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ABSTRACT

The purpose of this article was to investigate the effect of the cellulose content on the synthesis of
cellulose/SrF, nanocomposites, which were successfully synthesized by the microwave-assisted method
at 100°C for 20 min. These nanocomposites were investigated by X-ray powder diffraction (XRD),
scanning electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM), thermo-
gravimetric analysis (TG), and derivative thermogravimetric (DTG). In addition to this, this synthetic
route was also extended to fabricate the other cellulose/alkaline earth metal fluorides (MF,, M =Ca, Mg,
Ba) nanocomposites. What's more, the influence of cellulose/alkaline earth metal fluorides (MF,, M =Ca,
Mg, Sr, Ba) nanocomposites on the tensile properties of paper were also explored. The cellulose content
is found to have a certain influence on the morphology, crystal lattice, crystallinity and thermostability
of alkaline earth metal fluorides. The different types of alkaline earth metal fluorides have an effect on
the tensile strength of paper.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As the environmental problems become increasingly promi-
nent, the properties of traditional materials are so limited that
cannot satisfied people’s needs, while functional nanocompos-
ites are favored by many researchers. Cellulose, as one of the
most abundant biopolymers, is widely used in various fields
due to its unique properties such as stable chemical properties,
good mechanical, excellent biocompatibility and biodegradability
(André et al., 2009; Istvan and David, 2010; Mtibe et al., 2015;
Mithilesh et al., 2015). Nowadays, researchers devoted themselves
to functional nanocomposites in order to make its properties bet-
ter than individual component. Organic/inorganic nanocomposites
with a brand-new appearance appeared and many researchers are
full of enthusiasm about studying them (Balwinder and Rajendra,
2015; Barletta et al., 2015; Criado et al., 2014; Long et al., 2015;
Zhang et al., 2015). Cellulose-based composites, as a member of
the big family, are widely researched due to their advantages
such as edibility, barrier properties, attractive appearance, biocom-
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patibility, non-polluting, non-toxicity, and low cost (Imran et al.,
2010; Marcia et al., 2012). There are a few reports on the various
cellulose-based composites including cellulose/CaCO3 (Ma et al.,
2013), cellulose/hydroxyapatite (Yin et al., 2011), cellulose/SiO,
(Gil et al., 2008), cellulose/titanium dioxide (Paula et al., 2006), and
cellulose/Fe304 (Zhu et al., 2011).

Alkaline earth metal fluorides played an important role in the
family of fluoride, which possessed excellent mechanical behavior,
optical property, and mechanical stability (Ratnesh et al., 2014).
The widely applications of alkaline earth metal fluorides have
been investigated. For instance, magnesium fluoride nanoparti-
cles were used to improve antibacterial and antibiofilm activity
(Jonathan et al., 2012). Magnesium fluoride was added into Al,03-
MgO cement bonded castables to improve the overall performance
of refractory castables at high temperature (Souza et al., 2014).
The addition of CaF, into the nano-hydroxyapatite and titania
composites was reported to improve the microhardness of com-
posites (Isil et al., 2014). Single-crystal calcium fluoride was used
as high efficient optical micro-resonators (Shunya et al., 2014).
More recently, titanium dioxide/calcium fluoride (TiO,/CaF,) pho-
toanodes were applied as efficient dye-sensitized solar cell (Wang
et al,, 2015). Moreover, the phase and thermal behavior of stron-
tium fluoride glass have also been researched (Christian et al.,2013;
Reben, 2011). Strontium fluoride-loaded titania was used for azo
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dye degradation (Subash et al., 2013). What's more, strontium flu-
oride combines with rare earth element were prepared for white
light luminophores by co-precipitation method (Rozhnova et al.,
2014). The barium fluoride-titanium dioxide nanocomposites were
applied for the photodegradation of trypan blue dye (Velmurugan
et al,, 2014). Although alkaline earth metal fluorides compound
inorganic matters were widely investigated, alkaline earth metal
fluorides/organic nanocomposites have been little researched.

