loud-
speakers indeed is becoming a reality. However, cellulose may
also have negative effects on the properties of the device due to
its tendency to absorb moisture, which may have an impact on
the stability of the device. These issues need to be addressed in
future research. Moreover, the flammability of cellulose may
also be a concern. Fortunately, magnetic particles can provide
flame retardancy.'®'®' The presence of magnetic nano-
particles in the composite effectively increased char yield from
8% in an oxidized cellulose matrix to 25% and decreased the
gas-phase products. The addition of phosphoric acid into
magnetic cellulose fibers is another route to increasing the
flame resistance of cellulose composites."®°

The future applications of magnetic cellulose are likely to
continue to concentrate on the separation of molecules and
contaminants. However, there is much to explore regarding the
spectacular properties of cellulose nanofibers and cellulose
nanocrystals, along with the possibility to introduce a magnetic
functionality. The high aspect ratio of cellulose nanofibers can
provide a strong and flexible matrix for smart membranes for
example. Moreover, the liquid crystalline phases of CNCs are to
be used in optical devices.

Conclusions

Equipping cellulose with a magnetic functionality is motivated
by the renewable, abundant, and non-toxic nature of cellulose
materials, thereby making it an appealing substrate for hosting
magnetic functionality. The co-precipitation of iron oxide or
ferrite particles in a matrix of cellulose fibers, solution, nano-
fibers, and particles typically lead to a hybrid material in which
the cellulose and the magnetic particles are intimately con-
nected. The nature of the connection and, more importantly,
the control of the nucleation location of the magnetic particles

This journal is © The Royal Society of Chemistry 2022
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are ongoing discussion topics and challenges that amplify the
impact of the magnetic cellulose particles in materials technology.
Another future direction for research is to take advantage of the
properties of cellulose nanomaterials that enable the production of
innovative materials with properties that differ from those of paper
but with the benefit of the same cellulose chemistry.
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