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We present a simple and cost-effective method for rendering networks of cellulose fibers, such as paper,

fabrics or membranes, superparamagnetic by impregnating the individual fibers with a reactive acrylic

monomer. The cellulose fibers are wetted by a cyanoacrylate monomer solution containing

superparamagnetic manganese ferrite colloidal nanoparticles. Upon moisture initiated polymerization

of the monomer on the fiber surfaces, a thin nanocomposite shell forms around each fiber. The

nanocomposite coating renders the cellulose fibers water repellent and magnetically responsive.

Magnetic and microscopy studies prove that the amount of the entrapped nanoparticles in the

nanocomposite shell is fully controllable, and that the magnetic response is directly proportional to this

amount. A broad range of applications can be envisioned for waterproof magnetic cellulose materials

(such as magnetic paper/tissues) obtained by such a simple yet highly efficient method.
1. Introduction

Cellulose is the main structural component of various plants and

the most abundant material on earth. Various natural deriva-

tives, such as cotton and wood, are mainly composed of cellulose

fibers and are widely used for everyday life applications. In

particular, they are utilized as natural fibers, fabrics, pulps,

papers, and wooden structures. Recently, cellulose fiber

networks have been receiving much attention, since they are

important candidates for the development of low cost functional

devices such as sensors,1,2 actuators,3 transistors,4 energy storage

devices,5 MEMS6 or lab-on-paper devices.7,8 Therefore,

rendering cellulosic fibers multifunctional by using nano-

structured materials is of great importance. Specifically, their

functionalization with magnetic nanoparticles (NPs) makes them

suitable for important applications, such as security tags on

paper, magnetic actuators, electromagnetic shielding materials,

magnetographic printing, etc. For this scope, various techniques

have been used, such as lumen loading,9–11 direct wet end addi-

tion,12 fiber nanocoating13 or in situ synthesis of NPs on the

fibers,14–16 mostly applied during the fabrication procedure of the

cellulosic network product. This makes the application range

pretty limited, but most importantly these methods reveal

various drawbacks like complicated preparation procedures,14,16
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loss of mechanical properties, or reduced magnetic response.12

Following a different approach, a recent study showed that by

using commercial cellulose paper, magnetic microactuators can

be formed. This was obtained by wetting the cellulose fibers with

a ferrofluid, and it was shown that the nanofillers impregnated

the intrafiber pores by forming a magnetic layer, while for water

resistivity it was necessary to cover the cellulosic paper surface

with polymer layers.3

Herein we propose an alternative, single step, low cost, and

post-production scalable method for the formation of hydro-

phobic superparamagnetic nanocomposite cellulose networks.

The cellulose sheets are modified in the post-production phase,

by dip coating in a nanocomposite solution consisting of super-

paramagnetic colloidal NPs and a cyanoacrylate (CA) monomer.

The monomer is polymerized naturally around each fiber,

forming a 3-D soft magnetic hydrophobic shell, without

changing the overall physical characteristics of the sample (size

and shape). These nanocomposite shells around the cellulose

fibers render the cellulose sheet water repellent and super-

paramagnetic at the same time. The proposed method can be

applied to many various types of commercial cellulosic fiber

networks such as paper, fabrics or membranes, eliminating the

necessity to modify the standard production process of the pulp

or fibers.
2. Experimental

2.1 Materials

Whatman Type-1 cellulose sheets were used in all experiments.

This product is chemically pure and free from silicones or other
This journal is ª The Royal Society of Chemistry 2012
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additives. No chemical or physical pre-treatment was applied to

the sheets before the experiments. Ethyl-2-cyanoacrylate (ECA)

monomer was procured from Sigma-Aldrich. Reagent grade

solvents such as acetone, isopropanol, ethanol and toluene were

used as received from Sigma-Aldrich.