As an important class of fluorides, alkaline earth metal flu-
orides have wide potential applications in optics, biological
labels and buffer layers in semiconductor-on-insulator structures.
Cellulose/MF, (M=Ca, Mg, Sr, Ba) composites, which combined
the advantages of both cellulose and inorganic nanoparticles, are
mainly used in the manufacture of optical glass, advanced elec-
tronic components, etc. In addition, they can also be used in
pharmaceutical and other substitute of fluoride. In the previ-
ous study, cellulose/alkaline earth metal fluorides nanocomposites
were successfully synthesized by the microwave-assisted method
using cellulose and cellulose solution pretreated with NaOH/urea
(Deng et al., 2015a). Moreover, the influences of the different tem-
perature, different heating-time, and different heating methods on
the cellulose/alkaline earth metal fluorides nanocomposites were
also investigated (Deng et al., 2015b). During the synthetic pro-
cedure, it was found that the cellulose played an important role
in the cellulose/alkaline earth metal fluorides nanocomposites.
However, the mechanism of cellulose on the nanocomposites is
still not understood in depth and also needed to be further stud-
ied in detail. In this article, cellulose/SrF, nanocomposites were
successfully synthesized by the microwave-assisted ionic liquid
method at 100 °C for 20 min. The different cellulose concentrations
perform significant influence on the crystallinity, crystal lattice,
and morphology of strontium fluorides. The influence of differ-
ent cellulose concentrations about the thermostability of strontium
fluoride was also discussed. This synthetic route was extended
to the other cellulose/alkaline earth metal fluorides (MF,, M =Ca,
Mg, Ba) nanocomposites. In the literature (Deng et al., 2015a,b),
the cellulose/alkaline earth metal fluorides nanocomposites were
synthesized via the microwave-assisted method in ionic liquid.
However, in this paper, the influences of cellulose concentration
on the cellulose/alkaline earth metal fluorides (MF,, M=Ca, Mg,
Sr, Ba) were investigated using ionic liquid as additive. The effect
of cellulose/alkaline earth metal fluorides (MF,, M=Ca, Mg, Sr,
Ba) on the tensile strength of paper was also explored by adding
nanocomposites into paper pulp to make paper. Herein, the cellu-
lose composited with MF, (M = Ca, Mg, Sr, Ba) particles to fabricate
cellulose/MF, (M = Ca, Mg, Sr, Ba) nanocomposites. It is well known
that the major component of paper is cellulose. Such papers, con-
sisted of alkaline earth metal fluorides/cellulose hybrids and paper
pulp, can improve the property of paper. It is conducive to the
development of paper industry. The introduce of alkaline earth
metal fluorides can enhance the strength of the papers and have
influences in the papers’ cobb, tearing, wet strength, and internal
cohesion, etc. The as-prepared papers have potential applications
in medical health care, water treatment, and food packaging indus-
try. Fig. 1 showed the schematic diagram of the formation process
of cellulose/alkaline earth metal fluorides particles.

2. Experimental
2.1. Materials

All chemicals were of analytical grade and used as received with-
out further purification. All experiments were conducted under

an air atmosphere. Microcrystalline cellulose (molecular weight of
34,843-38,894, degree of polymerization (DP, DP=215-240)) of a

Fig. 1. The schematic diagram of the formation process of cellulose/alkaline earth
metal fluorides particles.

commercial reagent was purchased from Sinopharm Group Chem-
ical Reagent Co., Ltd., Shanghai, China. Calcium nitrate (Ca(NO3);),
magnesium nitrate (Mg(NOs3);), strontium nitrate (Sr(NO3); ), bar-
ium nitrate (Ba(NO3), ), sodium dihydrogen phosphate (NaH;PO4,),
and sodium fluoride (NaF) were purchased from Beijing Chemical
Works.

2.2. Synthetic process of cellulose/SrF, nanocomposites

For the synthesis of cellulose/SrF, nanocomposites, micro-
crystalline cellulose (0.050¢g), ionic liquid (2mL) and sodium
dihydrogen phosphate (NaH,PO4) (0.156 g) were added into three
flask with deionized water (35mL). Then, strontium nitrate
(0.211 g) was directly dissolved into above-mentioned mixed solu-
tion, respectively. At last, sodium fluoride (0.084 g) was added in
the mixed solution. The mixed solution was heated to 100°C for
20 min in the microwave oven using 700W cyclic microwave radi-
ation and then air cooled to room temperature (model: XH100A,
Xiang Hu Science and Technology Development Co., Ltd, Beijing).
The white products were obtained by centrifugal separation and
washed with deionized water followed by ethanol for three times,
and dried at 60 °C for further characterization.

