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RESUMEN. Se reporta la sintesis y caracterizacién de cementos basados
en hidroxiapatita. Los cementos fueron preparados mezclando una fase
sélida formada por hidroxiapatita, yeso, alginato de sodio y N-polivinil-2-
pirrolidona con una fase liquida que contenia sulfato y fosfato de potasio.
Los cementos y sus componentes mayoritarios fueron caracterizados por
diferentes técnicas. Las intensidades relativas en los espectros FTIR de
las bandas asignadas a los grupos PO,*" y al agua, cambian con la composi-
cién del cemento. Los espectros infrarrojos de los cementos también indi-
can una reduccién del grado de cristalinidad de la hidroxiapatita durante
la formacién del cemento, confirmada por los resultados de RX y la apari-
cién de nuevas bandas asignadas al modo de vibracién de grupos
carboxilatos como resultado de los polimeros empleados. El comportamien-
to térmico de los cementos se ve también alterado por la composiciéon de
los cementos.

ABSTRACT. The synthesis and characterization of cements based on hy-
droxyapatite are reported. The cements were prepared by mixing a solid
phase formed by hydroxyapatite (HAP), gypsum, sodium alginate (NaAlg)
and N,N-poly-vinil-pirrolidone with a liquid phase containing potassium
sulfate and potassium phosphate. The samples so prepared as well as the
major components (hydroxyapatite and gypsum) were characterized by x-
ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
thermogravimetric and differential thermal analysis. The cements so pre-
pared, as well as the major components (hydroxyapatite and gypsum) were
characterized by different techniques. The results of FTIR and XRD con-
firm the high purity and cristallinity of the HAP synthesized and used as
raw material for the synthesis of the cements. The relative intensities in
the FTIR spectra of the bands assigned to PO,* groups and water change
with the composition of the cement. FTIR of cements also indicate a re-
duction in the cristallinity degree of the HAP during the cement forma-
tion, confirmed by XRD results, and the appear of new bands assigned to
the vibration mode of carboxylate groups from the polymers used. The ther-
mal behaviour of the cements is also affected by the composition of the
cements.

INTRODUCTION

Calcium hydroxyapatite is well
known [Ca,(PO,),(OH),] as the pri-
mary constituent of bone and teeth
of animal organisms.!? Over the last
few years much effort has been
made to develop some synthetic and
novel materials derived from bone
to be used in clinic applications in-
volving bone repair and replace-
ment.? The most promising and best
tolerated of these materials are the
cements of calcium phosphate,
which can be applied in situ in the
form of pastes,* due to their great
moulding and their adaptability to
the shape of the defect. These mate-
rials have been extensively used due
to their excellent biocompatibility
for healthy and rapid tissue growth,’
because they are chemically similar
to the mineral component of bone
tissue and the teeth of animal organ-
isms. Apatite implants are slowly
dissolved in the body releasing cal-
cium ions and phosphates that are
used by the organism for the grow-
ing bone. As the implant is porous,
it is gradually filled with bone tissue
and is not rejected. Although they
show some disadvantages related to
the manipulation and their mechani-
cal properties, which have restricted
their use as load-bearing implants,5’
they offer a perfect integrity of the
bone into the organism. Addition-
ally, they can be applied as a matrix
with different incorporated drugs,
specially antibiotics, in order to
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achieve a controlled liberation of
these after the implant has been car-
ried out.?

The reasons above mentioned led
us to study the preparation of new
materials of cements based on hy-
droxyapatite, capable of removing
some undesirable properties of these
materials used actually as implants,
as the toxicity by monomeric re-
mains and the generation of heat
during the setting process, which
causes the necrosis of the adjacent
tissue.®!? Other desirable properties
of these materials are good mould-
ing, easy manipulation and ability to
liberate antibiotic in a dosage way at
the implant site.*!? As the composi-
tion can influence over delivery
ability of the material, a good char-
acterization of the cements synthe-
sized is necessary. Therefore, in this
paper it is reported the synthesis and
characterization of nine cements
with different compositions, the ef-
fect of the controlled liberation of the
antibiotic in the organism being
studied in other one.*

MATERIALS AND METHODS
Synthesis of the cements

Hydroxyapatite [Ca, (PO, (OH),]
(HAP) and sodium alginate (NaAlg)
used for the synthesis of the cements
were obtained according to own pro-
cedures. In the first case, a solution
of phosphoric acid was slowly added
under stirring to a suspension con-
taining calcium hydroxide until neu-
tralization, resulting a composition
with a Ca/P molar ratio of 1.66. NaAlg
is a natural polymer obtained from
algae arrivals to the Cuban coasts.
Reactants used were: gypsum
(CaSO, - 2H,0) (Riedel de Haen) and
the N-poly-vinyl-pirrolydone (PVP)
(synthetic polymer of lineal type K90
with an average molecular weight of
360 000) (Merck); potassium sulphate
and potassium phosphate (Reachim).
All reactants were used as provided.

