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ABSTRACT: Magnetic cellulosic papers have attracted con-
siderable interest because of their potential applications in
advanced information storage devices and security papers.
However, these papers are often mechanically weak and
structurally and magnetically in-plane isotropic, which restrict
their applications especially where stronger anisotropic materials
are required. Here, we report the production and properties of a
strong anisotropic superparamagnetic cellulose nanocomposite
(ASPCNC) film with high in-plane anisotropy prepared using
ionic liquid (IL)-based peeling and in situ welding processes.
Field-emission scanning electron microscopy, energy-dispersive
X-ray analysis, X-ray diffraction, attenuated total reflection Fourier transform infrared spectroscopy, atomic force microscopy,
magnetic force microscopy, and vibrating sample magnetometry were used to characterize the produced nanocomposite films.
Mechanical and magnetic in-plane anisotropy were measured, and their relationships with the structural properties were
determined. Tensile failure behavior of the ASPCNCs was also compared with predictions from Hankinson’s failure model. The
results show highly significant relationships between increasing partial dissolution time as the development index of the IL-based
peeling and in situ welding procedures and improvements in the mechanical properties and structural, mechanical, and magnetic
in-plane anisotropy of the ASPCNCs. Reasons behind these observations are extensively discussed.
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■ INTRODUCTION

Magnetic cellulosic papers (MCPs) present high potential
applications for fabricating magnetic information storage
devices, security cards, electromagnetic shields, and other
specialty end uses,1−6 but the existence of magnetic nano-
particles in the structure of the MCPs dramatically decreases
the interfiber bonds, leading to low mechanical properties,
which limits the growth of MCPs as advanced materials.3−5

Recently, our research group reported the successful fabrication
of superparamagnetic cellulosic papers with a unidirectionally
aligned structure using a simple laboratory-scale magnetic-
forming machine (Magform) equipped with a weak permanent
magnet (0.18 T).7 Quick and anisotropic responses to weak
modulated external magnetic fields are important parameters in
the production of magnetic microswitches and highly sensitive
magnetic microsensors.8 Here, we report the fabrication of a
new generation of magnetocellulose nanocomposite films that
are flexible and exhibit highly anisotropic and, at the same time,
strong structural, mechanical, and magnetic properties prepared
by an ionic liquid (IL)-based peeling and in situ welding

technique. The term “ionic-liquid-based peeling” or its
abbreviated form (IL-BP), which is used here, refers to removal
of the magnetic nanoparticles from the surface of covered
cellulose long fibers by time-controlled direct exposure to a
proper solvent, and the term “ionic-liquid-based in situ
welding” (IL-BISW) refers to the binding of two or more
individual peeled-off cellulosic fibers together and formation of
a solid interphase between them. In the context of this paper,
these two processes take place together, starting with the IL-BP
process and concluding with the IL-BISW process. For this
reason, the collective term “IL-Process” is used to refer to both
processes. Individual names are used when a particular section
of the process is discussed.
ILs, well-known as green solvents, are one of the latest

developed cellulose solvent systems.9−15 The word “green”
refers to the properties of ILs, including their recyclability and
reusability and lack of volatile organic compounds.9,10,13,15

Cellulose fibers can be partially dissolved in a proper solvent at
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controlled dissolution times. The partially dissolved/resolidified
cellulose fibers can then tightly bind together because of the
formation of noncrystalline cellulose as the bonding interphase
between them, leading to the formation of fully biodegradable
all-cellulose composites.11,13,16−22 These all-cellulose compo-
sites are composed of noncrystalline cellulose and undissolved
cellulose Iβ as the matrix and reinforcing phases, respec-
tively.11,19,21 The resulting all-cellulose composite exhibits
higher mechanical properties than the starting cellulose fiber
sheet.11,13,17,19,20 If the cellulose fibers can be unidirectionally
aligned during processing, an additional advantage in terms of
mechanical properties and anisotropy can be achieved.18 The
all-cellulosic-based magnetopolymer nanocomposite film re-
ported here boasts anisotropic magnetic actuation in
conjunction with highly improved anisotropic stiffness,
strength, and flexibility in addition to other promising
advantages of cellulose as the most abundant biobased and
biocompatible polymer. As a result, the anisotropic super-
paramagnetic cellulose nanocomposite (ASPCNC) will be a
promising candidate as a high potential material when having
all mentioned properties important to making a special
advanced microdevice such as magnetic gating valves in
microfluidic control systems, magnetic beads in bioassays,
high-performance memory devices, security cards, electro-
magnetic shields, and magnetic sensitive components for
designing flying microrobots is desired.4,5,23−27 It is predictable
that many other potential applications will be found for this
new class of magnetopolymer nanocomposites in the future.