For comparison, samples were also synthesized by the
microwave-assisted method using different microcrystalline cel-
lulose concentrations (0.10g, 0.20g, 0.40g, 0.80g). The dosage of
other reagents and the other conditions are all kept the same.

2.3. Characterization

X-ray powder diffraction (XRD) patterns were performed in the
20 range from 10° to 70° on a Rigaku D/Max 2200-PC diffractometer
with Cu Ko radiation (A =0.15418 nm) and a graphite monochro-
mator at ambient temperature. Scanning electron microscopy
(SEM) images were obtained with a Hitachi 3400 N scanning elec-
tron microscopy. All samples were Au coated prior to examination
by SEM and cellulose/SrF, were investigated by F-SEM. Thermal
behavior of the samples was tested using thermogravimetric (TG)
and differential thermal gravity (DTG) on a simultaneous thermal
analyzer (DTG-60, Shimadzu) at a heating rate of 10°Cmin~! in
flowing air.

3. Results and discussion
The XRD patterns of cellulose/SrF, nanocomposites were

showed in Fig. 2, which were synthesized by the microwave-
assisted method at 100°C for 20 min using 0.05¢g, 0.10g, 0.20¢g,
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Fig. 2. XRD patterns of the cellulose/SrF, nanocomposites prepared via microwave-
assisted method at 100 °C for 20 min using: (a) 0.05 g cellulose, (b) 0.1 g cellulose,
(¢) 0.2 g cellulose, (d) 0.4 g cellulose, (e) 0.8 g cellulose.

0.40 g, and 0.80¢g cellulose, respectively. The characteristic peaks
of cellulose were marked with *in Fig. 2, which increased with

increasing cellulose contents. The characteristic peaks of SrF, were
also showed such as the planes of (111), (200), (220), (311), and
(400). When the cellulose content increased from 0.05g to 0.80 g,
the peaks intensities slightly increased first, then decreased with
increasing cellulose contents, indicating the change crystallinity of
SrF, crystals.

Fig. 3 showed the morphologies of cellulose/SrF, nanocom-
posites with SEM and FE-SEM. When 0.05g cellulose was used
as matrix, one can see plentiful of SrF, spherical particles evenly
distributed on the cellulose strip (Fig. 3a). Seeing from the magni-
fication image of individual SrF, spherical (the down set of Fig. 3a),
one can conclude that the big SrF, spherical was formed by amounts
of SrF, nanoparticles. Increasing the cellulose concentration to
0.10 g cellulose, amounts of SrF, particles adhered to cellulose strip
(Fig. 3b). As shown in the set of Fig. 3b, the surface of SrF, particles
became slightly smooth and the size decreased mildly, compared
with Fig. 3a. When the cellulose content increased to 0.20g, one
can clearly see that the size of SrF, particles obviously decreased
(Fig. 3c). The magnification image showed that the SrF, particles
performed more smoothly. The sample displayed a similar shape
using 0.40 g cellulose, as shown in Fig. 3d. When the cellulose con-

Fig. 3. SEM and FE-SEM images of the cellulose/SrF, nanocomposites prepared via microwave-assisted method at 100°C for 20 min using: (a) 0.05g cellulose, (b) 0.1g

cellulose, (¢) 0.2 g cellulose, (d) 0.4 g cellulose, (e) 0.8 g cellulose.
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Fig. 4. TG and DTG curves of the cellulose/SrF, nanocomposites prepared via
microwave-assisted method at 100 °C for 20 min using: (a) 0.05 g cellulose, (b)0.1g
cellulose, (¢) 0.2 g cellulose, (d) 0.4 g cellulose, (e) 0.8 g cellulose.

