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1. Introduction 

Magnetically responsive cellulose materials are specific subset of smart materials, in which 
magnetic nanoparticles are embedded in the polymer matrix, which can adaptively change 
their physical properties due to an external magnetic field. These kind of materials are 
expected to exhibit interesting magnetic field-dependent mechanical behavior with a wide 
range of potential applications, such as fibers and fabrics for protective clothing for military 
use (Raymond et al., 1994), magnetic filters (Pinchuk et al., 1995), sensors (Epstein & Miller, 
1996), information storage, static and low frequency magnetic shielding (Dikeakos et al., 
2003) and health care or biomedical products (Wang et al., 2004). In general, magnetic 
cellulose materials can be prepared with different morphologies, such as films, fibers, 
microspheres, hydrogels and aerogels, and they respond differently to externally applied 
magnetic field because of the different natures and structures. The main purpose of the 
present review is to overview on recent advances in the development of magnetic field-
responsive cellulose composites with emphasis on the fabrication, properties and possible 
applications. 

2. Magnetic cellulose fibers 

Natural cellulose fibers are composed of microfibrils of 10-30nm width and three-
dimensionally connected with each other (Mark & Kroschwitz, 1985). The surface of the 
fiber is rough and consists of pores with diameter of 30-70 nm, with specific surface area of 
30-55 m2·g-1 (Kaewprasit et al., 1998). These nanopores may allow guest molecules to 
penetrate into their inner spaces. The preparation of magnetically responsive fibers based on 
cellulose and magnetic nanoparticles has been investigated by several approaches. In the 
past 2 to 3 decades, magnetically responsive cellulose fibers have been prepared by 
vigorously agitation of cellulose pulp in a concentrated suspension of iron oxide particles 
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such as magnetite and maghemite particles, followed by a mild washing step to remove all 
the unbound-magnetic particles. This preparation process is called lumen-loading (Chia et 
al., 2009; Rioux et al., 1992). The process proceeds in three stages. Firstly, a short initial stage 
with an advancing diffusion front penetrating the lumen with negligible deposition of filler 
particles on the internal surface. Secondly, a quasi-steady state regime (the main stage) in 
which the number of fillers particles entering the lumen equals the number being deposited 
on the lumen wall, and for which the concentration of filler particles suspended in the 
lumen is approximately constant, and finally the rate determining step switches from being 
the rate at which particles can enter into the lumen, and particle deposition occurs on the 
remaining empty spots of the lumen. The lumen-loading is a physical approach, and the 
diffusion kinetics of the method is mainly limited by the transport of filler particles through 
the pit apertures in the fiber walls (Zakaria et al., 2004 a, 2004b). It often results in a 
heterogeneous composite with deleterious particle dispersion, aggregation and therefore 
inferior performance. In contrast, the latter co-deposits both matrices and particles 
simultaneously from a premixed precursor offer more homogeneous and uniform 
composites. One common procedure is the integrating of pre-synthesized Fe3O4 particles 
into the lumens of disintegrated cellulose fibers with the aid of certain retention agent (Chia 
et al., 2006; Zakaria et al., 2005). After impregnation with an agitation and washing step to 
remove the unwanted particles, the filler particles are introduced exclusively into the lumen 
of the fibers while leaving the external surfaces free of filler. The filler is protected by the cell 
wall from dislodgement and the particles do not interfere with interfiber bonding. In 
addition, the resultant material shows relatively higher saturation magnetization and 
coercivity. However, the particles are spatially aggregated presumably due to the effect of 
the magnetic dipole within the short range. This represents a phenomenon commonly 
encountered in particle nanocomposite. Moreover, this morphology also lowers the 
mechanical properties, such as tensile strength and results in brittle material as compared to 
the host matrix (Zakaria et al., 2004; Middleton & Scallan, 1989). 

To circumvent these problems, a modified pathway has been performed by using surface 
coating method. In this process, a colloidal suspension of magnetic nanoparticles is 
prepared firstly, and then cellulose fibers are dispersed in it and stirred vigorously. After 
successive washing and sonication, the particles remain bonded to the surface of the fibers. 
One significant finding is that, a new bonding phase of α-FeOOH is formed at the interface 
between the Fe3O4 particles and cellulose fibers. The formation of such a bridge is crucial to 
the integrity of heterogonous hybrid materials in processing and practical applications. In 
the meanwhile, it allows the inherent properties of the fiber, e.g. tensile strength and 
flexibility, to be retained while enabling the magnetic properties to the matrix. In addition, 
the surface of the fibers is completely and uniformly encapsulated by the nanoparticles 
(Small & Johaston, 2009). 

Another approach to prepare magnetically responsive cellulose fibers involves synthesis of 
iron oxide particles within the cellulosic matrix itself by vigorously agitation of cellulose pulp 
in iron ion solution, and then iron ions are converted to iron oxide particles within cellulosic 
matrix by the addition of an excess NaOH solution. This preparation method is called in situ 
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co-precipitation method. This method offers better control of both the magnetic properties and 
the variety of magnetic particles that are incorporated into the final product than the lumen-
loaded method (Marchessault et al., 1992a, 1992b). This method is widely used for the 
preparation of magnetic cellulose materials. Recently, a modification of the in situ co-
precipitation method has been carried out. In this method, bacterial cellulose pellicles are 
firstly dipped in a solution of FeCl2�4H2O, followed by dipping in a fresh solution of NaOH. 
The suspension is then heated in a water bath at 65 oC, followed by adding H2O2 solutions. 
Finally, samples are washed with distilled water. By using this method, the individual reaction 
is exclusively occurred step by step inside the bacterial cellulose. However, this stepwise 
dipping process still has some drawbacks. The obtained samples show the non-uniform 
dispersion of the precipitated nanoparticles across the cross-sectional area of bacterial 
cellulose. Formation of the darker skin at the surface results from the predominant forming of 
ferrites at the surface of the processed bacterial cellulose. Moreover, the dipping process is 
done under ambient condition. As a result, the presence of oxygen gas in the atmospheric air 
promotes the formation of maghemite (γ-Fe2O3) and hematite (α-Fe2O3). In order to make 
homogeneous dispersion and control the crystalline phase of magnetic nanoparticles in 
cellulose matrix, ammonia gas-enhancing in co-precipitation method operated in a closed 
system without oxygen has been used (Katepetch & Rujiravanit, 2011). The use of ammonia 
gas, instead of conventional aqueous basic solutions, can prevent the magnetic particles from 
accumulation at the surface of cellulose fibers, resulting in the homogeneous dispersion of the 
magnetic nanoparticles throughout the cellulose matrix. Accordingly, the as-prepared 
magnetic nanoparticles-incorporated cellulose sheet exhibits the uniform magnetic properties 
throughout the cellulose matrix. Moreover, the homogeneous dispersion of the magnetic 
nanoparticles throughout the cellulose matrix can enhance the percent incorporation of 
magnetic nanoparticles into cellulose samples, leading to high and uniform magnetic 
properties throughout the matrix of cellulose. Regarding to the use of cellulose pellicle and 
ammonia gas-enhancing in situ co-precipitation method, magnetic particles in the crystal form 
of magnetite (Fe3O4) are obtained and the diameter of the as-synthesized magnetic particles are 
ranged in nanoscale. The average particle size of the magnetic nanoparticles is in the range of 
20–39 nm. The particle size and particle size distribution of magnetic nanoparticles are 
controllable by adjusting the concentration of aqueous iron ion solution. The saturation 
magnetization of the magnetic nanoparticle-incorporated cellulose sheet ranges from 1.92 to 
26.20 emu�g-1 with very low remnant magnetization (0.15–2.67 emu�g-1) and coercive field 
(40–65 G) at room temperature. Moreover, the responsiveness to an externally applied 
magnetic field of the magnetic nanoparticle-incorporated bacterial cellulose sheet is exhibited 
by its deflection in the direction of increasing magnetic field.  