■ EXPERIMENTAL SECTION
Fabrication Process. Fabricating superparamagnetic cellulose

fibers and forming the starting unidirectional superparamagnetic
mats (USPMs) were carried out in the same manner as fully described
elsewhere by the authors.7 Scheme 1 shows the schematic route to

making final nanocomposite films. In summary, magnetite nano-
particles were synthesized in situ and precipitated on natural cellulose
fibers. The superparamagnetic fibers were then suspended in a water
medium, followed by being subjected to a weak permanent magnetic
field (∼0.18 T) while being aligned during deposition on the forming
net. The obtained oriented superparamagnetic mats were then cold-
pressed and oven-dried under pressure. To apply the IL-based in situ
welding technique to the fibrous components, 1-butyl-3-methylimida-
zolium chloride (BMIMCl) was used as one of the most widely used

ILs for cellulose dissolution. The fabricated mats and solvent were
both oven-dried at 103 °C for 24 h, and then the IL-BP was carefully
performed in an oven at a constant temperature of 85 °C. Three levels
of partial dissolution time (30, 45, and 60 min) were selected as the
progress indicator of the IL-Process to evaluate the effect of IL
treatment on the final properties of the resulting nanocomposite films.
Preliminary trials showed that the IL-BP progress had a strong
negative effect on the unidirectional alignment and in-plane anisotropy
of the nanocomposite films. It seemed that, during the IL-BP, the
cellulose fiber components freely swelled, and transformation,
movement, and slippage of the fibers past each other led to the loss
of alignment. To eliminate the negative effects of these phenomena,
the partial dissolution process and subsequent resolidification were
carried out, while the oriented superparamagnetic mats were tightly
clipped between a pair of glass slides. At the end of the designated
dissolution times, the clamped samples were removed from the oven
and allowed to cool to ambient temperature for 1 h. The partially
dissolved samples were then rinsed in methanol and a distilled water
bath (each for 48 h), successively. After rinsing, the wet films were
oven-dried at 75 °C for 48 h, resulting in a self-reinforced
unidirectional superparamagnetic cellulose nanocomposite. Hereafter,
the produced anisotropic superparamagnetic cellulose nanocomposite
films are referred to as “ASPCNC”. The ASPCNCs were conditioned
at room temperature and humidity for 72 h prior to each test.

Characterization. The platinum-coated specimens were observed
with a field-emission scanning electron microscope (Hitachi S-4800,
Hitachi Science System Ltd., Japan), operating at an accelerating
voltage of 1.5 kV.

X-ray diffraction (XRD) measurements were performed using a
MAC Science Dip 2020 diffractometer (MAC Science, Japan) in the
2θ range of 5−70°. The specimens were irradiated by Cu Kα radiation
at 45 kV and 84 mA in a direction perpendicular to the specimen
surface. The crystallinity index (CrI) was evaluated using the following
equation:28

= −I I ICrI 100( )/200 am 200 (1)

where I200 is the diffraction intensity assigned to the (200) reflection of
cellulose Iβ, which is typically in the range 2θ = 21−23°. Iam is the
intensity measured at 2θ = 18°, where the maximum occurs in a
diffractogram for noncrystalline cellulose. The crystallite size of
cellulose was estimated by Scherrer’s equation:28

λ β θ=D / cos (2)

where D is the crystallite size, λ is the X-ray wavelength (0.15418 nm),
θ is the diffraction angle for the (200) plane, and β is the corrected
integral width.

