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CaCOs/cellulose nanocomposite materials were prepared by the controlled reaction of CaCl, with dimeth-
ylcarbonate ((CH3),COs3) in alkaline medium in the presence of cellulose fibers. The effect of several reac-
tion parameters, such as reaction time, temperature, fiber mass fraction and extent of cellulose
modification (carboxymethylation), on the final properties of the nanocomposites was investigated by
ICP-AES, FT-IR, XRD, SEM, TGA, ToF-SIMS and XPS. The results showed that the hydrolysis conditions
strongly influenced the quantity and morphology of CaCO3 particles deposited at the surface of cellulosic
fibers. Under specific experimental conditions, the substrate promoted the selective control growth of
CaCO3 at the surface of the fibers. The use of these CaCOs/cellulose nanocomposites as reinforcing mate-
rials in polyethylene (PE) based composites was also tested. Preliminary DMA studies showed a much
higher mechanical performance for the composites with the CaCOs/cellulose fibers nanocomposites as
compared to cellulose fibers.
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1. Introduction

Cellulose is an almost inexhaustible polymeric raw material
with outstanding properties (Klemm, Heublein, Fink, & Bohn,
2005). This polysaccharide has been, for many years, an important
raw material used in the form of intact wood for construction pur-
poses, natural textile fibers (cotton) and paper. The use of cellulose
as a chemical raw material started in the 19th century, with the
production of cellulose nitrate (Klemm et al., 2005), and since then,
a wide range of new derivatives has been developed and produced
in large scale. Cellulose derivatives are currently used in a broad
field of applications, such as optical films, coatings, controlled re-
leased systems, biodegradable plastics, biomedical materials and
composites (Bledzki & Gassan, 1999; Klemm, Philipp, Heinze, Hei-
nze, & Wagenknecht, 1998a).

More recently, particular attention has been devoted to the
development of nanocomposites based on cellulose and inorganic
nanoparticles, such as SiO, (Pinto, Marques, Barros-Timmons,
Trindade, & Pascoal Neto, 2008; Sequeira, Evtuguin, Portugal, &
Esculcas, 2007), TiO, (Marques, Trindade, & Pascoal Neto, 2006),
gold (Pinto, Marques, Martins, Pascoal Neto, & Trindade, 2007),
kaolin particles (Fahmy & Mobarak, 2008), among others, because
these materials show normally improved mechanical, optical and
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thermal properties due to the combination of inorganic and organ-
ic components in the final material. Calcium carbonate is one of the
most abundant biominerals as formed in corals, pearls, mollusc
shells, egg shells and the exoskeleton of arthropods (Meldrum,
2003; Weiner & Addadi, 1997). Industrially, besides its application
as a filler in papermaking, it has been also used as filler in compos-
ite materials, such as in plastics, or as an auxiliary pigment in
paints and in paper coating dispersions. In such applications,
CaCOs5 is simply mechanically blended with the other components
of the final materials. However, the information regarding hybrid
composite materials of cellulose and calcium carbonate where
CaCoOs is precipitated in a controlled way on an organic substrate
is still very scarce. The main studies deal with the interactions be-
tween cellulose fibers and CaCOs particles (Fimbel & Siffert, 1986),
the kinetics of the process of calcite overgrowth on cellulose pow-
der substrate (Dalas, Klepetsanis, & Koutsoukos, 2000), and the co-
precipitation of CaCO3 on pulp (Subramanian, Maloney, & Paulap-
uro, 2005). In this context, the development of new hybrid nano-
composite materials based on the controlled precipitation of
CaCOs on cellulose fibers, could represent an important contribu-
tion for traditional industries, as well, as for drawing new potential
applications for these raw materials.

The present study reports the synthesis and characterization of
CaCOs/cellulose nanocomposites and envisages their use as fillers
in reinforced polyethylene based composites. The CaCOs/cellulose
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nanocomposites were prepared by the in situ synthesis of CaCO3;
particles in the presence of two cellulose substrates: hardwood
bleached kraft pulp and carboxymethylated cellulose fibers.

