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Acrylic bone cement reinforced with bioceramic was synthesized by mixing beads of
PMMA (produced by suspension polymerization), methylmethacrylate (MMA) as
monomer, benzoyl peroxide (BPO) as free radical initiator and tetragonal stabilized ZrO2
powder as bioceramic. The latter was produced by the sol-gel method starting from a
proper solution and stabilized in tetragonal phase by digestion treatment with 5M NaOH
following heat treatment at 700 0C (tetragonal stabilized zirconia). The structure of
PMMA, the structure of tetragonal stabilized zirconia and that of the acrylic bone cement
reinforced or not with bioceramic was characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD) and scanning electron microscopy (SEM).
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1. Introduction
Acrylic bone-cements of poly(methylmethacrylate) (PMMA) have been used for more
than 40 years in dental implantology for expansion of dental implants, at maxillofacial prosthesis
as gentamicin loaded beads, at prosthetics for fixing partial dentures and in orthopaedic surgery for
the fixation of artificial joints with encouraging results [1, 2]. In orthopaedic surgery, bone
cements serve as a mechanical interlock between the metallic prosthesis and the bone, acting as a
load distributor between the artificial implant and the bone [3, 4]. However, local tissue damage
due to chemical reactions during polymerization, the high shrinkage of the cement after
polymerization, the stiffness mismatch between the bone and the cement, limited mechanical
properties and poor compatibility with bone are some drawbacks associated with PMMA-based
bone cements [5, 6]. Therefore, improvements in the cement properties are necessary to increase
the longevity (performance) of a cemented prosthesis [2]. In this sense, a wide variety of
approaches have been used to improve the properties of PMMA bone cements, including the
addition of a reinforcing particle or fiber such as carbon fibers, hydroxyapatite particles or fibers,
PMMA fibers, stainless steel fibers and titanium fibers, among others [7]. Furthermore, bioactive
bone cements including calcium phosphate cements and polymeric cements with bioactive fillers
have been reported as alternatives to the common acrylic bone cements. The choice to include a
bioactive additive in combination with the acrylic polymer is attractive due to its bone bonding
ability and its contribution to more appropriate properties of the composite [8].
Bioceramics such as zirconia, alumina, porcelains, glass–ceramics have been widely used
in medical applications due to their superior biocompatibility, aesthetics, mechanical resistance,
corrosive resistance and their ease fabrication of complex shapes [9].
Zirconia is considered an excellent ceramic for biomedical application due to its
biocompatibility, bioactivity, chemical and dimensional stability, high flexural strength and
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fracture toughness. Zirconia exists in three crystalline phases: monoclinic, tetragonal and cubic.
Regarding the bioactivity of zirconia-based material, it was reported that zirconia gel with
tetragonal or monoclinic structure exhibited higher apatite-forming ability in SBF fluids than
amorphous gel [10, 11].
In this work, an acrylic bone cement reinforced with bioceramic was prepared by mixing
beads of PMMA (produced by suspension polymerization), methylmethacrylate (MMA) monomer,
benzoyl peroxide (BPO) as free radical initiator and stabilized ZrO2 powder acting as bioceramic.
The latter was produced by the sol-gel method and stabilized in tetragonal phase.
2. Experimental
2.1. Preparation of the tetragonal stabilized zirconia
The stabilized ZrO2 powder as bioceramic was produced by the sol-gel method starting
from a proper solution and stabilized in tetragonal phase by digestion treatment with 5M NaOH
(Sigma Aldrich) following heat treatment at 700 0C (tetragonal stabilized zirconia). The procedure
was similar to that of Aguila et al. [12]. Briefly, 50 ml of a 70% propanol solution of zirconium
isopropoxide (Sigma-Aldrich) were added slowly drop wise to a mixture of 135 ml of n-propanol
(Fluka) and 8 ml of distilled H2O in a 500 ml round-bottom flask and the suspension was refluxed
at 70 0C for 12h. The solid formed was dried in an electrical air oven at 105 0C overnight. The
hydrous zirconia obtained was ground, sieved and used for the next procedure concerning the
digestion treatment in basic medium.
For the digestion treatment in basic medium, 6 g samples of the hydrous zirconia were
placed in round-bottom flasks and refluxed at 100 0C for 9 h in the presence of a 60 ml of a 5 M
solution of NaOH. The solids obtained were filtered, washed and dried in an oven at 105 0C.
After drying, part of the samples treated with NaOH were heat treated at 150 0C for 2h and
then at 700 0C for 3 h in an electric furnace under air atmosphere in order to obtain stabilized
tetragonal stabilized zirconia.
The structure of the tetragonal stabilized zirconia was investigated by FTIR, XRD and
SEM.
2.2. Preparation of PMMA beads
PMMA beads were prepared by free radical suspension polymerization [13, 14]. The raw
materials: water, suspending agent (CMC) (Fluka), monomer (MMA)(Fluka) and initiator
(BPO)(Merck) were added in a 1L three-necked reactor equipped with a reflux condenser, a
mechanical stirrer and a temperature control system. The polymer was received as beads and after
sieving its portion less than 16 μm was used.
The produced PMMA was characterized by FTIR, XRD and scanning electron microscopy
(SEM).
2.3. Preparation of the acrylic bone cement reinforced or not with bioceramic (ZrO2
powder).
The acrylic bone cement reinforced with bioceramic was prepared by mixing beads of
PMMA (produced by suspension polymerization), methylmethacrylate (MMA) as monomer,
benzoyl peroxide as free radical initiator and stabilized ZrO2 powder as bioceramic. Bioceramic
powder (ZrO2 powder in 22.5 % w/w) was added to a solution of PMMA beads (2 g) in MMA (4
ml) with benzoyl peroxide as free radical initiator (0.5 % w/v of MMA). The components of the
acrylic bone cement reinforced or not with bioceramic were hand-mixed for ca. 5 min until the
mixture became a paste with high viscosity. Then, the paste was placed into small parallelepiped
moulds and polymerized at 60 0C for 24 hours to give acrylic bone cement or acrylic bone cement
reinforced with bioceramic.
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The structure of the acrylic bone cement reinforced or not with bioceramic (ZrO2 powder)
was investigated by FTIR, XRD and SEM.
Characterization of the materials by FTIR, XRD, SEM/EDS.
FTIR spectra were recorded using a Perkin Elmer Spectrum 2000, on discs prepared by
mixing of the sample powder and KBr.
XRD measurements were performed with a Siemens D5000 X-Ray Diffractometer by
using sample of the material as powder.
The SEM studies were carried out in a FEI Quanta 200 Scanning Electron Microscope
(SEM). The material was examined as specimen with dimensions of 10x8x4mm.
3. Results and discussion
3.1. Tetragonal stabilized zirconia- results
FTIR
Fig. 1 shows the FTIR spectrum of the tetragonal stabilized zirconia (treated with 5M
NaOH) after heat treatment at 700 0C.
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Fig. 1. FTIR spectrum of the tetragonal stabilized zirconia (treated with 5M NaOH)
after heat treatment at 700 0C.