The cements were synthesized by
mixing some components of a solid
phase with others in a liquid state.
The solid phase is formed by HAP
(not sintered and with a size of par-
ticle aggregates below the 160 pm),
gypsum, NaAlg and PVP. The liquid
phase is composed by a solution of
K,SO, and K,PO,, which act in the
polymerization process as catalyst
and delaying agent respectively, in
the polymerization process. Differ-
ent cements were obtained by chang-
ing the amounts of the components.

The synthesis scheme of the ce-
ments is quite simple. The solid and
liquid part were mixed in a plate for

Table 1. Cement compositions.

Cement Compositions obtained
C1 C2 C3 C4 C5 C6 C7 C8 C9
wt %)
HAP 70 70 70 75 75 75 65 65 65
Gypsum 10 15 20 10 15 20 15 20 25
NaAlg 10 7.5 5 7.5 5 25 10 7.5 5
PVP 10 7.5 5 75 5 25 10 7.5 5

one minute approximately. Nine
compositions were obtained (Table 1).
Although most of the references re-
ported in the literature about ce-
ments of hydroxyapatite!*! are
based on HAP contents higher than
90 wt%, in our study we have pre-
pared cements with HAP contents
between 65 and 75 wt%, because
they are values close to that present
in human bone (67 wt%).

Characterization techniques

Infrared spectra of raw materials
and cements were recorded in a
BOMEN DA3 spectrometer in the
4 000-400 cm™ range using the KBr
pellet technique. The X-ray powder
diffraction patterns were measured
and evaluated in the 8-80 20 range
with a Seifert C-3000 diffractometer,
using Cu-K radiation with a second-
ary monochromator. Thermogra-
vimetric and differential thermal
analyses (TG-DTA) were carried out
in a Seiko 55C 5200 TG-DTA 320 sys-
tem under nitrogen flow of 50 mL
/min with a heating rate of 5 °C/min .

RESULTS AND DISCUSSION
Characterization of hydroxyapatite

The FTIR spectrum and the X-
ray diffractogram were obtained for
the HAP (Fig. 1). The band centred at
3574 and the broad band at 3461 cm™
are assigned to the vibration mode
v(OH) of adsorbed water or struc-
tural hydroxyls. There is another
band at 1 629 cm™, due to the defor-
mation mode H-O-H of water and a
double band at 1449 and 1418 cm™,
assigned to the carbonate group,
which is a possible impurity of the
sample caused by the synthesis
method. The bands assigned to PO *
groups are also observed at 1 093 and
1041 cm™ (v,) and 957 cm™ (v,). Addi-
tionally, there is a band centred at
871 em™, that can be assigned either
to the P-OH vibration of the HPO,*
group or to the carbonate group.
These IR results confirm the struc-
ture of hydroxyapatite used as raw
material in the synthesis of ce-
ments.16-18

The diffraction peaks of the HAP
synthesized agree well in d-spacing
and relative intensity with those re-
ported in ASTM # 9-432 card (Table 2)
and with the obtained by other au-
thors.»? These data indicate the
high purity degree of the HAP used
in the synthesis of cements, the im-
purities detected by IR (water and
carbonate) not having an effect on
the crystalline structure of the raw
material prepared.

Thermoanalysis of the two major-
ity components of the cements (hy-
droxyapatite and gypsum) were car-
ried out (Fig. 2). In the TG curve of
HAP significant weight losses are not
observed, but a low and continuous
mass loss (ca. 4 wt%) in the complete
range of temperature studied.?"?? This
small loss corresponds to the desorp-
tion of adsorbed water (up to 100 °C)
and to the removal of part of struc-
tural water and hydroxyl ions. On the
other hand, the absence of peaks in
the DTA curves indicates that the
processes implied do not evolve heat
change of magnitude enough to be
detected by this technique.

These data confirm the fact that
the hydroxyapatite is a bioinert ma-
terial with low thermal degrada-
tion.2 Inversely, in the TG curve of
the gypsum a weight loss of around
20 wt% in the 125-150 °C range is
observed, which corresponds al-
most quantitatively with the loss of
two water molecules, as noticed be-
sides in the two well-defined endot-
hermic processes detected in the
corresponding DTA curve.

FTIR results

The FTIR spectra of three cements
with a constant amount of HAP and
variable content of gypsum were ob-
tained (Fig. 3). Some changes are ob-
served in the intensities of the bands
with respect to those of pure HAP.
First of all, a decreasing of the inten-
sity of the principal bands of PO 2"
groups sited at 1 100 and 1 039 cm™ is
observed in the cements spectra.

Additionally, in the cements spec-
tra, aband at 1660 cn! appears, which
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Fig. 1. IR of HAP used as raw material.

Table 2. XRD signals for HAP synthesized and the reported in 9-432 card.

dA) HAP Ir/% HAP d(A) 9-432 Ir/% 9-432
3.446 47 3.440 40
2.812 100 2.814 100
2.778 56 2.778 60
2.712 64 2.720 60
2.627 32 2.631 25
2.257 22 2.262 20
1.941 29 1.943 30
1.841 31 1.841 40
1.802 21 1.806 20
1.723 19 1.722 20
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Fig. 2. TG and DTA of the HAP

is assigned to the vibration mode of
carboxylate group from polymers
(NaAlg and PVP). The intensity of the
band at 871 em™ increases signifi-
cantly in the cements; this band can
be assigned to the P-OH vibration of
the HPO* groups and also to the vi-
bration of carbonate group, must be-
ing the amount of this impurity
higher in cements, as corroborated
also by the increment of the intensity
of the band sited at 1 640 cm™.