The thermal stability of the samples was evaluated using
thermogravimetric analysis (TGA) equipment (Hi-Res TGA 2950,
TA, USA) at a heating rate of 5 °C/min from 20 to 550 °C in an inert
nitrogen atmosphere to avoid premature degradation.

Energy-dispersive X-ray spectroscopy (EDS) was performed on an
EDAX instrument (Genesis XM2, USA) set on the FE-SEM S-4800
microscope. The accelerating voltage and working distance were 20 kV
and 15 mm, respectively.

Scanning probe microscopy (SPM) analysis was done using a
Shimadzu SPM-9600 microscope (Shimadzu Co., Kyoto, Japan).
Atomic force microscopy (AFM) and magnetic force microscopy
(MFM) micrographs were performed, and corresponding micrographs
were obtained from a scan area of 10 × 10 μm2.

Static tensile tests were carried out using a FGP-50 tensiometer
(Nidec-Shimpo Corp., Japan). The nominal dimensions of the tensile
samples were 20 and 5 mm in length and width, respectively. The
distance between clamps and extension rate were 10 mm and 10 mm/
min, respectively.

Magnetic measurements were carried out using a vibrating sample
magnetometer (made in Kashan University, Iran) at room temperature
and a maximum applied field of 10 kOe.

To investigate the effects of the IL-Process on the magnetic in-plane
anisotropy of the ASPCNCs, samples were cut into the same size
circular slabs and then the prepared slabs were tested in an innovative

Scheme 1. Schematic Representation of the Fabrication
Process of the ASPCNC
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simple test setup. To compare the in-plane magnetic anisotropy of
specimens, the time required to align parallel to the direction of the
applied external magnetic field and reach a stable position, after being
released from the direction perpendicular to the magnetic field, was
measured and recorded for each sample. Shorter realignment times
were considered as an indicator of better response.

■ RESULTS AND DISCUSSION

Figure 1 shows (a) the XRD profiles of the nanocomposite
films prepared at different dissolution times and (b) their
corresponding cellulose crystallinity and crystal size. The results
indicated that, with increasing partial dissolution time from 0 to
60 min, the cellulose crystal size and percent crystallinity
decreased from 4.36 to 4.03 nm and from 83% to 55%,
respectively. Evaluation of the obtained XRD patterns showed
no significant shift of the (200) peak to the left, with increasing
partial dissolution time indicating that the dissolved cellulose
type Iβ was mostly restructured to amorphous cellulose after
resolidification. Therefore, the final nanocomposite films were
composed of different ratios of the two main structures: the
first reinforcement or partially dissolved initial long cellulose
fibers (cellulose type Iβ) and the second restructured cellulose
type Iβ to the amorphous structure, as the binding interphase or
matrix.
Parts a and b of Figure 2 show field-emission scanning

electron microscopy (FE-SEM) micrographs from the surface
of the starting USPMs before the IL-Process and the fine in situ
synthesized magnetite nanoparticles precipitated on the surface
of long cellulose fiber components. The diameter of the
magnetite nanoparticles was 6 nm on average, which was well
below the critical magnetite particle size, rendering the mats
superparamagnetic.7 Parts c and d of Figure 2 show FE-SEM
micrographs obtained from cross sections of the produced
ASPCNCs parallel to the fibrous components. These micro-
graphs indicate that, with increasing partial dissolution time to
60 min, the porous structure of the initial USPMs changed to a
compact bed containing the least amount of porosity. During
the partial dissolution phase, dissolved cellulose flows between
the fibrous components and fills the structural porosities. After
resolidification, the resultant amorphous cellulose tightly bonds
together the remaining partially dissolved initial long cellulose
fibers. On the other hand, as Figure 2d clearly illustrates,

proportional to increasing the partial dissolution time, the size
and shape of the resulting ASPCNCs tend to become smaller
and more anisotropic, respectively. With increasing partial
dissolution time, an in-plane anisotropic shrinkage perpendic-
ular to the fibrous component direction developed.
Several parameters seem to be involved in such an

observation of a considerable in-plane anisotropic shrinkage.
At least part of the observation can be attributed to the filling of
the structural porosities with amorphous cellulose. Amorphous
cellulose acts as the matrix phase and increases the structural
continuity and interactions between the fibrous components.
As mentioned above, proportional to the IL-BP progress, the
ratio of the amorphous cellulose to crystalline cellulose
increases. During oven drying, as the last step of the IL-
BISW, the matrix phase (amorphous cellulose) loses more
water than the reinforcement (crystalline cellulose), leading to