2. Experimental
2.1. Materials

The wood cellulose fibers used in this study were Eucalyptus
globulus Elementary Chlorine Free (ECF) bleached kraft pulp sup-
plied by a Portuguese pulp mill. Monochloroacetic acid (>99%)
and isopropanol ( >99%) were purchased from Fluka. Calcium chlo-
ride anhydrous (93%), dimethylcarbonate (DMC) (99%) and low
density polyethylene (LDPE, mp =116 °C, d=0.925 g/mL) were
purchased from Sigma-Aldrich. Other chemicals and solvents were
of laboratory grades and used without further purification.

2.2. Preparation of carboxymethylated cellulose fibers

The controlled carboxymethylation of the cellulose fibers (CMC)
was performed by adapting the classic etherification reaction with
monochloroacetic acid (Klemm, Philipp, Heinze, Heinze, & Wagen-
knecht, 1998b). Air-dried cellulose fibers (3 g) were suspended in
isopropanol (80 mL) and then 8 mL of NaOH aqueous solution
(30 wt.%) were added dropwise during 30 min at room tempera-
ture. The mixture was then stirred during 1 h. After this period,
monochloroacetic acid (1 g) was added in small portions during
30 min. The mixture was placed on a water bath at 25 °C (CMC I)
or 45 °C (CMC II) for 10 min, with constant stirring. Then, the mod-
ified fibers were filtered, suspended in ethanol, neutralized with
acetic acid, washed several times with ethanol, and finally dried
at room temperature. The carboxyl content (mmol/g) of both
unmodified (0.10) and carboxymethylated cellulose fibers (0.49
and 0.83 for CMC I and CMC II, respectively) was determined
according to the TAPPI Test Method T 237 om-93 (1993).

2.3. Synthesis of CaCOs/cellulose nanocomposites

The synthesis of CaCO3; nanoparticles, in the presence of cellu-
lose fibers, was adapted from the method reported by Faatz, Gréhn,
and Wegner (2004), in which the precipitation of CaCO; takes place
as a result of the release of CO, by the hydrolysis of dimethylcar-
bonate (DMC) in alkaline medium. The effect of several reaction
parameters on the characteristics of the nanocomposites was
investigated. The experimental conditions used in the optimization
process to prepare the nanocomposites are listed in Table 1. A typ-
ical synthesis of CaCOs/cellulose nanocomposites started with the
addition of 111 mg of CaCl, and 420 pL of DMC to 80 mL of a cel-
lulose-water suspension (0.1% or 1.0% of fiber mass fraction) under
constant stirring. The precipitation started after adding 20 mL of
NaOH solution (0.5 M) to the reaction medium at temperature
and reaction time specified in Table 1. The nanocomposite was re-
moved from the reaction mixture by filtration, washed with ace-
tone and dried at 40°C. After the optimization of the
experimental conditions, the synthesis process was scaled-up
(nanocomposites N and O) to the use of 10 g of fiber, 1000 mL of
distilled water, 1.4 g of CaCl,, 5.2 mL of DMC and 250 mL of
0.5 M aqueous NaOH in order to produce enough nanocomposite
for the preparation of PE-based composites and for further
characterization.

2.4. Preparation of polyethylene—CaCOs/cellulose composites

Composites were prepared by compounding LDPE with the cel-
lulose fibers and CaCOs/cellulose fibers nanocomposites (nano-

Table 1
Experimental conditions used for the preparation of CaCOs/cellulose nanocomposites.
Nanocomposite Substrate Time Temperature Fiber Carboxyl
(min) (°C) mass content
fraction (mmol/g)
(%)
A Cellulose 2.5 25 0.1 0.10
B Cellulose 3.5 25 0.1 0.10
C Cellulose 5.0 25 0.1 0.10
D Cellulose 7.5 25 0.1 0.10
E Cellulose 3.5 70 0.1 0.10
F Cellulose 3.5 25 1.0 0.10
G Cellulose 5.0 25 1.0 0.10
H CMC 1 3.5 25 0.1 0.49
I CMC I 5.0 25 0.1 0.49
] CMC I 2.5 25 0.1 0.83
K CMC I 3.5 25 0.1 0.83
L CMC II 5.0 25 0.1 0.83
M CMC II 7.5 25 0.1 0.83
NP Cellulose 3.5 25 1.0 0.10
oPb CMC 1 3.5 25 1.0 0.49

2 The fiber mass fraction is the ratio between the mass of fibers and the mass of
suspension.
® Nanocomposites prepared under scale-up conditions.

composite N) in a melting mixer (Brabender W30 EHT -
Plastograph EC). The mixing temperature was set at 170 °C. First,
LDPE pellets were charged and, after melting, the fibers or the
nanocomposites were added. The systems were mixed at
100 rpm during 10 min. Two fiber contents (15% and 30%) were
studied. Subsequently, the composites were molded in an injection
molding machine (Thermo-Haake Minijet II) for DMA analysis.