Magnetic cellulose fibers can also be obtained by adding ferro-magnetic powders into the 
cellulose solution, and then spun into fibers. This technique is one of the most effective 
methods of imparting new features to fibers as it guarantees stability of their properties, due 
to the fact that the stabile magnetic modifier is firmly integrated in the polymer matrix, and 
its percentage content does not change while using the fibers. N-methylmorpholine-N-oxide 
hydrate (NMMO) is a direct solvent for cellulose, a ferromagnetic compound can be added 
into the solution, and magnetic cellulose fibers can be spun directly from the mixed solution 
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(Rubacha et al., 2007). The obtained composite fibers can be used to build textile magnetic 
coils with a textile core. The magnetic properties of the composite fibers depend on the kind 
of implemented magnetic filler and the percentage content by volume in the fiber matter, 
and the composite fibers have an increase in the efficiency of shielding the magnetic field. 
However, mechanical mixing magnetic fills into dissolved cellulose solution often results in 
an inhomogeneous dispersion of particles in the cellulose matrix, thus considerable 
attention has been paid to the in situ chemical synthesis of metal nanoparticles in polymer 
matrices. In our previous works, 7wt% NaOH/12wt% urea aqueous solvent at low 
temperature is used for cellulose dissolving, and regenerated cellulose fibers can be spun 
from this solution (Chen et al., 2006; Mao et al., 2008). The cellulose fiber at swollen state 
exhibits an interpenetrating macroporous structure with a mean pore diameter of about 150 
nm. This unique structure makes the porous structured cellulose fibers can be used as 
reacting sites for the in situ synthesis of inorganic nanoparticles. Magnetic Fe2O3 
nanoparticles can be synthesized in situ in the cellulose fibers for the preparation of 
magnetic cellulose fibers (Liu et al., 2008a, 2008b), as it is shown in Fig. 1. The synthesized 
Fe2O3 nanoparticles with a mean diameter of 18 nm are uniformly dispersed in the cellulose 
matrix. There has strong interaction between Fe2O3 nanoparticles and cellulose matrix, the 
composite fibers are kept in water for a long time, and the Fe2O3 nanoparticles can hardly 
move out from the composite fibers. The composite fibers exhibit improved mechanical 
strength and a strong capability to absorb UV rays, superparamagnetic properties, as well as 
a relatively high dielectric constant; it indicated that the composite fibers can be used as 
protective materials for low frequency magnetic shielding. 

 
Figure 1. SEM images of surface (a) and cross section (b) for a single swollen RC (regenerated cellulose) 
fiber (insert is its enlarged image and the scale bar is 1 μm), as well as photographs of the composite 
fibers F001(FeCl3, 0.01M) (c), F01 (FeCl3, 0.1M) (d), and F05(FeCl3, 0.5M) (e), respectively. 
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3. Magnetic cellulose films 

Cellulose products are used traditionally in paper, packagings and artificial fibers, but 
technologies such as magnetic nanopapers open up opportunities for entirely new product 
areas. By using the lumen-loading technology, commercially available magnetic pigments 
can be introduced into the lumens of softwood fibers from which magnetic paper may be 
prepared. Lumen-loaded fibers act as magnetic dipoles allowing manipulation of fiber 
orientation in papermaking (Marchessault et al., 1992b). Another classic mixing of magnetic 
nanoparticles in the cellulose solution often results in the aggregation of magnetic 
nanoparticles in the composite films, because of the interparticle dipolar forces worsens 
their dispersion, which often decreases the properties of the composites and the single 
function of the magnetic nanomaterials. Precipitation of nano-sized ferrite (Fe3O4 and 
CoFe2O4) particles with the presence of cellulose fibers has also been used to produce films 
with good magnetic properties (Chia et al., 2008). The magnetic properties of the films 
increased with the loading of the magnetic particles. The coercivity of the magnetic films 
prepared with CoFe2O4 is higher than that with Fe3O4, and the thermal stability of the 
magnetic film depends on the degree of crystallinity of the precipitated particles. The 
magnetic particles deposited on the surface of the fibers have detrimental effects on the film 
strength. However, it is difficult to control the dispersion or particles size of the loaded 
magnetic particles for the above mentioned methods. 

An interesting advance in the development of nanofibril cellulose (NFC) template materials 
may further enable nanocomposites to have tunable properties and open up many new 
multifunctional utilities. In-situ precipitation of the magnetic nanoparticles onto the 
individual cellulose nanofibrils has been used for the preparation of magnetic cellulose films 
(Galland, 2012). In this process, aqueous nanofibril suspension is used for magnetic 
functionalization. This method is based on aqueous co-precipitation of cobalt and iron 
species by forced hydrolysis to form cobalt-ferrite (CoFe2O4) magnetic nanoparticles. The 
stable suspension of NFC is favorable for the black suspension of magnetic NFC, and it is 
then used for membrane formation by a suitable vacuum filtration procedure. In the 
magnetically functionalized cellulose nanofibril networks, the processing conditions have a 
major effect on size distribution of magnetic nanoparticles, with the interesting observation 
that presence of NFC during precipitation results in smaller particle formation. In turn, this 
directly has an influence on magnetic properties of the material, with e.g. reduced coercivity 
for materials with smaller nanoparticles. The introduction of nanoparticles results in 
increased porosity and reduced interaction between fibers, which acts negatively on 
stiffness and strength of the magnetic nanopaper membranes. But ductility is preserved 
leading to remarkable tough nanocomposite materials. 