Spherical superparamagnetic MnFe2O4 NPs were synthesized

using a protocol reported by Zeng et al.17 and slightly modified

by us. Briefly, 2 mmol of Fe(acac)3, 1.25 mmol of Mn(acac)2, 10

mmol of hexadecanediol, 6 mmol of dodecylamine, and 6 mmol

of dodecanoic acid were dissolved in a round-bottom flask with

20 mL of benzyl ether. The mixture was vigorously mixed under

nitrogen for 60 minutes at 140 �C, then for 120 minutes at 210 �C,
and finally for 60 minutes at 300 �C. The product was washed

four times with a mixture of acetone, isopropanol, and ethanol,

and then dissolved in toluene. The average diameter of the

obtained nanoparticles was 9 nm.
2.2 Functionalized cellulose sheet preparation

In order to render the sheets superparamagnetic, mother solu-

tions of ECA in toluene were prepared with a weight ratio of 5/95

and 9/91. For the magnetic sheet, a part of this solution was

mixed, under ambient conditions, with toluene solution of

MnFe2O4 NPs in the weight ratio 5/95 of NPs/ECA, respectively.

It is worth knowing that in order to get 1 mg of MnFe2O4 NPs,

17.4 mL of the toluene solution of MnFe2O4 NPs at a molar

concentration equal to 50 � 10�6 were needed (for this calcula-

tion the molecular weight of each nanostructure was estimated to

be 1.15 � 106 amu; these data were estimated by taking into

account the lattice parameter of the unit cell of MnFe2O4 and the

diameter of the nanoparticle, 9 nm). Subsequently, cellulose

sheets were dipped in each solution for 15 s and left to dry under

ambient conditions. For the reference sample, a piece of cellulose

sheet was dipped for 15 s in the initial ECA/toluene solution and

left to dry.
2.3 Characterization

2.3.1 Elemental analysis. The concentrations of iron and

manganese in the NP solutions and the NPs amount impregnated

in the cellulose fibers were determined by elemental analysis

using an ICP-AES spectrometer (iCAP 6500, Thermo). For the

analysis, a small aliquot of each sample was dried and subse-

quently digested for 24 hours in a solution of concentrated

HCl/HNO3 3 : 1 (v/v). The samples were then diluted, filtered

(0.22 mm pore size syringe filter) and analyzed for ion content.

2.3.2 Magnetic measurements. Measurements of static

magnetization were performed by a Quantum Design

MPMS-XL SQUID magnetometer working in the temperature

range 1.8–350 K and the magnetic field range �5 T. Zero-field-

cooled (ZFC) and field-cooled (FC) magnetizations were recor-

ded as a function of the temperature in the presence of a 5 mT

field after cooling the sample in the absence (ZFC) or in the

presence (FC) of the same probe field. The magnetization (MH)

curves were recorded up to �5 T, at room (300 K) and cryogenic

(2.5 K) temperatures, in the field range 0–5 T and �5 T,

respectively. All data were corrected for the diamagnetism of the
This journal is ª The Royal Society of Chemistry 2012
solvent or cellulose support and of the sample holder which were

separately determined in the same temperature and field ranges.

2.3.3 Contact angle measurements. Square samples were cut

from the treated sheets to measure the static contact angle using

a contact angle goniometer (Kruss, Germany).

2.3.4 Microscopy imaging. The microscopy images were

acquired by an optical microscope (Carl Zeiss, Axio Scope A1)

equipped with a digital camera and image processing software.

Scanning electron microscopy (SEM) images were acquired by

detecting back scattered electrons on a JEOL JSM-6490LA,

working at 30 kV with a nitrogen pressure of 30–40 Pa to reduce

sample charging. Thin cross-sectional slices (100–150 nm thick)

from functionalized cellulose samples for transmission electron

microscopy (TEM) imaging were cut with a Leica UC6 ultra-

microtome (using wet cut at room temperature on water), after

embedding the samples in epoxy resin (Epon 812), and collecting

the slices on a carbon coated copper grid. All bright field TEM

images were acquired on a JEOL JEM-1011 working at 100 kV.
3. Results and discussion

The nanocomposite solution used for the functionalization of the

networks of cellulosic fibers consists of ECA monomers diluted

in toluene at a percentage weight ratio of 5/95 (ECA/toluene)

mixed with manganese ferrite colloidal NPs in toluene (MnFe2O4

diameter: 9 nm) at different NP/ECA ratios. The immersion of

the cellulose sheets in the solution for 15 s and their subsequent

removal, called dip coating technique, cause the complete

wetting of the cellulose fibers followed by ECA polymerization.