According to Fig. 1, the peak at 501 cm-1 is assigned to Zr-O stretching modes [15, 16,
17]. The peak at 994-931 cm-1 is attributed to the Na-O stretching band [18]. The peaks at 1452
cm-1 and 2846-2944 cm-1 are attributed to the stretching bands of the hydrocarbon chain [19]. The
peaks at 1633 -1555 cm-1 and 3403 cm-1 are attributed to the bending and stretching vibration of
H2O, respectively [15, 19, 20].
XRD
Fig. 2 shows the XRD results of the tetragonal stabilized zirconia (treated with 5M NaOH)
after heat treatment at 700 0C.
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Fig. 2. XRD diffractogram of the tetragonal stabilized zirconia (treated with 5M NaOH)
after heat treatment at 700 0C.

According to the diffraction peaks shown in Fig. 2, the corresponding d spacings (Ǻ) were
determined: 2.93 (2Θ=30.3 0), 2.57 (2Θ=34.8 0), 2.09 (2Θ=43.1), 1.80 (2Θ=50.4 0), 1.79 (2Θ=50.9
0
), 1.55 (2Θ=59.5 0), 1.47 (2Θ=62.9 0), 1.29 (2Θ=72.9 0) and 1.27 (2Θ=74.4 0). The corresponding
d (lattice spacing) of the 2Θ (0) peaks are similar to those determined in the literature [16, 17, 21,
22] for tetragonal crystal zirconia which is the stable phase of zirconia.
SEM

a

b

Fig. 3. SEM image of the tetragonal stabilized zirconia (treated with 5M NaOH) after heat
treatment at 700 0C: (a) magnification 100x; (b) magnification 6000x.