Another alternative method is the in situ co-precipitation method by using the porous 
structured cellulose films as reacting sites. The cellulose hydrogel films prepared from 
LiOH/urea and NaOH/urea aqueous solution have unique fibrous network structure. The 
fibrous network structure, apart from providing high mechanical strength, offers 
macro/mesoporous spaces which can be used as reaction chambers for precipitation of 
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nanoparticles with the fibers providing a support structure to hold the particles. (Liu et al., 
2006, 2011a, 2012a). In this method, cellulose films are immersed into FeCl2 or FeCl3 solution 
firstly and metal ions can be readily impregnated into the cellulose films through the pores. 
The incorporated Fe2+ ions can be bound to cellulose macromolecules via electrostatic 
interaction, because the electron-rich oxygen atoms of polar hydroxyl of cellulose are 
expected to interact with electropositive transition metal cations. When the films are treated 
with aqueous NaOH solution, Fe2O3 nanoparticles can be synthesized in the cellulose 
scaffolds in situ. The obtained Fe2O3 nanoparticles in the composite films prepared from 
FeCl2 or FeCl3 solution are -Fe2O3. The Fe2O3 nanoparticles are plate-like, and distribute 
randomly in the cellulose matrix before drying. It is different from those reported works 
about in situ synthesis of inorganic nanoparticles in a polymer matrix. In order to clarify the 
mechanism for the formation of the plate-like inorganic nanoparticles, Fe3O4, CdS, Co(OH)2 
nanoparticles have been synthesized from different precursors through the same pathway 
(Liu et al., 2011b, 2011c; Zhou et al., 2009). It indicates that the prepared nanoparticles are 
irregular particles and are homogeneously dispersed in the cellulose matrix. The possible 
mechanism for the formation of plate-like magnetic nanoparticles is ascribed to the non-
negligible magnetic dipole-dipole interactions between the magnetic nanoparticles, 
transforming from Fe(OH)3 or Fe(OH)2 to Fe2O3. The cellulose films that immersed into 
FeCl2 or FeCl3 solution and Fe2+-cellulose or Fe3+-cellulose are formed, when treated with 
NaOH. Fe(OH)3 or Fe(OH)2 are obtained in the cellulose matrix firstly. After drying, they 
transform into Fe2O3 nanoparticles. During this process, there is an anisotropic growth 
happens to the nanoparticles. While for the preparation of Fe3O4/cellulose films, Fe3O4 
nanoparticles are directly formed in the cellulose matrix when treated with NaOH solution, 
therefore, the morphology of the magnetic nanoparticles is irregular particles, which agrees 
well with the reported works about the preparation of inorganic nanoparticles in polymer 
matrix from one-step method. The concentration of FeCl2 or FeCl3 solution has little 
influence on the crystal structure and morphology of the Fe2O3 nanoparticles, but had an 
obvious influence on the content of the Fe2O3 nanoparticles in cellulose films. The Fe2O3 

nanoparticles in composite films that dried at ambient conditions distribute in a regular 
way, and the composite films have an obvious magnetic anisotropy property, while for the 
freeze-dried composite films, the Fe2O3 nanoparticles distribute randomly, and the resulting 
composite films displayed superparamagnetic properties without magnetic anisotropy. This 
interesting phenomenon may be ascribed to the shrinkage of the composite films during 
drying process and the magnetic dipolar-dipolar interactions between the magnetic 
nanoparticles. The size of the Fe2O3 nanoparticles is far smaller than that of the macropores 
of the wet cellulose film. Magnetic nanoparticles can rotate freely, and randomly align 
within the pores at wet state. When it is fixed and dried in air, the composite films only 
shrink in the longitudinal direction from 300 m in wet state to about 30 m in dry state. 
Furthermore, there is non-negligible magnetic dipole-dipole interaction between the 
magnetic nanoparticles, leading to the regulative distribution of the nanoparticles. In order 
to clarify the regular distribution behavior of the Fe2O3 nanoparticles in the cellulose matrix, 
an exo-magnetic field (static and dynamic magnetic field) is applied during the drying 
process of the composite films at ambient conditions. The regular distribution of Fe2O3 



 
Magnetic Responsive Cellulose Nanocomposites and Their Applications 111 

nanoparticles in cellulose matrix has been destroyed in the exo-magnetic field, and the 
dynamic exo-magnetic field has a more obvious effect on the distribution of Fe2O3 

nanoparticles than that of static exo-magnetic field. The composite films prepared from 
static-magnetic field have weak ferromagnetic properties, while the composite films 
prepared from dynamic exo-magnetic field display superparamagnetic properties without 
magnetic anisotropy, which indicates that magnetic filed has an influence on the 
distribution of the Fe2O3 nanoparticles in cellulose matrix. The effects of different forces on 
the distribution of the magnetic nanoparticles in cellulose matrix are characterized by using 
TEM, as it is shown in Fig. 2. Moreover, the influence of uniaxial drawing on the 
distribution of Fe2O3 nanoparticles has been investigated. Interestingly, there is no 
rearrangement of the Fe2O3 nanoparticles in cellulose matrix happened after being drawing, 
and the distribution of Fe2O3 nanoparticles are destroyed, as it is shown in Fig. 3. With an 
increase of the draw ratio, the irregularity of the Fe2O3 nanoparticles in cellulose matrix is 
increased, and the magnetic anisotropy of the resulting composite films is decreased. The 
porous structure of the regenerated cellulose filmsare destroyed by uniaxial drawing, 
therefore, the rotation of the Fe2O3 nanoparticles in the pores of cellulose films is hindered, 
leading to the irregular distribution of the Fe2O3 nanoparticles in cellulose matrix. These 
results support that a transformation process took place in the synthesized Fe2O3 from 
Fe(OH)3 or Fe(OH)2. The magnetic dipole-dipole interaction between the Fe2O3 nanoparticles 
is the important factor of the regular distribution of the Fe2O3 nanoparticles in cellulose 
matrix. 

Bacterial cellulose also can be used for the preparation of magnetic cellulose films. Bacterial 
cellulose is synthesized in the form of fibrous structure which constitutes a three-
dimensional non-woven network of nanofibers with diameters less than 100 nm, and it is 
much smaller than the diameter of typical plant cellulose bundles (ca. 100nm). Bacterial 
cellulose fiber has the same chemical structure as plant cellulose, but has higher specific 
surface area than the cellulose nanofibers, indicating that bacterial cellulose has much more 
surface hydroxyl and ether groups than plant cellulose. These hydroxyl groups make up of 
active sites for metal ion adsorption (Li et al., 2009). Moreover, the porous structure of 
nanofibrous bacterial cellulose provides large amount of sub-micron pores. The precipitated 
metal nanoparticles are stabilized by the sub-micron pores of the bacterial cellulose, leading 
to good dispersion of the as-synthesized nanoparticles (Zhang et al., 2011), the detail 
preparation process is shown in Fig. 4. Magnetic ferrite nanoparticles loaded bacterial 
cellulose (BC) membranes have been synthesized earlier. The size of the ferrite particles 
varies from ~2 to 20 nm with the particles existing both individually and as aggregates in the 
matrix. These magnetic BC membranes are superparamagnetic at room temperature with no 
coercivity or remanence (Raymond et al., 1994, 1995; Sourty et al., 1998; Small & Johnston, 
2009).  

The precipitation reaction method of loading magnetic particles in the BC matrix does not 
allow complete control of particles formation-nucleation, growth, aggregation, and density, 
if surfactant molecules which cap the metal particles are not used. As a result, the 
synthesized particles may have a broad distribution of sizes and different interparticle  
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Figure 2. TEM images of the composite film prepared by freeze-dried (a, b) and being dried at ambient 
conditions (c, d); (a, c), the slice was parallel to the film plane; (b, d), the slice was perpendicular to the 
film plane, and the composite film fixed on a PMMA plate with a static magnetic field and air-dried. (e), 
the slice was parallel to the film plane; (f), the slice was perpendicular to the film plane, and the 
composite film dried on a rotating magnetic field at room temperature. (g), the slice was parallel to the 
film plane; (h), the slice was perpendicular to the film plane. 
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Figure 3. TEM images of the composite films with draw ratios different from 1.04 to 1.22: a, b, c are the 
slices that perpendicular to the surface of the films, e, f, g are the slices that parallel to the surface of the 
films, d and e were HRTEM images of c and g, respectively.  