tent reached to 0.80 g, one can see that the quantity of SrF, particles
decreased and the size of SrF, particles was not uniform (Fig. 3e). It
also observed that some SrF, particles aggregated to form irregular
spheres. These images showed a large number of tiny particles of
strontium fluorides particles self-assemble to form the larger par-
ticles. But the quantity of particles, the size of particles, the shape
of particles and the combining degree between particles changed,
indicating that cellulose content had a certain influence on the mor-
phology of SrF,. The size distributions for the SrF, particles in the
cellulose/SrF, nanocomposites synthesized with different dosages
of cellulose were shown in Fig. S1(a-c). The average sizes of SrF,
particles are 255 nm, 251 nm, and 162 nm using cellulose concen-
trations of 0.05 g, 0.2 g, and 0.8 g, respectively. Based on the results,
the SrF, particles synthesized with 0.8 g of cellulose have the uni-
form size distribution.

The thermal behavior of cellulose/SrF, nanocomposites was
also investigated with TG and DTG, as shown in Fig. 4. As for
cellulose/SrF, nanocomposites synthesized by the microwave-
assisted method at 100°C for 20 min using 0.05¢g, 0.10g, 0.20¢g,
0.40 g, and 0.80 g cellulose, the total weight losses of cellulose/SrF;
nanocomposites were 31.6%, 47.6%, 61.1%, 73.7% and 83.6%, respec-
tively. The weight loss was mainly attributed to the loss of cellulose,
according with the endothermic peak located at 327°C. On the
other hand, corresponding to the percentage content of cellu-
lose are 32.1%, 48.6%, 65.4%, 79.1%, and 88.4%, respectively. These
results manifested that the amount of remaining cellulose grad-
ually increased, indicating that the combining capacity between
cellulose and SrF, increased with increasing cellulose content.
Obviously, cellulose content had influence on the thermal stabil-

ity of cellulose/SrF, nanocomposites. Seeing in TG curves, a small
weight loss around 25-100°C was contributed to the desorption
water, accompanied by an endothermic peak at about 75°C in DTG
curves.

This synthetic route was also applied for the synthesis of the
other cellulose/alkaline earth metal fluorides (MF,, M=Ca, Mg,
Ba) nanocomposites. The XRD patterns of cellulose/CaF, nanocom-
posites were showed in Fig. 5, which were also synthesized by
the microwave-assisted method at 100°C for 20 min using 0.05 g,
0.10g, 0.20g, 0.40¢g, and 0.80¢g cellulose, respectively. One can
clearly see the characteristic peaks of CaF, and cellulose (marked
with *in Fig. 5a-e). The peaks intensities of cellulose increased with
increasing cellulose contents, which are similar with cellulose/SrF,
nanocomposites. However, the peaks intensities such as the planes
of (111), (220), (311), and (400) of CaF, increased first, then
decreased with increasing cellulose contents. These results indi-
cated that the cellulose content indeed had significant influence on
the crystallinity of CaF,. When 0.05 g cellulose was used, the peaks
shift occurred, which may be result from the change crystal lattice
of CaF;, (Fig. 5a). As showninFig. 5c,one can observe that the highest
peaks of CaF, were obtained using 0.20 g cellulose. Fig. 5f-j showed
the corresponding SEM micrographs of cellulose/CaF, nanocom-
posites. One can see amount of CaF, particles grew on cellulose
matrix and the significantly changed size of CaF, particles. Using
0.05 g cellulose, the morphology of CaF, particles performer rule-
less (Fig. 5f). Increasing the cellulose content to 0.10g, one can
also see amounts of CaF, nanoparticles with nonuniform size scat-
tered in cellulose strip (Fig. 5g). When the cellulose content was
increased to 0.20g, the CaF, sphericals with big size were well-
distributed (Fig. 5h). Using 0.40 g cellulose, sub-size CaF, particles
gather together, result in the different sizes (Fig. 5i). What’s more,
one can see many CaF, sphericals using 0.80 g cellulose (Fig. 5j).