2.5. Characterization methods

The calcium content in the nanocomposites was determined by
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-
AES) on a Jobin Yvon 70 plus equipment.

The FT-IR-ATR spectra were taken with a Briicker IFS 55 FT-IR
Spectrometer equipped with a single horizontal Golden Gate ATR
cell. Their resolution was 8 cm~! after 128 scans.

The X-ray diffraction (XRD) measurements were performed on a
Philips X'Pert MPD diffractometer using Cu Ko radiation. All sam-
ples were gently pressed into pellets using a laboratory press be-
fore analysis.

Scanning Electron Microscopy (SEM) micrographs were ob-
tained using a high voltage microscope (HITACHI S4100) operated
at 25.0 kV. Samples were previously coated with carbon using an
EMITECH K950 coating system.

Secondary ion spectra and images were recorded using a Phys-
ical Electronics ToF-SIMS TRIFT II spectrometer using a primary ion
beam of ®°Ga* liquid metal ion source (LIMS) with 15 kV applied
voltage, 600 pA aperture current and a bunched pulsed width of
20 ns was used in positive mode. A raster size of 200 um x 200 pm
and at least three different spots were analyzed on each sample.
Surface distribution of calcium ions was obtained with the best
spatial resolution using the ion gun operating at 25 kV, 600 pA of
aperture current and an unbunched pulse width of 20 ns. Spectra
and images were acquired for 8 min with a fluency of ~10'2 ions/
cm?, ensuring static conditions. Charge compensation was per-
formed using an electron flood gun pulsed out of phase with the
ion gun.

X-ray photoelectron spectra were obtained with a Physical Elec-
tronics PHI Quantum 2000 ESCA instrument equipped with a
monochromatic Al Ko X-ray source and operated at 25 W, with a
combination of electron flood gun and ion bombarding for charge
compensation. The photoelectron collection was at 45° in relation
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to the sample surface and the spot size was 500 pm x 400 pm. At
least three different spots were analyzed on each sample. The pass
energy was 187.85 and 23.50eV for low and high-resolution,
respectively. Curve fitting of C1s peak was performed using a Shir-
ley background and the following binding energies, relative to C1
position (C-C, C-H), were employed for the respective groups:
1.7+0.2eV for C2 (C-0), 3.1+0.3eV for C3 (0O-C-0O or C=0),
46+03eV for C4 (0=C-0), 56+0.3eV for C5 (CO527),
8.6 £ 0.3 eV for C6 and 10.6 + 0.3 eV for C7.

Dynamic mechanical analysis (DMA) experiments were carried
out in a Tritec 2000 Dynamic Mechanical Analyzer - Triton Tech-
nology, at a constant frequency of 1 Hz from —70 to 120 °C at a
heating rate of 4 °C/min.

3. Results and discussion
3.1. Synthesis and characterization of CaCOs/cellulose nanocomposites

In order to optimize the precipitation reaction of CaCOs at the
surface of the fibers, a series of CaCOs/cellulose nanocomposites
were prepared under distinct experimental conditions (Table 1),
namely reaction time, temperature, fiber mass fraction and extent
of cellulose carboxymethylation.