 
Figure 4. Schematic illustration for the flexible magnetic nanohybrid membrane from bacterial cellulose 
nanofibers.  

distances. Recently, metallic magnetic particles have also been loaded into BC by 
precipitating from the respective salt solutions using NaBH4, KH2PO2, and NaH2PO2 as 
reducing agents. The reaction conditions, type of reducing agent and the reduction medium 
are found to influence the chemical composition, crystallinity, and size of the metal particles. 
The saturation magnetization of Ni impregnated cellulose at room temperature is found to 
be very small compared with that of bulk due to P and B contamination in Ni as well as lack 
of crystallinity, amorphous structure. The amorphous Ni transforms into crystalline Ni on 
heat treatment. In the case of Co, NaH2PO2 reduction is found to result in the formation of 
ordered crystals with size of 5-6 nm and aggregates with micron size. The Co loaded 
cellulose is found to be ferromagnetic at room temperature with obvious coercivity 
(Pirkkalainen et al., 2007, 2008). The room temperature reduction in an aqueous 
environment is also an effective method for the controlling synthesis of magnetic 
nanoparticle with small particle size (Vitta et al., 2010). The formation of crystalline Ni 
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nanoparticles with controlled particle size inside the bacterial cellulose along with Ni(OH)2 
has been performed. The nanocrystals have an equiaxed shape and are found both as 
individual particles as well as small aggregates depending on the porous network structure 
of cellulose matrix. The bacterial cellulose does not undergo any change and retains its 
crystal structure even after chemical reduction reaction. The Ni loaded bacterial cellulose is 
found to be ferromagnetic at room temperature with a saturation magnetization of 2.81 
emu�g−1 which increases by an order of magnitude to 21.8 emu�g−1 at 1.8 K. The coercive 
field also increases by two orders of magnitude from 28 G at 300 K to 2900 G at 1.8 K. The 
zero field cooled magnetization however exhibits a superparamagnetic behavior with a peak 
at 20 K, the blocking temperature and this behavior is observed even in ac magnetization. 
The magnetization decreases with the increase of temperature up to 400 K, when 
extrapolated to high temperature using a power law indicates a Curie transition at 500 K, 
which is much lower than the Curie temperature of bulk Ni. The fraction of isolated 
superparamagnetic nanoparticles present in the composite is estimated from the saturation 
magnetization and is found to be ~88%. These results clearly highlight the presence of two 
separate magnetic phases, superparamagnetic, and ferromagnetic, and the role of various 
magnetic interactions in the collective magnetic behavior of Ni nanoparticles in the 
composite structure. Freeze-dried bacterial cellulose nanofibers can form porous structured 
scaffolds, which can also be used as a template for in-situ chemical reactions to form Co 
nanoparticles for the generation of a tunable multifunctional nanocomposite film. In this 
process, an extremely porous so-called aerogel which consists of only 2% cellulose fibrils 
and 98% pores is obtained, and then dip the porous cellulose aerogel into a saline solution 
and create the magnetic particles. The magnetic particles are 40 nm large and consist of 
cobalt ferrite. The particles bind very strongly with the cellulose. During the production 
process, it is possible to control the amount of magnetic particles that are formed. The 
porous nanopaper can also be compressed to different levels of porosity, due to obtain the 
required strength and the flexibility. 

4. Magnetic cellulose microspheres 

The use of superparamagnetic microspheres (SM) has been widely reported in various 
applications, such as biomedical research and technology (Šafařĭk & Šafařĭková, 1999) and 
environmental protection (Yang et al., 2008; Atia et al., 2009), due to their remote responses 
to external magnetic fields. Ideal magnetic polymer microspheres must have high specific 
saturation magnetization, small size, narrow particle size distribution, biocompatibility, 
biodegradable, good chemical stability, rich functional groups on surface and simple 
process in preparation, cheap as shell. Cellulose, with high biocompatibility, good 
hydrophilic properties, and biodegradable natures, is a good candidate for magnetic 
nanocomposite. 

Encapsulation of magnetic particles with cellulose polymers is the simple and classical 
method to prepare magnetic cellulose particles (Luo & Zhang, 2009). In our previous works, 
maghemite (γ-Fe2O3) nanoparticles are prepared. Subsequently, by blending it with cellulose 
solution and then millimeter-scale magnetic cellulose beads can be prepared via an optimal 
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dropping technology. In this method, other fillers, such as activated carbon (AC) can be 
added into the mixed solution for the preparation of composite cellulose beads with 
improved properties. The cellulose beads containing Fe2O3 nanoparticles exhibit sensitive 
magnetic response, and their recovery can be facilitated by applying a magnetic field. Dyes 
are adsorbed effectively by the AC/magnetic cellulose beads. The Fe2O3 nanoparticles and 
AC in the AC/magnetic cellulose beads can play important roles in both the formation of 
spherical shape beads and the improvement of the adsorption capacity. Furthermore, the 
sorbent can be regenerated and used repeatedly. The magnetic properties of the beads allow 
the separation from the effluent by applying a magnetic field, leading to the development of 
a clean and safe process for water pollution remediation.   

As for the magnetic cellulose microspheres (MCMS), most of the attentions are focused on 
the absorption performance. The absorption capacity of MCMS is important for the 
applications point of view. According to Langmuir theory, the smaller the MCMS, the larger 
the surface area, thereby the stronger the absorption capacity. However, the crystalline 
structure of cellulose, due to the hydrogen bonds between and within its chains and the 
high molecular weight, make the treatment of cellulose very difficult. On one hand cellulose 
exhibits zero solubility in water and common organic solvents, except for some solutions 
(Fischer et al., 2003; Ass et al., 2006; Yoshida et al., 2005). On the other hand an ionic solution 
of cellulose shows considerable viscosity, which causes great difficulty in the dispersal of 
material into small drops. Under conditions without protection from chemical cross-linking 
or contact, magnetic fluids dispersed in cellulose solution are impacted in their stability as 
liquid drops and will easily collapse or coalesce, if dispersing strength solutions are used. 
As a consequence, the average size distribution of MCMS is most often reported from 
dozens to hundreds of micrometers (Wolf, 1997; Guo & Chen, 2005). If a critical condition 
could be found in which the drops could maintain both the smallest diameter and stability, 
MCMS can be fabricated with the maximum absorption capability. A theory of “the smallest 
critical size”(SCS) is proposed and tested for the first time as a guideline for forming the 
desired MCMS (Tang et al., 2010). It indicates that the diameter of the SCS of MCMS is 5.82 
μm, while the IgG absorption capability of the MCMS with SCS is 186.8 mg/mL. An 
innovative approach developed by us has shown that a more controlled nanostructured 
morphology and geometrical shape of the magnetic cellulose microspheres can be obtained 
(Luo et al., 2009a), and the incorporated magnetic nanoparticles has an obvious influence on 
the microstructure of the obtained magnetic microspheres, as it is shown in Fig. 5. In this 
study, cellulose drops in a precooled aqueous solution of sodium hydroxide and urea are 
utilized to form regenerated cellulose microspheres (RCS) using sol-gel process. These 
porous beads are then used as microreactors, which permits in situ co-precipitation of Fe3O4 
nanoparticles into the cellulose pores of RCS in a solution mixture of FeCl3 and FeCl2 to 
finally form magnetic regenerated cellulose microspheres (MRCS). This process is able to 
create MRCS about 6 um in diameter with embedded nanoparticles with particle size of 20 
nm. Transmission electron microscopy (TEM) clearly shows that embedded Fe3O4 
nanoparticles are dispersed uniformly inside MRCS matrix. These ideal nanostructures 
ensure that the micron-sized cellulose beads maintain the superparamagnetic property. 
Such beads can be magnetized and attracted to that field in the presence of an external 
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Figure 5. SEM images of the surface of the regenerated cellulose microspheres (RCS) (a), M10 (mixtured 
solutions of FeCl3/FeCl2 with concentration of 10mmol/5.2mmol) (b), M20(mixtured solutions of 
FeCl3/FeCl2 with concentration of 20mmol/10.6mmol) (c) and M30(mixtured solutions of FeCl3/FeCl2 
with concentration of 30mmol/15.9mmol) (d). The insert illustrates the morphology of RCS and 
magnetic regenerated cellulose microspheres (MRCS).  

magnetic field; however, they will not retain any magnetization when the external field is 
removed and can flow with the carrier medium like non-magnetic beads. As an 
embodiment, it demonstrates the magnetic-induced transference for targeting protein 
delivery and release using these nanocomposite beads. 