Cellulose/MgF, nanocomposites were synthesized by the
microwave-assisted method at 100 °C for 20 min using 0.05-0.80 g
cellulose, respectively. The corresponding XRD patterns of
nanocomposites were shown in Fig. 6a—e. One can see that cellu-
lose content had significant effect on the crystallinity of MgF,. The
peaks intensities of cellulose increased with the increasing cellu-
lose contents (marked with * in Fig. 6a-e). The characteristic peaks
of MgF, such as the planes of (110),(101),(111),(210),(211),(220),
and (301) were marked. Due to the effect of cellulose concentra-
tions, some characteristic peaks of MgF, are too weak to observe,
result in the different crystalline of MgF, crystals. A slight peaks
shift of nanocomposites occurred using 0.80¢g cellulose (Fig. 6e),
which may be due to the change crystal lattice of MgF, crystals.
Using 0.05 g cellulose, one can see that amounts of MgF, particles
with different size covered on the surface of cellulose strip (Fig. 6f).
When the cellulose content achieved 0.20 g, large amounts of MgF,
particles homodispersed in cellulose strip (Fig. 6h). What’s more,
the size and morphology of large quantity MgF, particles were
too small to see using 0.40g cellulose (Fig. 6i). When the cellu-
lose content changed to 0.80 g, one can see the MgF, particles with
significantly reduced size (Fig. 6j). These results demonstrated that
cellulose content had significant influence on both the morphology
and dispersity of MgF, crystals.

Fig. 7a-e showed the XRD patterns of cellulose/BaF, nanocom-
posites synthesized using microwave-assisted at 100 °C for 20 min
using different cellulose contents, respectively. One can clearly see
the characteristic peak of cellulose (marked with *) and the char-
acteristic peaks of BaF, such as the planes of (111), (200), (220),
and (311). Obviously, the peak intensity of cellulose increased
with increasing cellulose contents, while the peak intensity of BaF,
decreased with increasing contents, implying that the more cel-
lulose contents, the lower crystalline of BaF,. The morphology of
cellulose/BaF, nanocomposites was studied via SEM, as shown in
Fig. 7f-j. Using 0.05 g cellulose, plenty of irregular BaF, particles
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Fig. 5. XRD patterns (a-e) and SEM images (f-j) of the cellulose/CaF, nanocomposites prepared via microwave-assisted method at 100°C for 20 min using: (a and f) 0.05g
cellulose, (b and g) 0.1 g cellulose, (c and h) 0.2 g cellulose, (d and i) 0.4 g cellulose, (e and j) 0.8 g cellulose.

scattered on the cellulose strip (Fig. 7f). One can infer BaF, particles
wrapped around cellulose liking a layer of film. When the cellu-
lose content increased, the quantity of BaF, particles decreased
(Fig. 7f-j). The results exhibited that quantities of BaF; particles as a
membrane covered the surface of cellulose and only irregular BaF,
particles could be seen. Normally, BaF, is a cubic crystal structure.
The shape of BaF, particles in performed ruleless, demonstrating
that cellulose contents had influence on the shape of BaF, parti-
cles. This may be due to the increasing ionic radius, which caused
a reduction of action force between the particles, and then affect-
ing the self-assembly between particles. Moreover, the dispersity
of BaF, particles perform well and the quantity of BaF, particles
decreased with increasing cellulose content.

Fig. 8 showed the brief schematic diagram of the process of
paper-making. The cellulose/alkaline earth metal fluorides (MF;,

M =Ca, Mg, Sr, Ba) nanocomposites were put into the paper pulp,
stir evenly, and then made by the standard of sheet forming system,
which included sheer shaper, squeezing device, paper exposing
device and dryers. The paper with 1.88 g was put into desiccator
for 24 h.

The effect of cellulose/alkaline earth metal fluorides (MF,,
M = Ca, Mg, Sr, Ba) nanocomposites on tensile properties of paper
was also investigated, as shown in Fig. 9. The cellulose/alkaline
earth metal fluorides nanocomposites were synthesized by the
microwave-assisted method at 100 °C for 20 min using 0.20 g cellu-
lose. The traditional paper-making process were used, every paper
own the same weight. In comparison with the control of blank sam-
ple, one can see the increased tensile properties. The tensile index
increased by 17.5% for cellulose/CaF,, 29.4% for cellulose/MgF,,
32.8% for cellulose/SrF,, 40.4% for cellulose/BaF, nanocomposites,
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Fig. 6. XRD patterns (a—e) and SEM images (f-j) of the cellulose/MgF, nanocomposites prepared via microwave-assisted method at 100°C for 20 min using: (a and f) 0.05 g
cellulose, (b and g) 0.1 g cellulose, (c and h) 0.2 g cellulose, (d and i) 0.4 g cellulose, (e and j) 0.8 g cellulose.

