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Synthesis and Characterization of Composite
Materials HDPE/HA and PMMA/HA Prepared by
Sonochemistry

C. Parra,'? G. Gonzdlez,>* C. Albano™>>

Summary: In the present work, the synthesis and characterization of composite
materials based on HDPE, and PMMA with nanometric hydroxyapatite, are studied.
Composites preparation was carried out by dilutions of the commercial polymers,
using decaline as solvent for the polyolefin and 2-butanone for PMMA. In the
synthesis of Hydroxyapatite (HA), ammonium phosphate [(NH,),HPO,] and calcium
hydroxide [Ca(OH),] were used as precursors. Composites with 20, 30 and 40 wt% of
HA were prepared. The polymer dilutions and the precursors of the HA were placed
simultaneously in a reactor under ultrasonic radiation at 20 kHz, for periods of 15, 25
and 35 min. The products obtained were characterized by FTIR, TGA, TEM, XRD and
biocompatibility studies were also carried out. The results showed the presence of
nanometric HA and clear interactions between HA and PMMA polymers were
observed by FTIR. These results were corroborated by TEM showing that nanometric
HA particles are encapsulated into the polymeric PMMA matrix. For the composites of
HDPE, these interactions were not observed.
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Introduction

In the last years, composites made of poly-
mers and ceramics fillers represent a new
class of materials of high interest. Poly-
olefins usually show low toxicity and has
been recommended as a suitable material
for bone tissue substitution.'?! On the other
hand, hydroxyapatite is a biocompatible
ceramic that is present in natural bones,
consequently, composite materials based on
polyolefins filled with HA have been
studied by some authors for applications
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as biomaterials.”* They concluded that
these materials showed suitable hardness
and rigidity, as well as high biocompatibility
for tissue replacement.

Poly (methyl methacrylate) (PMMA) is
one of the popular bone repairing materials
for bone fixation joints.[5’6] The addition of
hydroxyapatite(HA), offers the possibility
of improving strengthening. HA can add
bioactivity to the composite materials and
the extent of this activity is dependent of
the volume fraction of HA incorporated.

The interfacial adhesion and the adequate
dispersion of HA in the polymer matrix are
one the important factors governing the
mechanical behavior of these composites.”*!
The control of the interfacial interactions is a
difficult task; one of the methods employed is
the use of coupling agents. Sousa er all”!
studied HDPE-HA composites containing
zirconate and titanate coupling agents,
however, these additives may have detri-
mental effects on the biocompatibility
properties of the material.
£ FWILEY
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The methods of synthesis for composite
formation can be grouped in physical and
chemical. Physical methods!! (extrusion,
mechanical mixing, etc), in general only
form weak Van Der Walls bonding that do
not strongly contribute to the interface
interaction. Chemical methods can form
stronger bonding at the interface modifying
the final properties of the composite.

One alternative method of improving
the interface interaction and dispersion of
the filler in the polymer matrix is the in situ
synthesis!'’! by ultrasonic irradiation.!'’+!?!
This method has the advantage of avoiding
toxicity due to coupling agents and therefore
can potentially be used for the synthesis of
materials for biomedical applications.

The objective of the present work was to
synthesize composite materials (polymer /
hydroxyapatite) by in sifu synthesis using
high frequency ultrasonic radiation. The
polymers used were poly(methylmethacry-
late) (PMMA) and high density polyethy-
lene (HDPE).

Experimental Part

Materials

Two commercial polymers were employed,
a high density polyethylene (HDPE, 2908A,
density 0.9595 g/cm®), and polymethylmetha-
crylate (PMMA, MD-2002, density 0.9233 g/
cm®), using decaline as solvent for the poly-
olefin and 2-butanone for PMMA (Figure 1).
Hydroxyapatite was synthesized using cal-
cium hydroxide, Ca(OH),, and ammonium
phosphate, (NH4),HPO, as initial reagents.