In recent research aiming at a biomedical application, magnetic carriers based on proteins 
immobilized onto magnetic cellulose microspheres (MCMS) have also been widely used. 
The biospecific connection using a specific binding between a protein and the biomatrices 
displays an excellent repertoire of advantages, including convenient and simple 
preparation, elimination of toxic compounds, and highly efficient antibody utilization (Luo 
& Zhang, 2010; Hornes & Korsnes, 1990). The resulting extraction of a pure target molecule 
by this technique is both convenient and efficient. A novel method has developed for 
immobilizing antibodies onto MCMS using a cellulose binding domain–protein A (CBD–
ProA) linkage, which allows for a one-step isolation of mRNA from eukaryotic cells and 
tissues (Gao et al., 2009). The produced CBD–SA fusion proteins display binding activities 
for both cellulose and biotin, and are endowed with superior attributes in the linkage 
between the MCMS and biotinylated oligo(dT). Using SA–CBD–MCMS for this application 
allows efficient and rapid isolation of mRNA from eukaryotic cells and tissues and 
represents an improvement over conventional, available techniques. The stability of the 
particles, especially the bound CBD to MCMS has been evaluated (Cao et al., 2007).  
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5. Magnetic cellulose hydrogels and aerogels 

Magnetic responsive gels have become an interesting subject of study for several research 
groups. Cellulose hydrogels can be made stimuli-responsive which makes their study more 
interesting. Preparation of magnetic cellulose gels is similar to that of other filler-loaded 
networks. One way is to prepare and characterize magnetic particles separately and then to 
mix them with polymers, and the cross-linking takes place after mixing the polymer solution 
and the magnetic sol (Haas et al., 1993), one can precipitate well-dispersed colloidalsized 
particles in the polymeric material. The in situ precipitation can be made before, during, and 
after the cross-linking reaction (Mark, 1985). As these gels respond to magnetic stimuli, it can 
be readily applied in the areas of biotechnology/biomedicine, health care, catalysis, magnetic 
resonance imaging, and so on. Chatterjee and coworkers have developed a two-step synthesis 
of magnetic gel (Chatterjee et al., 2004). In the first step, hydroxypropyl cellulose particles are 
formed with surfactant-modified maghemite by the emulsion method. In the second step, 
these particles are cross-linked by a commercial cross-linking agent Zirmel M to give a 
network structure. By this mechanism of network formation, it is possible to introduce a 
homogeneous distribution of maghemite into the polymer matrix. These magnetic gels have a 
network of nanoparticles of hydroxypropyl cellulose (30–100 nm) and a homogeneous 
distribution of nanosized maghemite (~7 nm). The magnetic gel has magnetic moment in an 
applied field, due to the size distribution in maghemite, single blocking temperature can not 
be obtained at temperatures below room temperature. Superparamagnetic behavior is 
observed for the gel. The magnetic gel does not show any unique behavior in terms of the 
magnetic property though there is a possibility for obtaining different magnetic properties due 
to the restricted motion (Chatterjee et al., 2003). In order to improve the magnetic properties of 
the magnetic gels, a modified method has been performed. In this process, HPC is mixed with 
hexadecyl trimethyl ammonium bromide (CTAB) modified γ-Fe2O3 powder in sodium 
hydroxide solution (pH=12). The solution is then sonicated for 30s. When the solution become 
homogeneous, solid crushed pellets of NaOH are added to this solution and mixed 
thoroughly. A reddish brown gel is formed at pH 13 and can separate from the solution. With 
the decrease in pH (at pH 9), the gel break down and form a homogeneous dispersion of the 
HPC–γ-Fe2O3 complex. This brown dispersion again transformed into a gel with an increase in 
the pH to 13. The HPC can be loaded as much as 100% of its weight of iron oxide to form a 
complex structure. Therefore, a large value of magnetic moment is obtained from these gels. 
By this process of gelation with a magnetic material along with the cellulose polymer, heavy 
metals/metal oxides can be captured and separated with the help of an external magnet.  

Cellulose aerogels, consisting of three-dimensional networks, are typically obtained by 
removing the liquid in cellulose gels under freeze drying or supercritical conditions (Li et 
al., 2011; Liebner et al., 2010; Kettunen et al., 2011). The unique properties like high internal 
surface, high porosity, low density, and with the additional advantages and characteristics 
of the renewable biopolymer cellulose makes the cellulose aerogel an interesting candidate 
for various applications. The combination of cellulose nanofibers and magnetic 
nanoparticles allows for the preparation of ultra-flexible porous magnetic aerogels. Strong 
cellulose nanofibrils derived from bacteria or wood can form ductile or tough networks that 



 

Cellulose – Medical, Pharmaceutical and Electronic Applications 118 

are suitable as functional materials. A bacterial cellulose hydrogel with a large measured 
surface area is first freeze-dried into a porous cellulose nanofibril aerogel. The dried aerogel 
template is then immersed in an aqueous FeSO4/CoCl2 solution at room temperature before 
heating the system to 90 oC to thermally precipitate the non-magnetic metal 
hydroxides/oxides on the template. Heating changes the color from transparent to 
translucent orange. The precipitated precursors are converted into ferrite crystal 
nanoparticles on immersion in NaOH/KNO3 solution at 90 oC, resulting in highly flexible 
magnetic aerogels that can sustain large deformations, as it is shown in Fig. 6. Micrographs 
of freeze-dried samples show that the nanoparticles are located on the bacterial cellulose 
nanofibril surfaces. Unlike solvent-swollen gels and ferrogels, the magnetic aerogel is dry, 
lightweight, porous (98%), flexible, and can be actuated by a small household magnet. 
Moreover, it can absorb water and release it upon compression. Owing to the flexibility, 
high porosity and surface area, these aerogels are expected to be useful in microfluidics 
devices and as electronic actuators (Olsson et al., 2010). 

