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a  b  s  t  r  a  c  t

To  clarify  the  effects  of the  external  factors  on  the  alignment  of  the  plate-like  Fe2O3 nanoparticles  in
the  cellulose  matrix,  different  preparation  methods  under  various  conditions  including  low  tempera-
ture,  static  and  rotating  magnetic,  as  well  as  uniaxial  drawing  were  performed  in present  work.  The
results  indicated  that  Fe2O3 nanoparticles  synthesized  in the  cellulose  scaffolds  were  randomly  dis-
tributed  before  drying.  A weak  static  and rotating  magnetic  field  led  to different  alignments  of  the  Fe2O3
eywords:
ellulose
e2O3 nanoparticles
nisotropy
agnetic

nanoparticles  in  the  cellulose  matrix.  Moreover,  the  uniaxial  drawing  of  the  composite  films  destroyed
the regular  distribution  of  the  Fe2O3 nanoparticles,  leading  to  the  changing  of  the morphology  of  the
nanoparticles  from  plate-like  to rod-like.  The  interesting  results  revealed  that  the  magnetic  properties  of
the  composite  films  could  be controlled  by  modulating  the  alignment  of the  Fe2O3 nanoparticles  in the
cellulose  scaffolds,  which  was  very  fascinating  for  the  preparation  of  magnetic  composite  materials  with
controlled  properties.
. Introduction

Composites with aligned structures are of interests in a wide
ange of applications such as organic electronics (Gu, Zheng, Zhang,

 Xu, 2004), microfluidics (Quake & Scherer, 2000), molecular fil-
ration (Yamaguchi et al., 2004), nanowires (Adelung et al., 2004),
nd tissue engineering (Baker, Nathan, Gee, & Mauck, 2010; Chen,
ang, Ma,  & Wu,  2011). The aligned structure of the compos-

tes often has anisotropic properties (Akima et al., 2006; Bliznyuk
t al., 2005; Kim, 2005; Prasse, Cavaille, & Bauhofer, 2003; Shi
t al., 2005; Tai, Wu,  Tominaga, Asai, & Sumita, 2005; Tezvergil,
assila, & Vallittu, 2003). The alignment of an object in a poly-
er  matrix has attracted much attention. It has been reported

hat electric field is an effective route to make materials with an
ligned structure, and it has been successfully accomplished with a
ariety of different structures including nanoparticles (Bezryadin,
ekker, & Schmid, 1997), nanowires (Smith et al., 2000), fibers
Takahashi, Murayama, Higuchi, Awano, & Yonetake, 2006), layered
ilicates (Koerner, Jacobs, Tomlin, Busbee, & Vaia, 2004), and car-
on nanotubes (Chen, Saito, Yamada, & Matsushige, 2001; Kamat
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et al., 2004; Martin et al., 2005). Homogeneous magnetic field was
also used to achieve controlled orientation of particles in polymer
matrixes, and these oriented particles made the composite mate-
rials had anisotropy properties (Eguchi, Angelone, Yennawar, &
Mallouk, 2008; Majewski, Gopinadhan, Jang, Lutkenhaus, & Osuji,
2010; Porion, Faugère, Michot, Paineau, & Delville, 2010; Shaver et
al., 2009; Wang et al., 2011). Shear stress was  another field that
could effectively promote orientation of the dispersed particles in
polymer nanocomposites, and could produce long-range in-plane
order quickly (Angelescu et al., 2004; Dykes, Torkelson, Burghardt,
& Krishnamoorti, 2010; Hong, Adamson, Chaikin, & Register, 2009).
Compared with the orientation of spherical and one-dimensional
objects in polymer matrix, little attention has been paid on the
alignment of two-dimensional shaped (such as plate-like) mag-
netic nanoparticles in a polymer matrix. This is a more complicated
process for the investigation of the magnetic nanoparticles with
inherent magnetic and morphological anisotropies in a polymer
matrix.