Syntheses of the Composites
Composite materials were obtained from
the in situ synthesis of hydroxyapatite (HA)

a) b) ﬁ
CHs—C—~CH,~CHs

Decaline (Deca Hydronaphtalele) 2-Butanone

Figure 1.
Molecular structure of the solvents used.
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in dissolved PMMA or HDPE, using the
specific solvent according to the chemical
structure of each polymer, decaline for
HDPE and 2-butanone for PMMA. In the
case of HDPE/HA composite, the polymer
and decaline were heated up to total
dissolution of the polymer, HA precursor
components (calcium hydroxide and ammo-
nium phosphate) were added in stoichio-
metric amounts to obtain composites with
10, 20, 30 and 40 wt% of HA. Immediately
the samples underwent ultrasonic radiation
for different periods (15,25 and 35 min). An
ethanol/water solution (1:1) was added to
precipitate the material. The solution was
kept resting for 1h and then centrifuged. To
eliminate any remaining decaline the
material was thoroughly washed several
times in cold ethanol. Composites were
dried at 90 °C and weight to determine the
synthesis conversion.

PMMA/HA composites syntheses were
performed by a similar procedure, but using
2-butanone as solvent. Composites were
dried at 60 °C.

Characterization of the Composites

FT-IR spectra were taken from compres-
sion-molded films of the composites. These
spectra were recorded in a Nicolet
Magna_IR 560 E.S.P. Spectrometer after
32 scans and at 2cm ' of resolution and a
Perkin Elmer FTIR spectrum 100 equip-
ment with a resolution of 0.5cm™".

To determine the weight percentage of
the synthesized hydroxyapatite thermogra-
vimetric test (TGA) were carried out, using
a TA Q600 equipment in nitrogen atmo-
sphere, using a heating rate of 10 °C/min.

Transmission electron microscopy (TEM)
analyses were performed using a Phillips
CM10 microscope. Samples were prepared
by ultramicrotomy without any further
treatment.

XDR patterns were recorded using a
diffractometer Siemens, Model D 500, in
the 26 range of 20°-60°.

Biological test were carried out to
evaluate cellular adhesion and proliferation
for the different materials. The materials
were washed in ethanol to remove super-
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ficial grease. Then, they were washed
extensively with deionized water and finally
sterilized using gamma radiation with
25kGy dose. The adhesion capability of
bone cells, derived from neonatal calvaria
rats, was obtained following the procedure
previously described."3! The effect of seric
proteins contained in Fetal Bovine Serum
(FBS) in bone cell adhesion on PMMA,
HDPE and the composite samples was
evaluated. Cell adhesion was evaluated
employing the commercial kit CyQuant
(Invitrogen®) with a fluorescent colorant.
Experiments with and without Fetal Bovine
Serum were carried out. Samples of 6 mm
diameter were tested using a 96 well-plate
(for tissue culture, NUNC). A 4 x 10* cells/
ml suspension was seeded with the different
materials and control (which corresponds
to an empty well). After 16 h of incubation
in optimal culture conditions (37°C in a
fully humidified atmosphere at 5% CO, in
air), adhered cells were quantified using the
CyQuant kit. Fluorescence was measured
directly in a fluorimeter with filters of
485nm excitation and 535nm emission
wavelengths. Measurements were taken
after 16 h of incubation time.

Results and Discussion

Synthesis and Characterization of
Hydroxyapatite
The synthesis of Hydroxyapatite was car-
ried out in the different solvents used for
each polymer (decaline and 2-butanone)
under ultrasonic radiation for different
periods. The results were very similar for
all periods. Figure 2 shows typical FTIR
spectra of these syntheses performed in each
of the solvents used. The spectra correspond
to hydroxyapatite structure,’* showing all
the characteristic absorption bands, inde-
pendently of the synthesis conditions. The
OH stretching in the range 3400-3500 cm ™!
and the phosphate vibrations at 1100
1030cm ™', 960cm™" and 570-600cm ™.
Figures 3 and 4 show the XRD patterns
of HA synthesized in 2-butanone and
decaline respectively, at different periods