In our previous works, regenerated cellulose films that prepared from LiOH/urea or 
NaOH/urea aqueous solution also can be used as templates for the preparation of magnetic 
cellulose aerogels (Liu et al., 2012b). In this process, cellulose hydrogel films are immersed 
in freshly prepared aqueous solutions of FeCl3 and CoCl2 with a molar ratio of  

 
Figure 6. Synthesis of elastic aerogel magnets and stiff magnetic nanopaper. a, Schematic showing the 
synthetic steps. 1, Bacterial cellulose hydrogel (1 vol%) is produced by Acetobacter xylinum FF-88. 2, 
Photograph, scanning electron microscopy (SEM) image and schematic of a cellulose aerogel after 
freeze-drying. 3, Immersion of the dry aerogel in aqueous FeSO4/CoCl2 solution for 15 min followed by 
heating to 90 oC for 3 h transforms soluble Fe/Co hydroxides into insoluble complexes. 4, Cellulose 
networks subjected to NaOH/KNO3 solutions at 90 oC immediately change in colour from red to orange 
to black as nanoparticles precipitate on the cellulose nanofibrils. b, Representative SEM image of a 98% 
porous magnetic aerogel containing cobalt ferrite nanoparticles after freeze-drying. Right inset: 
nanoparticles surrounding the nanofibrils. Left insets: photograph and schematic of the aerogel. c, SEM 
image of a stiff magnetic nanopaper obtained after drying and compression. Inset: higher magnification 
image. 
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[Fe]/[Co] = 2 for 24 h, it allows a homogeneous distribution of the precursor solution 
obtained inside the cellulose networks. The hydrogel films contain precursor solution is 
subsequently treated with NaOH solution (2 mol�L-1). The color of the samples changes 
from red/orange to black immediately, and inorganic nanoparticles can be formed in the 
cellulose matrix. The composite cellulose films are washed with water to remove counter-
ions, and then freeze-dried, and magnetic composite aerogels are obtained. The magnetic 
aerogels are light-weight, flexible. The porosities of the composite aerogels are ranged from 
78 to 52%. The internal specific surface areas and densities of the aerogels are around 300–
320 m2�g-1 and 0.25–0.39 g�cm-3, respectively. The content of the incorporated CoFe2O4 
nanoparticles increases with the increase of the CoFe2O4 precursor concentration, but the 
particle size change hardly. The incorporated CoFe2O4 nanoparticles changed the 
microstructure of the cellulose aerogels obviously, making them different to those of the 
composite aerogels. The hybrid aerogels show superparamagnetic behaviors, improved 
mechanical properties with respect to the corresponding inorganic aerogel. Because the 
concepts of the process are simple and cellulose is sustainable and readily available in large 
quantities from plants (wood). Thus the suggested route is suitable for industrial-scale 
production and may be used with many types of nanoparticles, which will open up the new 
application fields of cellulose based functional materials. 

6. Conclusion  

The magnetic cellulose composites hold great promise in offering both multiple 
functionalities and economic functions. Cellulose is not only abundant, renewable, 
biodegradable, but also the production process is simple. Thus it is very likely to become an 
economically viable technology, in addition to having profound benefits to sustainable 
technology and also to our environment. With the versatile properties and a large variety of 
potential applications revealed in early developments, these new materials have the 
potential to impact many advanced multifunctional areas such as electromagnetically driven 
printing, “smart” magnetic biochips, novel localized drug delivery and other applications 
yet to be envisioned. Furthermore, this research area is expected to grow rapidly, and 
dramatic improvements in materials’ functions will be achieved in the years to come, 
especially in furthering advanced applications as well as the pursuit of environmental 
friendly green technologies worldwide. 

Author details 

Shilin Liu* 
College of Chemical and Material Engineering, Jiangnan University, Wuxi, Jiangsu, China 

Xiaogang Luo 
Key Laboratory of Green Chemical Process of Ministry of Education, Hubei Key Laboratory of Novel 

Chemical Reactor and Green Chemical Technology, Wuhan Institute of Technology, Wuhan, China 

                                                                 
* Corresponding Author 



 

Cellulose – Medical, Pharmaceutical and Electronic Applications 120 

Jinping Zhou 
Department of Chemistry, Wuhan University, Wuhan, China 

Acknowledgement 

This work was supported by National Natural Science Foundation of China (51003043). 

7. References 

Ass BAP, Ciacco G T, & Frollini E. (2006). Cellulose acetates from linters and sisal: 
correlation between synthesis conditions in DMAc/LiCl and product properties. 
Bioresour. Technol, Vol. 97, No. 14, PP.1696–1702, ISSN. 0960-8524. 

Atia A A, Donia A M, & Al-Amrani W A. Adsorption/desorption behavior of acid orange 10 
on magnetic silica modified with amine groups. Chem. Eng. J 2009; 150(1) 55–62, ISSN. 
1385-8947. 

Cao Y, Zhang Q, Wang C, Zhu YY, & Bai G. (2007). Preparation of novel immunomagnetic 
cellulose microspheres via cellulose binding domain-protein A linkage and its use for 
the isolation of interferon α-2b. J. Chromatogr. A, Vol. 1149, No. 2, PP. 228-235, ISSN. 
0021-9673. 

Chia C H, Zakaria S, Ahamd S, Abdullah M, & Jani S M. (2006). Preparation of Magnetic 
Paper from Kenaf: Lumen Loading and in situ Synthesis Method. Am. J. Appl. Sci, Vol. 
3, No. 3, PP. 1750-1754, ISSN. 1546-9239. 

Chia C H, Zakaria S, & Bguyen K L, Abdullah M. (2008). Utilisation of unbleached kenaf 
fibers for the preparation of magnetic paper. Industrial crops and products, vol. 28, No. 
3, PP. 333-339, ISSN. 1011-1344. 

Chia C H, Zakaria S, Nguyen K L, Dang V Q, & Duong T D. (2009). Characterization of 
magnetic paper using fourier transform infrared spectroscopy. Mater. Chem. Phys, Vol. 
113, No. 2-3, PP.768-772, ISSN. 0254-0584. 

Chen X, Burger C, Fang D, Ruan D, Zhang L, Hsiao B S, & Chu B. (2006). X-ray studies of 
regenerated cellulose fibers wet spun from cotton linter pulp in NaOH/thiourea 
aqueous solutions. Polymer, Vol. 47, No. 8, PP.2839-2848, ISSN. 0032-3861. 

Chatterjee J, Haik Y, & Chen C J. (2003). Biodegradable magnetic gel: synthesis and 
characterization. Colloid. Polym. Sci, Vol.281, No. 9, PP. 892-896, ISSN. 0303-402X. 

Chatterjee J, Haik Y, & Chen C. (2004). pH-reversible magnetic gel with a biodegradable 
polymer. J. Appl. Polym. Sci, Vol. 91, No. 5, PP. 3337–3341, ISSN. 0021-8995. 

Dikeakos M, Tung L D, Veres T, Stancu A, Spinu L, & Normandin F. (2003). Fabrication and 
characterization of tunable magnetic nanocomposite materials. Materials Research 
Society Symposium Proceedings, Vol. 734, No. 134, PP. 315–320, ISSN. 0272-9172. 

Epstein A J, & Miller J S. (1996). Molecule- and polymer-based magnets, a new frontier. 
Synth. Met, Vol. 80, No. 2, PP. 231–237, ISSN: 0379-6779. 

Fischer S, Leipner H, Thümmler K, Brendler E, & Peters J. (2003). Inorganic molten salts as 
solvents for cellulose. Cellulose, Vol. 10, No. 3, PP. 227–236, ISSN. 09690239. 



 
Magnetic Responsive Cellulose Nanocomposites and Their Applications 121 

Galland S. (2012). Cellulose network materials-compression molding and magnetic 
functionalization. Licentiate thesis, Stockholm, Sweden, ISSN. 1654-1081. 