Figure 1. (a) XRD patterns of the superparamagnetic cellulose fiber mat and ASPCNCs at different partial dissolution times up to 60 min. (b)
Relationships between the partial dissolution time and changes in the crystallinity and crystal size of cellulose for the ASPCNCs.

Figure 2. FE-SEM micrographs from (a) the surface of the starting
unidirectional superparamagnetic fibrous mat (the double arrow shows
the alignment direction), (b) the precipitated in situ synthesized
magnetite nanoparticles on the surface of cellulose fibers, (c) the cross
section of the produced ASPCNCs perpendicular to the alignment
direction at various dissolution times. (d) Digital camera images
showing the changes in the size and geometry of the produced
ASPCNCs as a function of increasing partial dissolution time.
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more shrinkage. With increasing matrix/reinforcement ratio
and better structural continuity, the effect of this shrinkage is
more evident for the ASPCNCs produced at longer partial
dissolution times. Also, because of the in-plane anisotropic
orientation of the fibrous components and very low inherent
longitudinal shrinkage of the cellulosic fibers, the intensity of
the resulting in-plane shrinkage is considerably different parallel
and perpendicular to the fibers. Finally, because BMIMCl
mainly dissolves cellulose by breaking down the hydrogen
bonds, partial dissolution might decrease the diameters of the
cellulosic fibrous components more than it does their lengths.
The TGA and differential thermogravimetry (DTG) curves

of the starting superparamagnetic cellulose fiber mat and
produced ASPCNCs at the mentioned different partial
dissolution times are presented in parts a and b of Figure 3,
respectively. The results show that increasing the partial
dissolution time up to 60 min slightly reduces the thermal

stability because of reduction of the cellulose type Iβ fraction
and its substitution by amorphous cellulose. On the contrary,
increasing the partial dissolution time increases the residual
mass. In the case of the starting USPMs, decomposition of
cellulose started around 248 °C and the maximum mass loss
rate occurred at about 312 °C. With an increase in the partial
dissolution time, both the starting point of decomposition and
the temperature of maximum mass loss rate were slightly
shifted to lower values because after a 60 min partial dissolution
time these values were about 240 and 308 °C, respectively. As
explained above, this is due to the increase in the amorphous
cellulose fraction and its lower thermal stability than that of the
cellulose type Iβ.

22

An excellent improvement in the tensile properties was
observed with the IL-Process progress (Figure 4b−d). These
figures also exhibit the differences between the tensile strength
and Young’s modulus when tested parallel and perpendicular to

Figure 3. (a) TGA and (b) DTG curves of the superparamagnetic cellulose fiber mat and the ASPCNCs at different partial dissolution times up to
60 min (heating rate = 5 °C/min under a nitrogen atmosphere).

Figure 4. (a) Specific regions of ATR-FTIR spectra (between 800, 1500 and 2750, and 4000 cm−1) of the USPMs and ASPCNCs. Relationships
between the partial dissolution time, HBI, and TCI and (b) tensile strength, (c) tensile modulus, and (d) strain at break of the produced ASPCNCs.
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the alignment direction of the fibrous components. The tensile
strength and Young’s modulus parallel to the direction of
reinforcement were found to be 240% and 140% higher than
those of the perpendicular direction, respectively. In both
directions, the optimum values of the tensile properties were
achieved after about 45 min of partial dissolution, so that the
tensile strength parallel and perpendicular to the fibers
dramatically increased about 33-fold (3300%) and 92-fold
(9200%), respectively. Similarly, the Young’s modulus
increased about 5.2-fold (520%) and 38.2-fold (3820%)
respectively for the parallel and perpendicular fiber directions.
Increasing the partial dissolution time past 45−60 min reduced
the mechanical properties. It seems that, up to 45 min, the
amount of the cellulose type Iβ that is dissolved and then
resolidified is sufficient to fill all of the structural porosities and
make a nanocomposites film with the optimum density. As
partial dissolution progresses beyond 45 min, it can reduce the
diameters of the cellulose fibers and negatively affect the
mechanical properties.
Two IR ratios, A1372/A2900 and A3308/A1330, were calculated to