In our previous work, a facile method for the synthesis of
magnetic iron oxide nanoparticles in the cellulose matrix was
developed, and magnetic cellulose composite materials such as
films (Liu, Zhou, & Zhang, 2011a, 2011b; Liu, Zhou, Zhang, Guan,
& Wang, 2006; Zhou et al., 2009), fibers (Liu, Zhang, Zhou, & Wu,

2008; Liu, Zhang, Zhou, Xiang, et al., 2008), and microspheres
(Luo, Liu, Zhou, & Zhang, 2009; Luo & Zhang, 2009b, 2010) with
novel properties were prepared successfully. Interestingly, the
synthesized Fe2O3 nanoparticles in the cellulose films were plate-

dx.doi.org/10.1016/j.carbpol.2011.08.069
http://www.sciencedirect.com/science/journal/01448617
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2.2.1. Freeze-drying method
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ike, and they were self-aligned regularly in the cellulose matrix
hen it was dried at ambient conditions, leading to the com-
osite films exhibit obvious magnetic anisotropy. This result was
otally different from those reported works about the preparation
f orientated distribution of inorganic in polymer matrix, and the
istribution of inorganic nanoparticles in polymer matrix was often
andomly. It is well known that exterior force field was often must
e applied for any attempt to align inorganic components in a
olymer matrix. In order to clarify this interesting phenomenon,
ifferent conditions including low temperature, static and rotat-

ng magnetic, as well as uniaxial drawing have been used for
he preparation of the Fe2O3/cellulose composite films in present
ork. The effects of a weak static magnetic field and rotating mag-
etic field on the distributions of the Fe2O3 nanoparticles were

nvestigated by transmission electron microscopy (TEM), HRTEM,
nd superconducting quantum interference device (SQUID). This
ork provided useful information dealing with changing the mor-
hology of Fe2O3 nanoparticles and rearranging Fe2O3 nanopar-
icles inside the cellulose films by controlling the conditions
utside.

. Experimental
.1. Materials

Cotton linter pulp (�-cellulose >95%) was provided by
ubei Chemical Fiber Group Co., Ltd. (Xiangfan, China), its

ig. 1. TEM images of the composite film prepared by freeze-dried (a and b) and being dr
nd  (b and d) the slice was  perpendicular to the film plane.
mers 87 (2012) 830– 838 831

viscosity-average molecular weight (M�) was  determined to be
1.33 × 105. Other chemical reagents with analytical grade were
supplied by the Sinopharm Chemical Reagent Co., Ltd. (China) and
used without further purification.

2.2. Preparation of composite films

Cellulose (cotton linter pulp) was  dissolved directly by using
NaOH/urea aqueous solution pre-cooled to −12 ◦C. The obtained
cellulose solution (4 wt%) was centrifuged at 8000 rpm for 20 min
at about 15 ◦C for degasification, and then cast on a glass plate and
immersed into 5 wt% H2SO4 solution (2 L) for 5 min to coagulate
and regenerate. The regenerated cellulose films were washed with
deionized water for many times to remove other impurities. Then
the films were immersed into aqueous FeCl2 solution (0.5 M) for
24 h, and subsequently were treated with aqueous NaOH solution
(4 M)  for 20 min, followed by washing with deionized water for
several times. To investigate the influence of different conditions
on the morphology and distribution of the Fe2O3 nanoparticles that
were synthesized in the cellulose films, different drying processes
were carried out as follows.
After being washed with deionized water, the obtained
swollen composite film after being washed with deionized
water was immersed into liquid nitrogen to quench and then
freeze-dried.

ied at ambient conditions (c and d). (a and c) The slice was parallel to the film plane
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.2.2. Dried under a static magnetic field
After being washed with deionized water, the obtained swollen

omposite film was fixed on a PMMA  plate, and then put in the mid-
le of two magnets and dried at room temperature. The surface of
he composite film was perpendicular to the magnetic field direc-
ion. The magnetic field intensity in the center of the composite
lm was about 600 Oe that tested by using a magnetomer.

.2.3. Dried under a rotating magnetic field
After being washed with deionized water, the obtained swollen

omposite film was fixed on a PMMA  plate, and then putted on a
agnetic stirring and turned the stirring speed to the maximum,

nely dried at room temperature. The magnetic field intensity in
he center of the composite film was about 600 Oe that tested by
sing a magnetomer.

.2.4. Dried under uniaxial drawing
The wet composite film was drawn to different draw ratios

DR = final film length/starting length) as follows. The wet compos-
te film was cut into strips with 40 mm  × 120 mm and then clamped
n a stretching device controlled by a computer and dried at ambi-
nt temperature. The draw ratios of the drawn films ranged from 1
o 1.22. Draw ratios greater than 1.22 could not be obtained because
he composite film would be broken during the drying process. The
rawn composite films with DR = 1.04, 1.16 and 1.22 were coded as
R = 1.04, DR = 1.16 and DR = 1.22, respectively.