Guo X, & Chen F. (2005). Removal of Arsenic by Bead Cellulose Loaded with Iron 
Oxyhydroxide from Groundwater. Environ. Sci. Technol, vol. 39, No. 17, pp. 6808-6818, 
ISSN. 0013-936X. 

Gao Z, Zhang Q, Cao Y, Pan P, Bai F, & Bai G. (2009). Preparation of novel magnetic 
cellulose microspheres via cellulose binding domain–streptavidin linkage and use for 
mRNA isolation from eukaryotic cells and tissues. J. Chromatogr. A, Vol. 1216, No. 45, 
PP. 7670–7676, ISSN. 0021-9673. 

Haas W, Zirnyi M, Kilian HG, & Heise B. (1993). Structural analysis of anisometric colloidal 
iron(III)-hydroxide particles and particle-aggregates incorporated in poly(vinyl-acetate) 
networks. Colloid. Polym. Sci, Vol. 271, No. 12, PP.1024-1034, ISSN. 0303-402X. 

Hornes E, & Korsnes L. (1990). Magnetic DNA hybridization properties of oligonucleotide 
probes attached to superparamagnetic beads and their use in the isolation of poly(A) 
mRNA from eukaryotic cells. Genet. Anal. Tech. Appl , vol. 7, No. 6, pp. 145-150, ISSN. 
1050-3862. 

Kaewprasit C, Hequet E, Abidi N, & Gourlot J P. (1998). Application of Methylene Blue 
Adsorption to Cotton Fiber Specific Surface Area Measurement: Part I. Methodology. J. 
Cotton Sci. Vol. 2, No. 4, PP.164-173, ISSN. 1523-6919.  

Katepetch C, & Rujiravanit R. (2011). Synthesis of magnetic nanoparticle into bacterial 
cellulose matrix by ammonia gas-enhancing in situ co-precipitation method. 
Carbohydrate Polymers, Vol. 86, No. 1, PP. 162-170, ISSN. 0144-8617. 

Kettunen M, Silvennoinen R J, Houbenov N, Nykänen A, Ruokolainen J, Sainio J, PoV, 
Kemell M, Ankerfors M, Lindström T, Ritala M, Ras RHA, & Ikkala O. (2011). 
Photoswitchable superabsorbency based on nanocellulose aerogels. Adv. Funct. Mater, 
Vol.21, No3, PP. 510-517, ISSN, 1616-301X.  

Liu S, Zhou J, Zhang L, Guan J, & Wang J. (2006). Synthesis and alignment of iron oxide 
nanoparticles in a regenerated cellulose film, Macromol. Rapid Commun, vol. 27, No. 6, 
PP. 2084-2089, ISSN. 1022-1336. 

Liu S, Zhang L, Zhou J, & Wu R. (2008a). Structure and properties of cellulose/Fe2O3 
nanocomposite fibers spun via an effective pathway. J. Phys. Chem. C, Vol. 112, No. 12, 
PP. 4538-4544, ISSN. 1932-7447. 

Liu S, Zhang L, Zhou J, Xiang J, Sun J, & Guan J. (2008b). Fiber like Fe2O3 Macroporous 
nanomaterials fabricated by calcinating regenerate cellulose composite fibers, Chem. 
Mater, Vol. 20, No. 11, PP. 3623-3628, ISSN. 0897-4756. 

Liu S, Zhou J, & Zhang L. (2011a). In situ synthesis of plate-like Fe2O3 nanoparticles in 
porous cellulose films with obvious magnetic anisotropy. Cellulose, Vol. 18, No. 3, pp. 
663-673, ISSN. 1572-882X. 

Liu S, Ke D, Zeng J, Zhou J, Peng T, & Zhang L. (2011b). Construction of inorganic 
nanoparticles by micro-nano-porous structure of cellulose matrix. Cellulose, Vol. 18, 
No. 4, PP. 945-956, ISSN. 0969-0239. 



 

Cellulose – Medical, Pharmaceutical and Electronic Applications 122 

Liu S, Hu H, Zhou J, & Zhang L. (2011c).Cellulose scaffolds modulated synthesis of Co3O4 

nanocrystals: preparation, characterization and properties. Cellulose, Vol. 18, No. 5, PP. 
1273-1283, ISSN. 1572-882X. 

Liu S, Li R, Zhou J, & Zhang L. (2012a). Effects of external factors on the arrangement of 
plate-liked Fe2O3 nanoparticles in cellulose scaffolds. Carbohydr. Polym, Vol. 87, No. 1, 
pp. 830-838, ISSN. 0144-8617. 

Liu S, Yan Q, Tao D, Yu T, & Liu X. (2012b). Highly Flexible Magnetic Composite Aerogels 
Prepared by Using Cellulose nanofibril networks as Templates. Carbohydr. Polym, 
doi:10.1016/j.carbpol. 2012.03.046. 

Li X, Chen S, Hu W, Shi S, Shen W, Zhang X, & Wang H. (2009).In situ synthesis of CdS 
nanoparticles on bacterial cellulose nanofibers. Carbohydr. Polym, Vol. 76, No. 4, PP. 
509–512, ISSN. 0144-8617. 

Li J, Lu Y, Yang D, Sun Q, Liu Y, & Zhao H. (2011). Lignocellulose Aerogel from Wood-Ionic 
Liquid Solution (1-Allyl-3-methylimidazolium Chloride) under Freezing and Thawing 
Conditions. Biomacromolecules, Vol. 12, No. 5, PP. 1860-1867, ISSN. 1525-7797  

Luo X, & Zhang L. (2009a). High effective adsorption of organic dyes on magnetic cellulose 
beads entrapping activated carbon. J. Hazard. Mater, Vol. 171, No. 1-3, PP. 340–347, 
ISSN. 0304-3894. 

Luo X, Liu S, Zhou J, & Zhang L. (2009b). In situ synthesis of Fe3O4/cellulose microspheres 
with magnetic-induced protein delivery. J. Mater. Chem, Vol. 19, No. 21, PP. 3538–3545, 
ISSN. 0959-9428. 

Luo X, & Zhang L. (2010). Immobilization of Penicillin G Acylase in Epoxy-Activated 
Magnetic Cellulose Microspheres for Improvement of Biocatalytic Stability and 
Activities. Biomacromolecules, Vol. 11, No. 11, pp. 2896–2903, ISSN. 1525-7797. 

Liebner F, Haimer E, Wendland M, Neouze M-A, Schlufter K, Miethe P, Heinze T, Potthast 
A, & Rosenau T. (2010). Aerogels from unaltered bacterial cellulose: application of 
scCO2 drying for the preparation of shaped, ultra-lightweight cellulosic aerogels. 
Macromol. Biosci, Vol. 10, No. 4, PP. 349-352, ISSN, 1616-5187. 

Mark H F, & Kroschwitz J I. (Eds.) (1985). Encyclopedia of Polymer Science and Technology; 
John Wiley & Sons: New York; p 60, ISSN. 9780470569696. 

Mark J E. (1985).Bimodal networks and networks reinforced by the in situ precipitation of 
silica. British. Poly. J, Vol. 17, No.2, PP. 144-148, ISSN. 0007-1641. 

Middleton S R, & Scallan A M. The effect of cationic starch on the tensile strength of paper. J. 
Pulp Pap. Sci 1989; 15(5) J229–J234, ISSN. 0826-6220. 