According to SEM image presented in Fig. 3 (b) after heat treatment at 700 0C, the
tetragonal stabilized zirconia has large grains with smooth surfaces, approximately spherical in
shape.
3.2. PMMA- results
FTIR
Fig. 4 shows the FTIR spectrum of the PMMA.
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Fig. 4. FTIR spectrum of PMMA.
The characteristic vibration bands of PMMA appear at 1756 cm–1 ν(C=O) and 1450 cm–1
ν(C–O). The bands at 3055 and 2959 cm–1 correspond to the C–H stretching of the methyl group
(CH3) and the bands at 1382 and 1450 cm–1 are associated with C–H symmetric and asymmetric
stretching modes, respectively. The 1244 cm–1 band is assigned to torsion of the methylene group
(CH2) and the 1177 cm–1 band corresponds to vibration of the ester group C–O, while C–C
stretching bands are at 997 and 845 cm–1 [23, 24, 25].
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XRD
The XRD diffractogram of PMMA beads is shown in Fig. 5.
PMMA is known to be an amorphous polymer and shows three broad peaks at 2Θ values
of 11.62 0, 30.67 0 and 31.96 0 (d spacing aprox. 7.61, 2.91 and 2.79Ǻ correspondingly) with
decreasing intensity. According to literature, the shape of the first most intense peak reflects the
ordered packing of polymer chains while the second peak denotes the ordering inside the main
chains [23].

Fig. 5. XRD diffractogram of PMMA beads.

SEM
Fig. 6 shows the SEM image of PMMA beads. As clearly seen, the PMMA beads have a
spherical form. The diameter of the most beads is approx. 16 μm.

a

b

Fig. 6. SEM image of PMMA beads: (a) magnification 2400x; (b) magnification 600x.

3.3 Acrylic bone cement reinforced or not with bioceramic (ZrO2 powder).- results
FTIR
Fig. 7 shows the FTIR spectra of both acrylic bone cements reinforced with tetragonal
zirconia powder or not.
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Fig.7. FTIR spectra of (a) acrylic bone cement without bioceramic (tetragonal zirconia
powder in 22.5% w/w) and (b) reinforced with bioceramic (tetragonal zirconia powder in
22.5% w/w).

All the characteristic vibration bands of PMMA. are presented in Fig. 7 (a), and the main
characteristic vibration bands of PMMA appear at 1729 cm-1 (C=O) and in the fingerprint at 1448
cm-1 (C–O) [23, 24, 25].
According to Fig. 7 (b), the presence of tetragonal zirconia powder in the acrylic bone
cements is indicated by the peak at 471 cm-1 assigned to Zr-O stretching modes [15, 16, 17].
XRD
The XRD diffractogram of the acrylic bone cement without bioceramic (tetragonal
zirconia powder in 22.5% w/w) presented in Fig. 8, indicate amorphous structure.

Fig. 8. XRD diffractogram of acrylic bone cement without bioceramic (tetragonal zirconia powder)

Fig. 9 shows the XRD results of the acrylic bone cement reinforced with bioceramic
(tetragonal zirconia powder in 22.5% w/w).

Fig. 9. XRD diffractogram of acrylic bone cement reinforced with bioceramic
(tetragonal zirconia powder in 22.5 % w/w).

According to the diffraction peaks of Fig. 9, the corresponding d spacings (Ǻ) were
determined: 7.1 (2Θ=12.3 0), and 293 (2Θ =30.3 0) correspond to PMMA, while the d spacings
293 (2Θ =30.30) 2.53 (2Θ=30.8 0), 2.57 (2Θ= 34.8 0), 2.09 (2Θ=43.2 0), 1.81 (2Θ= 50.8 0), 1.55
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(2Θ=60.3 0), 1.44 (2Θ= 63.1 0 ) and 1.29 (2Θ=73.3 0) correspond to tetragonal phase of zirconia
powder [16, 17, 21, 22, 23].
SEM

a

b

Fig.10. SEM images of (a) acrylic bone cement without bioceramic (tetragonal zirconia
powder in 22.5 % w/w) and (b) reinforced with bioceramic (tetragonal zirconia powder in
22.5 % w/w).

According to SEM image presented in Fig. 10 (a), the PMMA beads are distinguished in the
acrylic bone cement, with the polymerized MMA connecting the beads.
According to Fig. 10 (b), the acrylic bone cement is a multiphase composite material. The
PMMA beads retain their shape and are surrounded by the polymerized MMA monomer acting as
binding agent. The small white particles are ZrO2 powder used as bioceramic.
4. Conclusions
It can be concluded that a suitable acrylic bone cement reinforced with bioceramic (ZrO2
powder) have been synthesized which can be used as biomaterial candidate. Bioactivation of the
PMMA bone cement by adding ZrO2 powder acting as bioceramic can be an advantageous
solution for problems of bone filling as well as bone regeneration.
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