The percentage of calcium, and thus the amount of CaCOs, in the
cellulose fibers was determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES). According to the results
presented in Fig. 1, the amount of CaCOs present in the cellulose
fibers increased with reaction time and with temperature of syn-
thesis. As expected, higher fiber mass fraction in the reacting sus-
pension resulted in much lower percentages of CaCOs. Conversely,
the amount of CaCOs; particles in the unmodified cellulose fibers is
higher than in the CMC fibers. As will be discussed bellow, this can
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be explained by the fact that CMC fibers promote the controlled
growth of CaCO3 nanoparticles and avoid the precipitation of larger
particles or particle aggregates on the fibers as well as on the bulk
of the solution. Finally, the percentage of Ca* is higher for CMC II
(carboxyl content: 0.83 mmol/g) than for CMC I (carboxyl content:
0.49 mmol/g), which clearly confirmed that higher carboxyl con-
tent promoted the precipitation of higher amounts of CaCOs3 parti-
cles, as already reported by other researchers (Dousi, Kallitis,
Chrissanthopoulos, Mangood, & Dalas, 2003).

The FT-IR spectra of the CaCOs/cellulose fiber nanocomposites
(not shown) demonstrated that all the nanocomposites have the
typical absorption bands of the cellulose backbone (Klemm et al.,
1998a). Moreover, the strong band at 1420 cm™! and medium
intensity band at 876 cm~! in the IR spectra provide confirmation
for the presence of calcite, the most stable polymorph of CaCO3
(Xyla & Koutsoukos, 1989). The FT-IR results are in agreement with
the ICP-AES results. However, we note that in the case of nanocom-
posite E, the FT-IR spectrum does not show the diagnostic bands
for CaCO3 though Ca has been detected by ICP-AES in this nano-
composite (Fig. 1). As will be discussed later, the powder XRD of
this sample show the presence of Ca(OH),.

The degree of crystallinity of the cellulose fibers and the poly-
morphism of CaCO; were investigated by XRD (Fig. 2). All the
nanocomposites analyzed preserved the XRD pattern of the corre-
sponding cellulosic substrates, suggesting that the deposition of
CaCOs did not modify their ultrastructure. However, the controlled
carboxymethylation of the fibers promoted an extensive decrease
on the crystalline order of cellulose. With respect to the CaCOs dif-
fraction patterns, the nanocomposites obtained after a reaction
time of 3.5 min (nanocomposite B) are composed by a mixture of
two CaCO5; polymorphs: calcite and vaterite, while those obtained
for 7.5 min of reaction (nanocomposite D) contain mainly calcite.
Although the selective crystallization of CaCO; polymorphs is a
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Fig. 1. Effect of some reaction parameters on the final percentage of calcium in the cellulose fibers.
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Fig. 2. X-ray diffractogram of cellulose, CMC I and nanocomposites B, D-F, H and K.

rather complex process, involving competitive nucleation and
crystal growth of distinct polymorphs, and the phase transforma-
tion from metastable to stable forms (Gu, Bousfield, & Tripp,
2006; Kitamura, 2002; Kitamura, Konno, Yasui, & Masuoka,
2002), these results are in agreement with a polymorphic transfor-
mation with time of vaterite into the most thermodynamically sta-
ble CaCOs crystalline phase. The nanocomposites obtained at 70 °C
(nanocomposite E) exhibited characteristic diffraction peaks of
Ca(OH);, at 26 = 18.0°, 28.7° and 34.1° (Dousi et al., 2003). The ab-
sence of CaCOs in this sample might be related with: (i) the evap-
oration of dimethylcarbonate, whose boiling point range is 86—
89 °C, and thus no subsequent release of a critical amount of CO,
to promote CaCOs precipitation; or (ii) a temperature effect on
the hydrolysis extent that does not favor the formation of CO5%~.
The XRD pattern of nanocomposites F and H do not show the dif-
fraction peaks of CaCOs; since the amount of calcium carbonate
deposited onto the substrate is at a level below the detection limit
of this technique. A carboxyl content of 0.83 mmol/g (nanocom-
posite K) originated a single diffraction peak characteristic of cal-
cite 20=29.5° (Dousi et al.,, 2003). This indicates that higher
contents of carboxyl groups promote the selective precipitation
of calcite.

It is worth mentioning that the powder XRD diffractogram (not
shown) of CaCOs3 particles precipitated by the present method, at
25 °C and for 3.5 min, in the absence of the fibers, only exhibits dif-
fraction peaks assigned to calcite, the most stable polymorph of
CaCOs. This suggests that the presence of cellulosic fibers during the
precipitation of calcium carbonate influenced its polymorphic form.