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2.
FTIR spectra of HA synthesized in a) 2-butanone, b)
decaline.

of reaction under ultrasonic radiation. The
similarity of the diffractograms can be
observed clearly for both conditions, indi-
cating that the material obtained is not
affected by solvent or reaction time under
ultrasonic radiation, consistent with the
FTIR results. The nanometric grain size,
evidenced from the peak width of the
diffractograms and also corroborated by
TEM analysis (Figure 5), is maintained for
the different synthesis conditions.

The conversion results are shown in
Table 1, indicating that HA synthesis in
2-butanone yields the maximum conversion
(98%) compared to decaline (40-70%).
This can be due to easiness of the reactants
for dissociation in ionic species in
2-butanone solvent.

The general equation for HA formation is:

10Ca(OH), + 6(NH,4),HPO,
— Cay(POy),(OH), + 12NH,OH
+ 6H,0 1)

and the initial reactant dissociate in ionic
species:

(NH,4),HPO4 — 2NH; + HPO;~ )

Ca(OH), — Ca®" +20H" 3)

This process has a higher velocity in
2-butanone due to solvatation of the ions

www.ms-journal.de
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Figure 3.
XRD pattern of HA synthesized in 2-butanone.

J\_JJW 35 min

Figure 4.
XRD pattern of HA synthesized in decaline.

Figure 5.
TEM bright field image of HA synthesized in 2-buta-
none, inset electron diffraction pattern.

Table 1.
Conversion values of HA synthesized in different
solvents for different ultrasonic radiation periods.

Irradiation Conversion (%) Conversion (%)
time (min) in 2-butanone in decaline
15 93.78 40.70

30 97.07 69.15

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2-Theta

in this solvent. Additionally, cavitation
favors the reactivity of the species
formed.[" On the other hand, decaline is
a non polar solvent and the reactions occur
due to formation of the ionic species by the
ultrasonic waves. Therefore, this process is
slower, the solvent has higher viscosity and
cavitations are confined to a closer region
near the wave probe.

Synthesis and Characterization of
Composites Polymer/Hydroxyapatite

Figures 6 and 7 show some of the FTIR
spectra obtained for the different compo-
sites as-synthesized and after calcination.
Figure 6 shows the spectrum of the
synthesis obtained after ultrasonic irradia-
tion for 25min, of PMMA and HA pre-
cursors to give a theoretical percentage of
20 wt.%. The spectrum shows overlapping
vibration bands of PMMA and HA. The
PMMA bands are in the region 3000-
2852cm ™!, 1737 cm ', 1440-1157 cm ™' and
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Figure 6.

FTIR of composite PMMA/HA, comparison with spectra
of calcined material and pure HA and PMMA spectra.

1000-800cm™'. HA bands are in the
regions: 1100-1030 cm™!, 960cm™' and
570-600 cm ™. The spectrum of the sample
after calcination shows all the bands
corresponding to HA. A slight shifting of
4cm ! is observed in the phosphate bands
at 1087-1040cm ™' with respect to pure
synthesized HA, and also a shifting of
8cm~! in the carbonyl groups of the
composite PMMA/HA with respect to pure
PMMA. This suggests an interaction
between the polymer matrix and HA.
Figure 7 shows the FTIR spectrum of the
material synthesized with HDPE and HA
precursors under ultrasonic irradiation for
35 min, to give a theoretical HA percentage
of 20wt.%. The composite shows the
characteristic HDPE bands observed at

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7.

FTIR spectra of composite HDPE/filler, comparison
with spectra of calcined material and pure calcite
and HDPE spectra.