.3. Characterization

Transmission electron microscopy (TEM) images were carried
ut on a JEOL JEM-2010 (HT) electron microscope with an acceler-
ting voltage of 200 kV. The magnetic properties of the composite
lms were characterized by using superconducting quantum inter-

erence device (SQUID) at 298 K, and the hysteretic loops were
btained in a magnetic field varied from −7.5 T to +7.5 T.

. Results and discussion

The crystallite phase of the plate-like Fe2O3 nanoparticles that
ere in situ synthesized in the cellulose scaffolds was �-Fe2O3,

s well as the structure and properties of the composite film
ave been investigated in our previous works (Liu et al., 2006,
011a, 2011b).  Interestingly, the Fe2O3 nanoparticles were self-
ligned regularly in the cellulose matrix, and the composite films
ad an obvious magnetic anisotropy. It was totally different from
he reported works about the preparation of inorganic/polymer
anocomposites. For most researchers Fe2O3 nanoparticles were
ried to make the inorganic components aligned in the polymer

atrix through various methods. Preliminary explanation of this
nteresting phenomenon would correlate to the different shrinkage
f the composite film in two directions. When the Fe2O3 nanopar-
icles synthesized in the porous matrix, during the drying process,
he shrinkage of the composite film in the longitudinal direc-
ion was more prominent than that happened in the transverse
irection, for the composite film was fasted during the drying pro-
ess. The cellulose microfibrils shrank in the longitudinal direction
ould induce the Fe2O3 nanoparticles distributed regularly in cel-

ulose matrix. To furthermore clarify it, the prepared composite film
fter being washed with water was immersed into liquid nitrogen
uickly to quench and then freeze-dried. Fig. 1a and b shows the
EM images of the composite film. In the slices that parallel and
erpendicular to the surface of the composite film, circular and

eedle-like Fe2O3 nanoparticles were observed, and their distribu-
ions in the cellulose matrix was randomly, which was  obviously
ifferent from that in the composite film that dried at ambient
onditions, as shown in Fig. 1c and d. There was little change in
Fig. 2. Hysteresis loops of the freeze-dried composite film measured at T = 298 K.
(a)  Full hysteresis loop, (b) the hysteresis loop between −500 and 500 Oe  expanded.

the morphology and particle size of the Fe2O3 nanoparticles in the
composite films prepared by freeze-drying and natural drying. The
Fe2O3 nanoparticles synthesized in the porous structured cellu-
lose films at wet  state were plate-like, and their distributions were
random.

Fig. 2 shows the magnetic hysteresis curves of the composite
film prepared by freeze-drying. The randomly distributed Fe2O3
nanoparticles in the composite films had different magnetic prop-
erties. The magnetization of the composite films increased with an
increase of the applied field. The composite films exhibited typi-
cal superparamagnetic behavior without hysteresis loops, and the
coercivity was nearly zero. This phenomenon could be ascribed to
the small particle size and weak magnetic properties of the Fe2O3
nanoparticles. The diameters of the magnetic nanoparticles syn-
thesized in the cellulose matrix were smaller than the critical size
(30–50 nm)  of the Fe2O3 single domains (Goya, Berquo, Fonseca, &
Morales, 2003). It is well known that magnetic particles with par-
ticle size smaller than the critical particle diameter can be called as
single domains. As the particle size continues to decrease below the
single domain value, the particles exhibit superparamagnetic prop-
erties, that is, no hysteresis. Moreover, the magnetic anisotropy
behavior of the composite film was  hardly to be detected, and there

was  little difference in the magnetic properties of the composite
film when the testing direction that was parallel or perpendicular
to the magnetic field. This was different from that of the composite
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ig. 3. TEM images of the composite film fixed on a PMMA  plate with a static mag
erpendicular to the film plane.

lm prepared by natural drying. Based on the results of the compos-
te films prepared by freeze-drying and natural drying, it could be
oncluded that there was a rearrangement of the Fe2O3 nanopar-
icles in the composite film during the drying process at ambient
onditions.