The polymerization is topochemical in nature, and occurs at the

surface of the fiber due to the presence of the cellulosic hydroxyl

groups18 and of the environmental humidity,19 since it is well

known that the CAs present high reactivity to anions and weak

bases.19–21 The resulting poly(ethyl-2-cyanoacrylate) (PECA)

polymer entraps a certain amount of superparamagnetic NPs

around each cellulose fiber without changing the overall

morphology of the sheets as shown in Fig. 1. In order to examine

the ability of the polymer shells to trap NPs around the fibers,

three freshly made solutions with percentage weight ratios 5/95,

9/91 and 25/75 of NPs/ECA were used for dip coating. The

morphology for all cases looks as in Fig. 1b, i.e. similar to the

bare cellulose sheet. Furthermore, a part of the 9/91 NPs/ECA

solution was left to age for about 4 hours. The ageing increased

the viscosity of the solution, since possible existence of free

capping molecule traces, such as dodecylamine, in the final

colloidal NP solution (see Experimental section) can highly react

with the ECA monomers20 causing the initiation of the poly-

merization. The dipping of the cellulose sheets in the denser

solution results in the formation of a thicker nanocomposite

cladding around the fibers (Fig. 1c) but, also in this case,

preserving the fibers’ network.

In order to define accurately the amount of the entrapped NPs

in the nanocomposite shell in each case, elemental analysis of the

functionalized sheets was performed using an ICP-AES spec-

trometer. Indeed, the per weight percentages of the entrapped

NPs to the functionalized sheets, dip coated in 5/95, 9/91 and

25/75 NPs/ECA solutions, were found to be 0.59, 1.09 and
J. Mater. Chem., 2012, 22, 1662–1666 | 1663
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Fig. 1 Optical microscopy representative images of cellulose sheets: (a)

bare, and treated with nanocomposite formed (b) by a fresh solution 9/91

wt% of MnFe2O4 NPs/ECA in toluene, and (c) by an aged solution of 9/

91 wt% MnFe2O4 NPs/ECA. Insets show higher magnifications.

Fig. 2 Cross-section TEM images of cellulose fibers embedded in a shell

of the MnFe2O4 NPs/PECA composite, formed by 9/91 NPs/ECA (a)

freshly made solution, with the inset indicating a part of the nano-

composite cladding (dark region) and the cellulose fiber on the downright

part of the figure and (b) aged solution, with the inset indicating dispersed

NPs in the polymer matrix.

Fig. 3 SEM images of bare (a) and functionalized cellulose sheets

treated with 9/91 wt% (b), and 25/75 wt% (c) freshly made solutions. The

insets show higher magnifications of the external parts of the fibers,

where areas with aggregated NP structures are indicated. (d) SEM image

of 9/91 wt% aged solution with the inset of a fiber covered with the

nanocomposite.
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2.21 wt%, respectively. The concentration ratio of the NPs

between the second and the first solution is 1.8 and is preserved in

the solid samples, whereas their ratios between the third and the

other two solutions appear a bit higher than the respective ones

of the solid samples, a difference small enough to be attributed to

the experimental uncertainty. On the other hand, the 9/91 aged

solution gives samples with a higher amount of entrapped NPs

(1.98 wt%), compared to the freshly made one, as attributed to

the already demonstrated thicker cladding, which is capable of

incorporating a higher amount of NPs. Thus, by simply ageing

the initial solution, the thickness of the cladding and the amount

of embedded NPs can change respectively. However, in all cases

the NPs/PECA nanocomposite covers each fiber by forming

a functional shell, without causing an important change to the

morphology of the cellulosic network.

This is also confirmed with the cross-section TEM analysis, of

100–150 nm thick cross-sectional sheet slices which were cut with

an ultramicrotome after embedding the samples in epoxy resin.