2932 and 2862 cm ™! corresponding to C—H
bonding of the CH, groups. Also, vibration
bands in 3350 and 1450 cm ™' are observed
that can be assigned to N—H bond of an
ammonium compound’® and vibration
bands in the region 1162 and 1043 cm ™!
associated to phosphate groups. The FTIR
spectrum of the calcined sample shows the
vibration bands associated to phosphate
groups in 1162 and 1043cm™!, and the
vibration band around 1490cm™' asso-
ciated to carbonate groups. Also, vibration
bands in 799 and 874 cm ™' corresponding to
calcite [CaCOj3] that was formed during the
synthesis process.

This implies that HA was not formed in
this synthesis, probable due to high viscos-
ity of the media (HDPE chains swollen in
decaline) restricting diffusion and transport
of ionic species, therefore impeding HA
formation. On the other hand, shifting of
vibration bands was not clearly observed,
implying that there is no interaction
between the polymer and the filler.

Figures 8 and 9 show the XRD patterns
of the synthesized composites. The evolu-
tion of phase formation with ultrasonic

www.ms-journal.de
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XRD patterns of HDPE/filler composite: ® polyethylene, [] calcite.

radiation time is shown for the composite
HDPE/filler. The formation of calcite is
progressively observed for radiation time
(15 and 25 min). After 35 min of ultrasonic
radiation crystalline HDPE is clearly
observed together with calcite. The crystal-
lization of HDPE for long radiation periods
could be explained based in observations of
other experiments!'”! of composites HDPE/
HA, prepared in solution of decaline and
further irradiated in solid state with y-rays,
that resulted in a decrease in viscosity
implying a decrease in molecular weight. In
the present work, ultrasonic radiation for
long periods induces some HDPE chains
incision reactions that during cooling reor-
ganize and crystallize, however, this does
not have a marked effect on the average
viscosity of the media. On the other hand,
the FTIR of the composite material

Intensity

T T T
10 20 30
2 Theta

Mo

Figure 9.
XRD pattern PMMA /HA composite.
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(Figure 7) showed formation of ammonium
and phosphate groups that are not seen in
the XRD pattern; therefore, probably an
amorphous ammonium phosphate com-
pound could also be present in this material.

Figure 9 shows the formation of HA in
the amorphous PMMA matrix, all the
reflections correspond to HA structure.
The peak broadening implies nanometric
crystal size.

Figures 10 and 11 show typical thermo-
grams of the composites. The TGA analysis
was used to determine the percentage of the
inorganic phase formed in the PMMA or
HDPE matrix, respectively, and also to
confirm the conversion values obtained by
calcination (Tables 2 and 3). In general a
good correspondence exists between both
techniques (TGA and calcination). DSC
analysis showed that the melting point for
HDPE, in the composite, was 137 °C, and
the glass transition temperature of PMMA,
in the composite, was 128 °C. These results
are in good agreement with those reported
in the literature,'®! implying that the filler
does not strongly affect the thermal proper-
ties of both polymers.

Table 2 shows the conversion percentage
of the in situ synthesis of the composites
PMMA and HDPE. The values presented
for HDPE are lower than the theoretical
conversion (40-50%) calculated based on
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Figure 10.

TGA and DSC of PMMA/HA (30%) 25 min of ultrasonic irradiation.

the precursors addition to obtain HA. The
composites PMMA/HA show a good
approximation to the theoretical values.
This behaviour is attributed to the polarity
characteristics of this polymer and the

degree of miscibility of HA in the dissolved
PMMA in 2-butane. From the FTIR
spectra interactions between the ester
group of PMMA and the phosphates groups
of HA were evident.
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TGA and DSC of HDPE/filler composite 25 min of ultrasonic irradiation.
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Table 2.

Conversion of HA obtained by “in situ” synthesis in PMMA and HDPE.