In order to testify this conclusion, a weak static magnetic field
as applied during the drying process of the composite film at

mbient conditions, and the detailed process was described in
ection 2. Fig. 3 shows the TEM images of the surface and cross-
ection of the composite film. In the slice plane that was parallel
o the surface of the composite film, the morphology of the Fe2O3
anoparticles was mainly acicular with irregular morphology, and

 small quantity of needle-like nanoparticles was  also detected.
hile in the slice plane that was perpendicular to the surface of the

omposite film, Fe2O3 nanoparticles with needle-like and irregular
ircular morphologies were coexisted. There was little change in
he morphology of the synthesized nanoparticles, except for their
istributions and slight increase in the thickness of the nanopar-
icles. The distribution of the Fe2O3 nanoparticles in the cellulose

atrix was regular. It would be ascribed to the combined inter-
ctions of magnetic field and shrinkage of the cellulose matrix. It
as been reported that magnetic nanoparticles often have one or
ulti-easy magnetic axis, and they would align with the magnetic

eld lines direction in the presence of an external magnetic field
Kimura, Yamato, Koshimizu, Koike, & Kawai, 2000). During the
rying process, the magnetic nanoparticles in the cellulose scaf-
olds would rearrange to the external magnetic field direction, and
he shrinkage of the cellulose matrix would also induce them to
ie low for the minimum energy principle. The result indicated that
xternal force field had an influence on the distribution of the Fe2O3
anoparticles during the drying process of the composite film.

Magnetic behavior of the composite film supported the conclu-
ion, as it was shown in Fig. 4. By changing the testing direction,
t was possible to distinguish the magnetic anisotropy proper-
ies of the composite film. The observed hysteresis loop of the
omposite film was slanted in the perpendicular testing direction.
oreover, the remanence was only 1.14% of the saturation mag-

etization, while in the parallel testing direction, it was 2.4% of
he saturation magnetization. It was a direct evidence of a mag-
etic anisotropy of the composite film. The observed anisotropy

as analogous to the magnetic crystal anisotropy that was typi-

ally associated with magnetic thin films, and shape anisotropy was
lso played an important role in it. The magnetic film that tested
n the perpendicular direction of the applied magnetic field, the

Fig. 4. Hysteresis loops of the air-dried composite film fixed on a PMMA plate with
a  static magnetic field measured at T = 298 K. (a) Full hysteresis loop and (b) the
hysteresis loop between −400 and 400 Oe expanded.
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ig. 5. TEM images of the composite film dried on a rotating magnetic field at room
as  perpendicular to the film plane.

erpendicular field needed to compensate for the demagnetization
eld before saturating the film, whereas for an in plane field testing
irection, it did not need. Thus, the saturation field in the perpen-
icular testing direction was higher than that in parallel testing
irection. The composite film investigated here behaved diverse
agnetic behavior, which would be resulted from the strong

ipole–dipole interactions of the adjacent magnetic nanoparticles.
t has been reported that there was considerably large dipole-field
nisotropy in Fe2O3 nanoparticles, and it could cause compara-
ly large uniaxial anisotropy even without spin–orbit contribution
Yanagihara, Hagiwara, Najazumi, & Kita, 2007). When the mag-
etic moments of all the particles were aligned by an in-plane field
pplied parallel to the composite film, the moment of a particle was
tabilized by the vector sum of the dipole fields from all its neigh-
ors. When the magnetic moments of all the particles were aligned
y an out-of-plane field applied perpendicular to the composite
lm, the dipole field from one particle to another always tended to
estabilize the moment. The vector sum was increased, and more
nergy was needed to overcome the dipolar field before aligning
he moments. Nonetheless, this difference in saturation field was
n good agreement with the observed anisotropy seen in Fig. 4b.

It has been reported that the easy magnetization axis would
e aligned in the direction of the applied magnetic field when
he magnetic alignment was carried out under a static magnetic
eld, and while under a rotating magnetic field, the hard mag-
etization axis (�3) would align in the direction perpendicular to
he plane of the applied rotating magnetic field. In order to fur-
her testify the rearrangement of the magnetic nanoparticles in the
omposite films during the drying process at ambient condition,

 rotating magnetic field was applied during the drying process.
ig. 5 shows the TEM images of the surface and cross-section of

he composite film. Interestingly, the morphology of the observed
anoparticles mostly was needle-like in the slice planes that par-
llel or perpendicular to the surface of the composite film. It was
oted that the width of the needle-like nanoparticles was  larger
perature. (a and a′) The slice was parallel to the film plane and (b and b′) the slice