In particular Fig. 2 shows two individual cellulose fibers (the

curled bright part with dark ripples) which are completely

covered by the nanocomposite material (gray shell). When a 9/91

NPs/ECA fresh solution is used for the functionalization, the

cladding is much thinner (Fig. 2a) compared with the nano-

composite cladding formed by the aged 9/91 solution (Fig. 2b),

with NPs well encapsulated and homogeneously distributed in

both cases. It is worth noticing that the morphology of the

functionalized cellulosic networks using the 25/75 NPs/ECA

solution is similar to the one shown in the Fig. 2a.
1664 | J. Mater. Chem., 2012, 22, 1662–1666
A closer look at the modified cellulose sheets with environ-

mental SEM imaging shows that the fibers are externally covered

by agglomerates of NPs surrounding each of them (Fig. 3). The

use of aged solution results in a higher amount of agglomerates

with increased roughness, compared to the freshly made solu-

tion. The nanorough surface of the nanocomposite shells in

combination with the waterproof character of the PECA22

transforms the cellulosic sheets from water absorbing to hydro-

phobic, with static water contact angles around 120� for the

samples made by fresh solutions and 140� for the samples made

by the aged one. This difference can be attributed to the differ-

ence in the roughness between samples prepared by aged solu-

tions and freshly made ones.

The magnetic properties of the modified cellulose sheets were

measured and compared to those of the bare NPs in toluene

solution. As shown in Fig. 4 the magnetic properties of the NPs

are preserved when they are embedded in the nanocomposite

shells of the cellulose fibers, with no relevant differences in the
This journal is ª The Royal Society of Chemistry 2012
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shape of both zero-field-cooled and field-cooled magnetizations

(ZFC/FC) and magnetization (MH) curves, at low (2.5 K) and

room temperature (300 K). Specifically, the ZFC/FC magneti-

zation curves (Fig. 4a) show that the blocking temperature,

which can be identified with the temperature of the ZFC

maximum, is 35–40 K for all the samples and that the difference

between the blocking and irreversibility temperatures, i.e. the

temperature at which the ZFC and FC curves collapse, is small,

consistent with the very narrow size distribution of our NPs. The

MH curves saturate at high fields, showing that the surface

contribution to the NPs magnetic moment is negligible, as

expected for 9 nm particles, and no coercivity is observed at room

temperature. As suggested by the ZFC/FC behaviour, this result

confirms that the NPs are in the superparamagnetic regime at

room temperature for all the samples. The MH collected at low

temperature (Fig. 4c) show hysteresis with a 300–350 Oe coercive

field and a 0.5 reduced remanent magnetization (MR/MS) for all

samples, as expected for a set of uniaxial NPs with their anisot-

ropy axis randomly oriented. The saturation magnetization, MS,

of the bare NPs, normalized to the amount of magnetic material

in the solution is 81 emu gr�1 at 2.5 K and 61 emu gr�1 at room

temperature, slightly lower than the MnFe2O4 bulk value (ca.

80 emu gr�1 at 300 K),23 denoting a good level of NP crystallinity.

Moreover, the Ms of the entrapped NPs in each cellulose sheet,

normalized to their respective amount as measured by the ICP, is

about 79 emu gr�1 at 2.5 K and ca. 20% lower at room temper-

ature in all cases. This is comparable to the saturation magne-

tization values for the bare NPs in solution, confirming that the

combination of cellulose fibers, PECA and magnetic NPs does

not affect the magnetic properties of the NPs. The MS values of

the different functionalized sheet samples, normalized to

their weight, are 0.46, 0.86, 1.57 and 1.76 emu gr�1 at 2.5 K,

corresponding to NP concentrations 0.59%, 1.09%, 1.98% and
Fig. 4 Comparison of the magnetization data obtained for the NPs

dispersion in toluene and four samples of the magnetic cellulose sheets

embedding different contents of magnetic NPs. (a) ZFC–FC magneti-

zation curves; data on the solution have been acquired up to 180 K to

avoid the solvent melting. (b) MH curves at room temperature (300 K).