investigate the relationships between the resultant micro-
structural changes and tensile properties of the ASPCNCs as a
function of the IL-Process progress (Figure 4a−d). The A1372/
A2900 ratio, known as the total crystallinity index (TCI),

29,30 and
the A3308/A1330 ratio, known as the hydrogen bond intensity
(HBI),31 are two very important structural parameters that have
significant effects on the structural continuity and mechanical
strength of the produced nanocomposite films. On the other
hand, a broad peak at about 3350 cm−1 appears after 60 min of
treatment, indicating increasing amorphous cellulose. As the
results show, with increasing partial dissolution time, TCI
values decreased and HBI values increased, which are
indications of increased fraction of the matrix phase and
improvement of the continuity and connectivity between the
matrix and reinforcements.
Modeling the trend of the obtained tensile strengths showed

a very good agreement with Hankinson’s equation, which is
well-known as a reliable 2D failure prediction model extended
for predicting the fiber direction-dependent compression and
tensile strengths in orthotropic wood.32,33 In the case of the
tensile strength, Hankinson’s equation has the form

σ
σ σ

σ θ σ θ
=

+θ sin cosn n
0 90

0 90 (3)

where σθ is the ultimate tensile strength at θ degrees from the
direction of the fibers and σ0 and σ90 are respectively the
ultimate tensile strength values parallel and perpendicular to
the fibers. The exponent n can take values between 1.5 and 2
when this equation is used for predicting tensile failure.32

Tensile strength values of the ASPCNCs prepared after 45 min
of partial dissolution were experimentally obtained for three θ
angles (0, 45, and 90°), and an empirical quadratic equation
was obtained by curve fitting (Figure 5):

σ θ θ= − +θ 0.0049 1.1611 110.332
(4)

where σθ is the tensile strength (MPa).
Using this equation, the tensile strength values for the other

loading angles were calculated and again curve fitting was
performed. As can be seen, the trend of empirical data is in well
agreement with the trend of values obtained by Hankinson’s
failure prediction model.

The effects of the IL-Process and its progress on in-plane
magnetic anisotropy of the prepared samples were examined.
Interestingly, it was observed that, with increasing partial
dissolution time up to 60 min, the in-plane magnetic anisotropy
of the resulting ASPCNCs increased about 450% (Figure 6a),

while the superparamagnetic behavior remained unchanged,
having the same saturation magnetization of around 8 emu/g
(Figure 6b). It is known that a rise in temperature could affect
the magnetic properties of magnetite nanoparticles and
decrease their saturation magnetization. However, as the
vibrating sample magnetometry curves show, during the IL-

Figure 5. Relationship between the tensile strength empirical values
and Hankinson’s predicted values.

Figure 6. (a) Relationships between the partial dissolution time,
matrix-phase volume fraction, and performed in-plane magnetic
anisotropy of the ASPCNCs (the white line and black arrow indicate
the alignment direction of fibrous components and the external
modulated magnetic field direction, respectively). (b) Hysteresis loops
measured for the USPM and ASPCNC films made after 60 min of
partial dissolution showing superparamagnetic behavior.
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Process no change occurred in the saturation magnetization
and the superparamagnetic behavior of the final ASPCNCs
compared well with the initial USPMs because the maximum
applied temperature during processing did not exceed 100 °C.
It is confirmed that changes in the saturation magnetization of
magnetite nanoparticles are remarkable when the temperature
exceeds 400 °C.34 On the other hand, these results indicate that
the IL solvent, BMIMCl, has no obvious effect on the
superparamagnetic properties of the magnetite nanoparticles.
To find why the magnetic anisotropy showed such significant