Marchessault R H, Richard S, & Rioux P. (1992a). In situ synthesis of ferrites in 
lignocellulosics. Carbohydr. Res, Vol. 224, PP.133–139, ISSN. 00323861. 

Marchessault R H, Rioux P, & Raymond L. (1992b). Magnetic cellulose fibers and paper: 
Preparation, processing and properties. Polymer, Vol. 33, No. 19, PP. 4024–4028, ISSN. 
00323861. 

Mao Y, Zhang L, Cai J, Zhou J, & Kondo T. (2008). Effects of Coagulation Conditions on 
Properties of Multifilament Fibers Based on Dissolution of Cellulose in NaOH/Urea 
Aqueous Solution. Ind. Eng. Chem. Res, Vol. 47, No. 22, PP. 8676-8683, ISSN. 0888-5885. 



 
Magnetic Responsive Cellulose Nanocomposites and Their Applications 123 

Olsson RT, Azizi Samir M A S, Salazar-Alvarez G, Belova L, Ström V, Berglund L A, Ikkala 
O, Nogués J, & Gedde U W. (2010). Making flexible magnetic aerogels and stiff 
magnetic nanopaper using cellulose nanofibrils as templates. Nature Nanotechnology, 
vol.5, No.8, PP. 584-588, ISSN. 1748-3387. 

Pinchuk L S, Markova L V, Gromyko Y V, Markov E M, & Choi U S. (1995). Polymeric 
magnetic fibrous filters. J. Mater. Process. Technol, Vol. 55, No. 3-4, PP. 345–350, ISSN. 
0924-0136. 

Pirkkalainen K, Vainio U, Kisko K, Elbra T, Kohout T, Kotelnikova N E, & Serimaa R J. 
(2007). Structure of nickel nanoparticles in a microcrystalline cellulose matrix studied 
using anomalous small-angle X-ray scattering. J. Appl. Crystallogr, Vol. 40, PP. s489-
s494, ISSN. 0021-8898 

Pirkkalainen K, Leppanen K, Vainio U, Webb M A, Elbra T, Kohout T, Nykanen A, 
Ruokolainen J, Kotelnikova N, & Serimaa R. (2008). Nanocomposites of magnetic cobalt 
nanoparticles and cellulose. Eur. Phys. J. D, Vol. 49, No. 3, PP. 333-342, ISSN. 1434-6060. 

Raymond L, Revol J F, Ryan D H, & Marchessault R H. (1994). In situ synthesis of ferrites in 
cellulosics. Chem. Mater, Vol. 6, No. 2, PP. 249–255, ISSN. 0897-4756. 

Rioux P, Ricard S, & Marchessault R H. (1992). The preparation of magnetic papermaking 
fibers. J. Pulp. Pap. Sci, Vol. 18, No. 1, PP. 39–43, ISSN. 0826-6220. 

Rubacha M, & Zięba J. (2007). Magnetic cellulose fibers and their application in textronics. 
Fibers & Textiles in Eastern Europe, Vol. 5-6, No. 64-65, PP.101-104, ISSN. 1230-3666. 

Raymond L, Revol J-F, Ryan D H, & Marchessault R H. (1994). In situ synthesis of ferrites in 
cellulosics. Chem. Mater, Vol. 6, No. 2, PP. 249-255, ISSN. ISSN: 08974756. 

Raymond L, Revol J-F, Marchessault R H, & Ryan D H. (1995). In situ synthesis of ferrites in 
ionic and neutral cellulose gels. Polymer, Vol. 36, No. 26, PP. 5035-5043, ISSN. 0032-
3861. 

Small A C, & Johaston J H. (2009). Novel hybrid materials of magnetic nanoparticles and 
cellulose fibers. J. Colloid. Interface. Sci, Vol. 331, No. 1, PP. 122–126, ISSN. 0021-9797. 

Sourty E, Ryan D H, & Marchessault R H. (1998). Characterization of magnetic membranes 
based on bacterial and man-made cellulose. Cellulose, Vol. 5, No. 1, PP. 5-17, ISSN. 
0969-0239. 

Šafařĭk I, & Šafařĭková M. (1999). Use of magnetic techniques for the isolation of cells. J. 
Chromatogr. B, Vol. 722, No. 1-2, PP. 33–53, ISSN. 1570-0232. 

Tang Y, Zhang Q, Wang L, Pan P-W, & Bai G. (2010). Preparation of cellulose magnetic 
microspheres with "the smallest critical size" and their application for microbial 
immunocapture. Langmuir, Vol. 26, No. 13, PP. 11266-11271, ISSN. 0743-7463. 

Vitta S, Drillon M, & Derory A. (2010). Magnetically responsive bacterial cellulose: Synthesis 
and magnetic studies. J. Appl. Phys, Vol. 108, No. 5, PP. 053905-053911, ISSN. 0021-8979 

Wang M, Singh H, Hatton T A, & Rutledge G C. (2004). Field-responsive superparamagnetic 
composite nanofibers by electrospinning. Polymer, Vol. 45, No. 16, PP. 5505–5514, ISSN. 
0032-3861. 

Wolf B. (1997). Bead cellulose products with film formers and solubilizers for controlled 
drug release. Intl. J. Pharm, Vol. 156, No. 1, PP. 97–107, ISSN. 0378-5173. 



 

Cellulose – Medical, Pharmaceutical and Electronic Applications 124 

Yang N, Zhu S, Zhang D, & Xu S. (2008). Synthesis and properties of magnetic Fe3O4-
activated carbon nanocomposite particles for dye removal. Mater. Lett, Vol. 62, No.4-5, 
PP. 645–647, ISSN. 0167-577X. 

Yoshida Y, Yanagisawa M, Isogai A, Suguri N, & Sumikawa N. (2005). Preparation of 
Polymer Brush-Type Cellulose b-Ketoesters using LiCl/1,3-Dimethyl-2-imidazolidinone 
as a Solvent. Polymer, Vol. 46, No. 8, PP. 2548–2557, ISSN. 0032-3861. 

Zakaria S, Ong B H, & Van de Ven T G M. (2004a). Lumen loading magnetic paper II: 
mechanism and kinetics. Colloids. Surf. A, Vol. 251, No. 1-3, PP.31–36, ISSN. 09277757. 

Zakaria S, Ong B H, & Van de Ven T G M. (2004b). Lumen loading magnetic paper I: 
flocculation. Colloids. Surf. A, Vol. 251, No. 1-3, PP. 1–4, ISSN. 09277757. 

Zakaria S, Ong B H, Ahmad S H, Abdullah M, & Yamauchi T. (2005). Preparation of lumen-
loaded kenaf pulp with magnetite (Fe3O4). Mater. Chem. Phys, Vol. 89, No.2-3, PP. 216 -
220, ISSN. 0254-0584. 

Zhou J, Li R, Liu S, Li Q, & Zhang L. (2009). Structure and Magnetic Properties of 
Regenerated Cellulose/Fe3O4 Nanocomposite Films. J. Appl. Polym. Sci, Vol. 111, No. 5, 
PP. 2477-2484, ISSN. 0021-8995. 

Zhang W, Chen S, Hu W, Zhou B, Yang Z, Yin N, & Wang H. (2011). Facile fabrication of 
flexible magnetic nanohybrid membrane with amphiphobic surface based on bacterial 
cellulose. Carbohydr. Polym, Vol. 86, No.4, PP. 1760-1767, ISSN. 0144-8617. 