(c) Hysteresis loops measured at low temperature (2.5 K), normalized to

the corresponding saturation value. The magnetization values of the

functionalized sheets and of the NPs dispersion are normalized to the

total weight of the cellulose sheets and to the amount of magnetic

material, respectively.

This journal is ª The Royal Society of Chemistry 2012
2.21 wt% in the functionalized sheets respectively. TheMS values

are reduced by 20–25% at room temperature, as observed for the

NPs in toluene solution. The obtainedMs values for the magnetic

cellulose sheets are comparable or even higher than previous

studies dealing with the magnetic functionalization of cellulosic

materials using various methods, such as in situNPs growth in or

onto the fibers, lumen loading etc., indicating the efficiency of the

proposed method.14,15,24–26

The magnetization results in combination with the above-

mentioned microscopic analysis confirm that the PECA acts as

the medium for the encapsulation of a controlled amount of

NPs around each fiber, which is proportional to their concen-

tration in the initial solutions. Indeed, Fig. 5 shows the per

weight percentage of the encapsulated NPs in the nano-

composite shells of the cellulose fibers calculated by two

different ways: by calculating the ratio (Ms_sheet/MsNPs) � 100%

obtained by the magnetic measurements, i.e. the saturation

magnetization values of the functionalized sheet and of the bare

NPs, and by using the NPs weight measured by the ICP with

respect to the total weight of the functionalized cellulose sheet

(wNPs/wtotal � 100%). As shown, the relation between these two

values is linear with a slope of ca. 1, indicating that the magnetic

behaviour of the modified cellulose fibers is directly propor-

tional to the amount of the entrapped NPs around each fiber. In

all cases, the final weight percentage of the encapsulated NPs in

the cellulose fiber nanocomposite network amounts to less than

2.5%.

The method presented demonstrates that the wetting of the

cellulosic fiber networks by solutions of the ECA monomer

carrying the functional NPs ensures that each fiber surface is

effectively functionalized even when the overall NPs concentra-

tion is less than 2.5 wt% with respect to the cellulose–nano-

composite network. This is demonstrated macroscopically by

transferring from one position to another the functionalized

cellulose sheet using exclusively the magnetic attraction of

a permanent magnet of 0.5 T. In fact, the image sequence in

Fig. 6 shows that the described treatment transforms the sheet

into magnetically responsive.
Fig. 5 Graph showing the NPs wt% estimated by the magnetic

measurements (Ms of functionalized sheets/Ms of the bare NPs at 2.5 K

and 300 K) versus the NPs wt% estimated by their weight ratio in the

sample (NPs quantity entrapped in the cellulose sheet obtained by

ICP/weight of the total sample). The gray and black lines are the corre-

sponding linear fits (y ¼ ax) for the data at 300 K and 2.5 K respectively,

indicating that the slope is ca. 1 for both cases (0.992� 0.013 and 0.978�
0.003 respectively).

J. Mater. Chem., 2012, 22, 1662–1666 | 1665
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Fig. 6 Photograph frames of the displacement of a functionalized

magnetic sheet during magnetic actuation with a static magnet of 0.5 T.
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4. Conclusions

We demonstrate a facile, inexpensive and easily scalable process

for rendering any kind of commercially available cellulose sheets

magnetic. The superparamagnetic NPs are entrapped in a poly-

mer layer which forms a shell around each individual fiber,

without altering their overall properties like size and shape, but

providing to the sheets their superparamagnetic functional

properties. Magnetic and microscopy studies proved that the

amount of the NPs entrapped around the fibers depends on their

initial concentration in the monomer/NPs solution and on the

density of the overall solution, proving thus the ability of the

monomer to polymerize around the fibers forming a shell where

a controlled amount of NPs can be trapped. The modified

cellulose sheets attain magnetic responsivity features and

furthermore become water repellent. These very important

findings open up the way for the use of cellulose sheets in sensors

and fluidics applications with huge economic benefits.
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