The morphological characteristics of CaCOs particles deposited
onto the cellulose fibers were investigated by SEM. The size of
the CaCOs particles ranges between 200 and 700 nm, while the
CaCOs particles shape is predominantly spheroidal for almost
every nanocomposites. Fig. 3 shows the SEM micrographs of nano-
composites B, D-F, H and K. The comparison between the SEM
images of the nanocomposites B and D shows that increasing reac-
tion times tends to increase the CaCOs; amount in the fibers surface
(as previously suggested by ICP-AES) and also tends to increase the
size of CaCO; particles deposited on the cellulose fibers. In addi-
tion, the SEM micrograph of nanocomposite B shows that at
25 °C, nanosized (ca. 400 nm) particles with spheroidal morphol-
ogy were produced, while at 70 °C (nanocomposite E), micrometric

aggregates were obtained. When the fiber mass fraction of the
reacting suspensions was increased from 0.1% (nanocomposite B)
to 1.0% (nanocomposite F) the amount and size of CaCO3; deposited
on the fibers diminished, although the morphology of the particles
remained spherical. Moreover, it is noteworthy that for 0.1% mass
fiber, there is a considerable amount of CaCOs particles that are not
attached into the surface of the fibers, as for example in the case of
nanocomposite D (Fig. 3). However, when a higher mass fraction of
fiber (1.0%) was used (nanocomposite F) the precipitation of CaCO3
on the bulk of the solution was reduced.

The carboxymethylation of the cellulose fibers (nanocomposites
H and K) induced the formation of smaller particles of CaCOs (ca.
200 nm). Additionally, the use of carboxymethylated cellulose fi-
bers promoted the selective precipitation of CaCO3 on the fiber sur-
face, avoiding the precipitation on the bulk of the solution.
Therefore, the increase of carboxyl groups at the cellulose fibers
surface promoted the controlled growth of CaCOs, as previously
observed with other carboxyl group enriched polymers (Dousi
et al., 2003). Although we do not have any clear information about
the nature of the interaction of CaCO3 and the cellulosic substrate,
it can be suggested that carboxyl groups on CMC may complex Ca%*
ions in an initial stage, thus promoting the growth of CaCOs; with
lower particle size and homogeneously distributed along the fiber
surface.

3.2. Surface characterization of the cellulose fibers: ToF-SIMS and XPS

The ToF-SIMS surface characterization of the nanocomposites N
and O clearly confirmed the success of the deposition of calcium
carbonate onto the fibers surface, because of the considerable in-
crease of the intensity of peak at m/z =40 attributed to the Ca®"
ion (Fig. 4). This increment was higher for nanocomposite O than
for nanocomposite N which corroborates the ICP-AES and FT-IR
data. Obviously, secondary ions attributed to the fragmentation
of the wood pulp fibers backbone, namely, cellulose (127 and
145 Da) and xylans (115 and 133 Da) (Fardim & Duran, 2003),
other metal ions and wood extractives (free fatty acid, fatty acid
salts and sterols) (Fardim, Gustafsson, Shoultz, Peltonen, & Holm-
bom, 2005) were also detected in the ToF-SIMS spectra of nano-
composites N and O.
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Fig. 3. SEM micrographs of nanocomposites.

The surface chemical composition of the CaCOs/cellulose nano-
composites was also examined by XPS analysis. At low-resolution
carbon (~285 eV) and oxygen (~533 eV) (Kroschwitz, 1990) were
the dominant elements detected in all samples (Table 2). The pres-
ence of CaCO3; was evidenced by the emergence of a peak (Ca2p) at
a binding energy of around 350 eV which is characteristic of cal-
cium (Zhang & Gonsalves, 1998). The detection of small amounts
of other elements like Na and Cl on the surface of the nanocompos-
ites was related with their ineffective washing during the synthesis
procedure. It is worth mentioning that the percentage of calcium
present at the surface of nanocomposite N is lower than at the sur-
face of nanocomposite O (Table 2). This higher calcium content is
also in agreement with the more pronounced decrease in the car-
bon content in the surface of nanocomposite O, when compared
with the pristine CMC fiber, along with the increase in the oxygen
content (in the former composite) resulting from the accumulation
of carbonate ions on the fibers surface, both resulting in a marked

increase in the O/C ratio. These results corroborate the SEM analy-
sis which indicates that carboxymethylated fibers enhance the
selectivity of precipitation on the surface of the fiber, avoiding
the precipitation on the bulk of the solution.