than that in the composite films prepared by natural and freeze-
drying, as well as dried under a static magnetic field. Moreover,
their alignment in the composite film was also different. The co-
existed irregular acicular morphology suggested that the resulting
magnetic nanoparticles were plate-like. The most likely alignment
of the magnetic nanoparticles was that all the nanoparticles were
nearly stand up in the composite film. This phenomenon of dis-
tributions of the magnetic nanoparticles under a static or rotating
magnetic field could be forecasted based on magnetic theory, which
has been demonstrated experimentally by Kimura and coworkers
firstly (Kimura, Kimura, & Yoshino, 2006; Kimura & Yoshino, 2005;
Kimura, Yoshino, Yamane, Yamato, & Tobita, 2004). They reported
the theoretical and experimental results of the motion of the two
dimensional particle with �3 < �2 = �1 exposed to a magnetic field
circularly rotating on the xy plane. The motion of this particle in
the rotating regime was  deduced by using the following equation
(Kimura et al., 2004):

d�

dt
= (2�)−1 cos2(ϕ − ωt)  sin 2�

dϕ

dt
= −(2�) sin2(ϕ − ωt)

The magnetic field B was rotating on the xy plane at the angular
velocity of ω (rad/s), for simplicity, assumed ϕ = 0 and took the limit
of ω� → ∞,  the following formula was  obtained:

tan � = tan �0 exp
(

t

2�

)

� was the angle between the �3 axis and the z direction and
�−1 was  the intrinsic rate of magnetic response defined in the pre-
vious section. This result indicated that the �3 axis moved from

� = �0 to � = 0 (the z direction) at the rate of (2�)−1. While for the
same particle, when exposed to a static field B in the z direc-
tion, behaved tan� = tan�0 exp(− t/�), indicating that the �3 axis
moved from � = �0 onto the xy plane (� = �/2) at the rate of �−1. It
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Table 1
Magnetic properties of the composite films prepared from different method at 298 K.

Condition Sample
Hca (Oe) Msb (emu/g) Mrc (emu/g)

⊥ ‖ ⊥ ‖ ⊥ ‖

Temperature
Natural drying 52.4 9.8 7.9 7.3 0.319 0.197
Freeze drying 1.38 0.7186 2.756 2.933 4.125E−3 3.165E−3

Magnetic field
Static magnetic field 10.13 7.81 5.88 4.32 0.14 0.06
Rotating magnetic field 0 0 0.91 0.88 0 0

Uniaxial drawing
DR = 1.04 45.6 30.9 7.9 4.1 0.283 0.725
DR  = 1.16 39.3 32.8 5.6 5.0 0.221 0.779
DR  = 1.22 13.3 16.8 5.9 4.9 0.212 0.468
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nanoparticles in the composite film dried at ambient conditions,
the particle size and thickness was  about 26 and 3 nm, respec-
tively. It indicated that there was an obvious crystal growth of
the Fe2O3 nanoparticles happened in the composite film under
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Coercivity.
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c Remnant magnetization.

urther supported that the interesting rearrangement of the mag-
etic nanoparticles during the drying process under different
onditions.

The different distribution of the magnetic nanoparticles in the
omposite film enabled it had different magnetic properties. Fig. 6
hows the magnetic hysteresis loop of the composite film tested at
ifferent directions. The composite film exhibited superparamag-
etic behavior with extremely small hysteresis loops and coercivity

n the direction that parallel or perpendicular to the applied field.
he lack of hysteresis and coercivity was a characteristic of super-
aramagnetic particles and some single-domain particles. It was
oted that there was no difference in the magnetic properties of the
omposite film that tested in the parallel or perpendicular to the
pplied field direction, indicating that the composite film prepared
rom rotating magnetic field had no magnetic anisotropy proper-
ies. It was agreed well with the TEM results, and further supported
hat there was a rearrangement of the magnetic nanoparticles in
he composite film during the drying process.

In order to further clarify the rearrangement of the magnetic
anoparticles in the composite film during drying process, we
ried to change the microstructure of the composite film by uni-
xial drawing of the wet composite film with different draw ratios.
he change in the microstructure of the cellulose film under dif-
erent draw ratios has been reported in our previous work (Liu
t al., 2009). We  hope the changed microstructures of the cel-
ulose matrix would hinder the rearrangement of the magnetic
anoparticles during the drying process, which would support our
onclusion that there was a rearrangement happened to the mag-
etic nanoparticles during the drying process. Fig. 7 shows the TEM

mages of the composite film dried under different draw ratios.
he distribution of the nanoparticles in the composite film was
andomly even with a minor draw ratio, which was a little sim-
lar to that of the composite film prepared by freeze-dried. The