respectively. These results demonstrated that cellulose/alkaline
earth metal fluorides nanocomposites had significant influence
on the tensile properties of paper. On the other hand, the alka-
line earth metal fluorides played different nature on the tensile
properties of paper, which may result from the different filling
capacity in pores of paper and different covalent and hydrogen
boning ability. Moreover, we also investigated the cobb value,
tearing resistance, and wet strength of samples. The control of
blank sample displayed the cobb value, tearing resistance, and wet
strength of 31.80g/m2, 210mN, and 24.1 N, respectively. As for
the cellulose/SrF, nanocomposites, the cobb value, tearing resis-
tance, and wet strength increased to 39.95g/m?2, 243 mN, and
26.4 N, respectively. One can observe the cobb value of 54.62 g/m?,
tearing resistance of 281 mN, and wet strength of 30.2 N for the

cellulose/BaF, nanocomposites, respectively. Furthermore, the zeta
potential of the pulp is —40.3 mV.

In the literature, silver particles filled cellulose hybrids
were synthesized using microcrystalline cellulose solution by a
hydrothermal method (Dong et al., 2015). The Ag* release con-
centrations were 0.091 ppm, 0.073 ppm, and 0.080 ppm using H,O
as solvent for 4, 12, and 24 h, respectively. The cellulose/alkaline
earth metal fluorides (MF,, M=Ca, Mg, Ba) nanocomposites are
also important biomedical materials. Therefore, the release of
metallic particles is of great importance for the applications of
the cellulose/alkaline earth metal fluorides (MF,, M =Ca, Mg, Ba)
nanocomposites. However, in this paper, the cellulose/MF;, (M = Ca,
Mg, Sr, Ba) composites were obtained in the deionized and the
MF, (M=Ca, Mg, Sr, Ba) particles were attached on the surface
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Fig. 7. XRD patterns (a-e) and SEM images (f-j) of the cellulose/BaF, nanocomposites prepared via microwave-assisted method at 100 °C for 20 min using: (a and f) 0.05g
cellulose, (b and g) 0.1 g cellulose, (c and h) 0.2 g cellulose, (d and i) 0.4 g cellulose, (e and j) 0.8 g cellulose.

Fig. 8. The brief schematic diagram of the process of the paper-making.

of cellulose, which could restrain the release of MF, (M=Ca, Mg,
Sr, Ba) in the cellulose composites. Biomass is the most abundant
renewable resources for human beings. Developing and utilizing
biomass scientifically is an important way of sustainable develop-

ment. Biorefinery can environmentally friendly convert biomass to
high value-added multiple bioproducts and bioenergy. The refining
of cellulose reported in this article revealed that nanocomposites
of cellulose/alkaline earth metal fluorides (MF,, M=Ca, Mg, Sr,
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Fig. 9. The stress-strain curves of papers adding cellulose/alkaline earth metal
fluorides (MF,, M=Ca, Mg, Sr, Ba) nanocomposites which were synthesized by
microwave-assisted method at 100°C for 20 min using 0.2 g cellulose: (a) blank
sample, (b) cellulose/CaF,, (c) cellulose/MgF,, (d) cellulose/SrF,, (e) cellulose/BaF,.

Ba) have potential application in enhancing the tensile strength
of papers.

4. Conclusions

In summary, cellulose/SrF, nanocomposites were successfully
synthesized by the microwave-assisted method using different
cellulose concentrations. The different cellulose contents played
an important role on the morphology, crystal lattice, crystallinity
of nanocomposites. The cellulose contents also performed certain
influence on the thermostability of cellulose/SrF, nanocomposites.
The influences of cellulose on the other cellulose/alkaline earth
metal fluorides (MF,, M =Ca, Mg, Ba) nanocomposites were also
explored. The different types of alkaline earth metal fluorides had
an effect on the tensile strength of paper.
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