The presence of CaCOs in the surface of the cellulose fibers was
also confirmed by the deconvolution of the C1s peak (high-resolu-
tion XPS) (Fig. 5) based on the emergence of a peak at around
290 eV assigned to the carbonate carbon atom (CO52~) (Gopinath,
Hedge, Ramaswamy, & Mahapatra, 2002; Matsushita, Suzuki,
Moriga, & Ashida, 1993; Shui, 2003; Wu, He, Chen, Zhang, & Chen,
2006).

Finally, the curve fitting of C1s of nanocomposite N identified
two other carbon environments with the binding energies of
8.6 £ 0.3 eV for C6 and 10.6 £ 0.3 eV for C7 relative to the C-C posi-
tion. These C6 and C7 positions might be assigned to shake-up or
plasmon structures rather than emission lines of photoelectron
(Gullichsen & Paulapuro, 2000; Kroschwitz, 1990).
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Fig. 4. ToF-SIMS spectra (positive mode) of cellulose, CMC I, nanocomposites N and O.
Table 2 storage modulus (E, elastic properties). The DMA analysis showed
Low-resolution XPS results of cellulose, CMC I, and nanocomposites N and O. that the storage modulus of PE and PE-based composites decreased
Sample 0(%) C(%¥ O0/C Ca(% Na(% Cl(% monotonically with the increase in temperature. According to
. , S .
Cellulose 29 571 075 _ _ Fl.g. 6, the E’ increased with increasing amount of filler and, for a
Nanocomposite N 42.5 551 077 23 _ 0.1 given percentage of filler, the use of CaCOs/cellulose (nanocompos-
CMC I 352 64.2 055 - 0.7 = ite N) instead of cellulose originated higher values of storage mod-
Nanocomposite O~ 37.9 512 074 5.1 5.6 0.2 ulus. This indicates that the presence of CaCOs particles at the

3.3. Preliminary results of Polyethylene-CaCOs/Cellulose Composites

New polyethylene (PE) based composites were prepared by
mixing the polymer with different fillers (cellulose fibers and
nanocomposite N) and different filler contents (15 and 30%). The
incorporation of cellulose or CaCOs/cellulose (nanocomposite N)
as filler in the polyethylene matrix has a significant effect on the
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surface of cellulose fibers improved the stiffness of PE-based com-
posites. Thus, the incorporation of CaCOs/cellulose nanocomposite
into LDPE demonstrated reinforcement effects which resulted in
materials with higher mechanical performance.

4. Conclusions

CaCOs/cellulose nanocomposite materials have been prepared
by controlled generation of carbonate in aqueous solution from
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Fig. 5. XPS high-resolution spectra of nanocomposites N and O.
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Fig. 6. The dynamic storage modulus curves of PE and PE-based composites.

an organic precursor (DMC) in the presence of cellulose fibers and
CaCl,. This work demonstrated that the quantity and morphology
of CaCOs particles deposited at the surface of cellulose fibers were
strongly influenced by the hydrolysis conditions. The amount and
size of CaCOs; deposited on the cellulose fibers increased with
increasing reaction time. Besides, the reactions performed at room
temperature originated nanosized CaCOs particles with spheroid
morphology, while at 70 °C micrometric aggregates of Ca(OH),
were obtained. Additionally, lower mass fractions of fibers in the
reacting suspensions favored the formation of spheroid particles
of CaCOs. Finally, the presence of carboxyl groups at the substrate
surface increased the selectivity of precipitation of CaCOs particles
on the surface of the fibers. The mechanism by which CaCO3 parti-
cles are retained at the surface of cellulosic fibers is not understood
at this stage, thus it remains an issue that should be further
investigated.

CaCOs/cellulose nanocomposites might be considered as poten-
tial reinforcing fillers in polyethylene (PE) matrix based composites
since preliminary DMA studies demonstrated that PE composites
with CaCOs/cellulose fibers showed a much higher mechanical
performance.
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