orphology of the undrawn cellulose film could be depicted as
 mixture of amorphous regions and crystalline domains, and the
ellulose molecular chains arranged randomly in the films with-
ut drawing. In our previous works, the cellulose film exhibited
tripes along the stretching direction, as a result of the orientation
f the cellulose molecular clusters in the amorphous regions. Fibrils
ith width in a range of 200–400 nm were observed with spher-

cal bumps in the range of 200 nm.  The fibrillar morphology was
stablished at the draw ratio of 1.04, whereas the spherical bumps
hanged the morphology. As the drawing proceeding, the orien-
ation of the cellulose chains occurred dominantly in amorphous
egions, which would destroy the microstructures of the cellulose
atrix and hinder the rearrangement of the magnetic nanoparti-
les in the cellulose matrix during drying process. It was  worth
oting that particle size and morphology of the Fe2O3 nanoparti-
les changed under the uniaxial drawing process. When the draw
ations was only 1.04, the Fe2O3 nanoparticles with particle size of
about 34 nm and thickness about 10 nm were observed. With the
increasing of the draw ratio to 1.22, the particle size of the Fe2O3
nanoparticles in the composite film increased to about 45 nm,  and
their thickness changed hardly, but their morphologies changed
from plate-like to rod-like, as shown in Fig. 8d and h. While for the
Magnetic field (T)

Fig. 6. Hysteresis loop of the air-dried composite film prepared from a rotating
magnetic field measured at T = 298 K. (a) Full hysteresis loop and (b) the hysteresis
loop between −200 and 200 Oe expanded.
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Fig. 7. TEM images of the composite films with draw ratios different from 1.04 to 1.22: (a–c) are the slices that perpendicular to the surface of the films, (e–g) are the slices
that  parallel to the surface of the films, d and e were HRTEM images of (c) and (g), respectively.
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niaxial drawing process. It would be resulted from the deforma-
ion of the cellulose microstructure, which reduced the distance
etween Fe2O3 nanoparticles. Therefore, Fe2O3 nanoparticles that
ear to each other had an increased probability of touching each
ther, and particles formed in the deformed microstructures of the
ellulose matrix during the drying process. All of the composite
lms exhibited weak magnetic behavior with small hysteresis loops
nd coercivity both in the parallel and perpendicularly applied
elds, as it was shown in Fig. 8, and the magnetic properties were
ummarized in Table 1. The magnetic anisotropies of the compos-
te films decreased with the increase of the draw ratios, because of
he increase in the irregular arrangement of the magnetic nanopar-
icles. The composite film dried without uniaxial drawing had
bviously magnetic anisotropy, the coercivity obtained from the
erpendicular testing direction was about 52.4 emu/g, while in the
arallel testing direction, it was only about 9.8 emu/g. The coer-
ivities of the composite film with DR = 1.04 were about 45.6 and
0.9 emu/g for the perpendicular and parallel testing directions,
espectively. The difference in the coercivities obtained from two
ifferent testing directions decreased with the increasing of the
raw rations. The distribution of the Fe2O3 nanoparticles in the
omposite film was more and more randomly with the increase of
he draw ratios, which was in good agreement with the TEM results.
t further supported the conclusion that there was  a rearrangement
f the Fe2O3 nanoparticles in the composite film during the drying
rocess. Moreover, it indicated that the magnetic properties of the
omposite film could be controlled by changing the preparation
onditions.

. Conclusions

Different preparation conditions could affect the structure and
roperties of the Fe2O3 nanoparticles synthesized in the cellulose
omposite films. The Fe2O3 nanoparticles in the cellulose matrix
ere plate-like and their distribution was randomly before drying.

 weak magnetic field including static and rotating magnetic field
as an obvious influence on the distribution of the Fe2O3 nanopar-
icles, but the distribution of the magnetic nanoparticles in the
ellulose matrix was different. The uniaxial drawing of the compos-
te film during the drying process destroyed the regular distribution
f the Fe2O3 nanoparticles, leading to in the growth of the Fe2O3
anoparticles with to the morphology of the nanoparticles changed

rom plate-like to rod-like. There was a rearrangement of the Fe2O3
anoparticles during the drying process of the composite film at
mbient conditions, the dipole–dipole interaction between mag-
etic nanoparticles and the microstructure of the cellulose matrix
ontributed to the regular distribution of the nanopatricles. The
roperties of the magnetic composite films could be controlled by
hanging the distribution of the Fe2O3 nanoparticles in the cellulose
caffolds.
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