increases with the IL-Process progress, the distribution of
magnetite nanoparticles inside the structure of the ASPCNCs
was investigated. Upon analysis of the obtained energy-
dispersive analysis of X-rays (EDAX) maps (Figure 7b), AFM
(Figure 7c), and MFM (Figure 7d), micrographs revealed some
interesting facts. The EDAX maps showed that, with increasing
partial dissolution time, the IL solvent peels a thicker layer off
the surface of the magnetite-coated cellulose fibers and
therefore a greater proportion of the cellulose matrix containing
magnetite nanoparticles is formed. The gradual development of
surface erosion and migration of the magnetite nanoparticles
from the reinforcement surface into the matrix, on the one
hand, improves the fiber−fiber interaction of the remaining
partially dissolved fibrous components and, on the other hand,
increases the structural and magnetic anisotropy by the
formation and growth of rodlike magnetic microstructures
from magnetite nanoparticles embedded in amorphous
cellulose. These magnetic microstructures are formed and

grow parallel to the fibrous components. Also, scanning the
surface of the partially dissolved cellulose fibers using SPM
revealed some other interesting facts about the reasons for
improvement of the in-plane magnetic anisotropy. Parts c and d
of Figure 7 were obtained using the SPM microscope from a 10
× 10 μm2 area of the surface of a 45 min partially dissolved
cellulose fiber in AFM and MFM modes, respectively. As can be
seen, the surface roughness micropattern obtained by AFM is
completely different from the resulting magnetic micropattern.
The MFM micrographs obviously indicated the formation of a
special unidirectional magnetic micropattern during the IL-
BISW process.
The authors explain these observations based on the

hierarchical structure of long plant cellulose fibers. Natural
cellulose fibers are formed from crystalline microfibrils
generally aligned along the fiber axis and bonded tightly
together by noncrystalline parts. With progress of the IL-BP
process, because of the different rates of partial dissolution of
the crystalline and noncrystalline parts, the noncrystalline part
dissolves more quickly and the resulting dissolved areas tend to
trap some of the precipitated magnetite nanoparticles before
they migrate to the microvoids between the fibers. This can, in
turn, result in the specific magnetic pattern seen in Figure 7d.
This phenomenon can subsequently affect the in-plane
magnetic anisotropy of the produced ASPCNCs.

Figure 7. (a) FE-SEM micrograph from the surface of the SPCNC film made after 45 min of partial dissolution. (b) EDAX micrograph from the
inscribed area in part a (the green color refers to the carbon atoms of cellulose, and the pink color refers to the iron atoms). (c) AFM and (d) MFM
micrographs from a 10 × 10 μm2 area of the surface of a partially dissolved long cellulose fiber (shown in part b). The double arrows show the
modulated external magnetic field direction.
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■ CONCLUSION
This paper reports the fabrication of a new kind of
magnetocellulose nanocomposite film with engineered struc-
ture based on the all-cellulose composites concept using the IL-
Process. The resulting ASPCNCs exhibit highly strong in-plane
anisotropic properties structurally, mechanically, and magneti-
cally affected by the IL-Process progress. The IL-Process
significantly increased the anisotropy and strength of the
produced nanocomposite films compared with the starting
oriented magnetic papers. Filling the structural porosities with
the amorphous cellulose and peeling off the surface of the
magnetite-covered cellulose fibers resulted in improvements in
the fiber−fiber interactions, on the one hand, and the formation
of the magnetocellulose microrods parallel to the cellulose
fibrous components and the increase in the magnetic
anisotropy of each fiber, on the other hand, led to the
formation of the highly in-plane anisotropic structure and
superior mechanical and magnetic properties, proportional to
the IL-Process progress. The highly superparamagnetic
behavior of the produced nanocomposite films remained
unchanged with the IL-Process progress. It is expected that
the flexible and at the same time strong ASPCNCs will have a
high potential for a number of advanced applications such as
lightweight magnetic and flying microrobots, microswitches,
and biomimetic and high-capacity information storage devices.
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