Reaction Theoretical Experimental Experimental
time (min) conversion (%) Conversion in PMMA (%) Conversion in HDPE (%)
15 10 718 4.08

25 6.39 4.87

35 6.50 3.67

15 20 5.67 6.43

25 619 7.74

35 6.75 7-56

15 30 29.90 15.51

25 25.50 16.14

35 28.41 15.95

15 40 39.07 20.99

25 36.08 19.87

35 39.14 18.60

Three possible mechanisms of these
interactions are proposed in Figure 12: a)
the Ca*? ions of HA form a bond with the
COOCH; groups of PMMA, b) the nega-
tive ions of HA (PO;?) are susceptible of
reacting with the carbonyl group by a
nucleophilic attack!"®! and c) the substitu-
tion of the methoxy group of the ester of
PMMA by the Ca™ ion is responsible of the
shifting observed in the carbonyl group.
This can be a consequence of the basic
media generated by the ammonium hydro-

xide (Eq. 1).
|

h

Figure 13 shows the morphology of the
composite HDPE/filler by TEM, electron
dense zones associated to agglomerates of
the inorganic compound disperse in the
polymer matrix can be observed. In
Figure 13b a magnified region showing
crystals with hexagonal morphology, iden-
tified as calcite from the electron diffraction
pattern (inset).

Figure 14 shows a TEM image
of PMMA/HA composite, hydroxyapatite
particles encapsulated in a thin film
of PMMA, forming ‘‘pockets” of the

CH;0H

[CH,-CH-C-OCH;], — . [CH,-CH-C- OCH,],
5+

OH_Ca,,(PO,);OH

|
0 Ca,,(PO,);OH

b)
iy g
CH,-CH-£-OCH,], ——— [CHZ-CH-(‘:- OCH;,],
OPO,—Cayy(PO,)5(OH), OPO,Cao(PO,)5(OH),
c)
CH305- (TH:, 0
[CHZ- CH- Cs-+OCH3]n W’ [cHz' CH-C- O'Ca“],,

Figure 12.
Proposed mechanism of PMMA/HA interactions.
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Figure 13.

TEM bright field images of HDPE/filler composite a. general view, b. magnified image.

100 nm

Figure 14.

TEM bright field image of PMMA/ HA composites.
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Figure 15.

Control

PMMA

composite material, can be observed. As
mentioned above (FTIR analysis) polymer/
HA tinteractions were formed during the
synthesis process. Also a good dispersion of
HA due to the ultrasonic process is
obtained.

Biological Tests

Figure 15 shows the cellular adhesion
results after 16 h of culture with and without
SBF (bovine fetal solution) as culture
media for the polymers and the composite
materials.

It can be observed that the cellular
adhesion of the composites is higher than
for the pure polymers or the control sample.
The composites PMMA/HA show the
highest cellular adhesion results even with-
out the presence of SBF, suggesting that the
interactions formed between the functional
polar groups of the polymer and HA are

| without SFB

@ with SFB

HDPE PMMA/HA  HDPEfiller

Cell adhesion test of PMMA and HDPE and their composites.
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Figure 16.
SEM Image of an osteoblast on PMMA/HA composite.

responsible of the cellular adhesion and
proliferation on the composite. Figure 16 is
an image of an osteoblast on PMMA/HA
composite, showing the cell attachment to
the material through extending filopodia,
indicating the biocompatibility of this sur-
face.

For the composite HDPE/filler the
cellular adhesion is slightly lower than for
PMMA/HA, but much higher than for the
HDPE alone, indicating that the inorganic
phases formed are also biocompatible.
These results suggest that this composite
could also be a potential candidate for
applications as biomaterial.

Conclusion

The synthesis of HA is obtained in both
solvents 2-butanone and decaline. How-
ever, the conversion percentage is higher in
2-butanone.

The formation of HA in the composite
material was obtained when PMMA was
used, with interaction at the interface
Polymer/HA. When HDPE was used a
mixture of phases was obtained due to the
high viscosity of the reaction media and not
interaction at the interface was observed.

TEM showed HA particles encapsulated
in pockets of PMMA film.

Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A good dispersion of the filler was
observed for both polymers.

From the biological studies it can be
concluded that both composites showed
good cellular adhesion, although slightly
better for PMMA/HA.
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