T T
500 600 700 800
(°c)

It can be also noticed that the in-
tensity of the bands of PO cen-
tered at 1 100 and 1 039 cm™ is very
similar in the three cements spectra,
because the amount of HAP is con-
stant. Inversely, the band placed at
3 400 cm™ assigned to water grows
with the gypsum content (C4 < Cb
< C6) (Fig. 3). In the same order the
intensity of the band at 1 660 cm™
decreases, because the polymer con-
tent also does it when the gypsum

amount increases (Table 1). Notice
also the growing of the intensity of
the band at 1 200 ecm™ (assigned to
SO,* groups) with the content of
gypsum (this band was absent in the
HAP spectrum and (this band was
absent in the HAP spectrum and it
is almost unappreciable in the spec-
trum of the sample with less content
of gypsum).

It can be noticed the growing in
the intensity of bands assigned to
PO, groups, and the constancy in
the intensity of the bands assigned
to water vibrations when increasing
the HAP amount (C7 < C2 < C5) (Fig. 4).
Inversely, the intensity of the band
at 1 660 cm™ decreases in the order
C7 > C2 > C5, because the polymer
content does it in this way.

In order to understand some
changes produced in the position
and intensity of the infrared bands,
it is necessary to know the reactions
occurring between gypsum and
other components, as K,PO, or so-
dium alginate, defined by the equa-
tions 1 and 2:%

2K,PO, + 3CaSO, (excess) 2
3K,SO, + Ca,PO,(1)

2NaAlg + CaSO, (excess) 2>
Ca(Alg), + Na,SO,(2)

The gypsum can react with the
K,PO, (which acts as a delaying
agent in the setting process), until a
complete consumption, as well as
with the sodium alginate, a substi-
tution reaction of sodium ions by
calcium ions taking over. This last
reaction causes the transformation
of the alginate from monovalent into
divalent salt, occurring a higher
crosslinking of the matrix and pro-
voking the setting of the material.
The lower covalent character of the
Ca-O compared with the Na-O bond
causes a shift to a lower wave-
number of the carboxylate vibration
if compared with the salts or organic
acids (around 1 680 cm™).%

X-ray diffraction results

Two crystalline phases, HAP and
potassium sulfate, were detected in
the diffractograms of three selected
cements (Fig. 5). This last compound
is a product resulting from the set-
ting reaction (Equation 1).

Likewise there is a good agree-
ment (Table 3) between the calcu-
lated unit cell parameters and the
volumes for both samples (synthe-
sized by us and reported in ASTM).

The values of d-spacing and in-
tensities of X-ray diffraction peaks
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Fig. 5. X-ray diffraction patterns of some selected cements. S: K,SO, (5-613 ASTM
card). The rest of peaks are assigned to hydroxyapatite. The planes corresponding to
the different diffractions are indicated between brackets in the figure.

agree well with those of 9-432
(HAP) and 5-613 (K,SO,) cards. In
the diffractograms of other ce-
ments (C3, C6 and C9, not shown
in the figure) containing a higher
amount of gypsum, the peaks de-
tected of the sulfate phase are bet-

ter adjusted to the card 15-236
(K,S,0,).

It can be noticed a decrease in
values of cell-parameters and vol-
ume for the HAP when the cements
are formed (Table 3). This fact can be
due to alight dissolution of the HAP,

produced by the presence of carbon-
ate anions occupying phosphate po-
sitions in the network.

The line broadening of the (002)
and (202) reflections was used to
evaluate the coherence length of the
perfect crystalline domains inside
the crystals. The d,,, values were cal-
culated from the width at half maxi-
mum intensity (B,,) using the
Scherrer equation (3).26

K A
dpy =—— 3
it B,cos®B
where:
A the X-ray wavelength.

0 diffraction angle.
k a constant varying with crystal

habit and chosen as 0.9.

The results (Table 4) indicate that
the d,,, values of crystallite size of
the HAP phase in cements are sig-
nificantly reduced with respect to
those of pure HAP. This loss of
cristallinity during the formation of
the cements agrees with the results
observed by FTIR. Although there
is no a clear relation between the
HAP content of the cement and the
reduction degree of the crystal size,
in some cases reduction values of up
to 45 % are observed, being greater
the reduction in the direction paral-
lel to the b-axis. These results confirm
the reduction observed in the cell pa-
rameters and volume values.

Results of thermal analysis

The residue values of samples
after TG analysis are listed in Table 5.

All cements undergo to weight
losses varying from 15 to 30 wt%, with
the exception of C3 sample, which
experiments a weight loss of around
45wt%. This fact can be due probably
to an error in the preparation of this
sample, because this cement resulted
to contain a water amount much
higher than the rest of samples.

All the cements showing a very
similar thermal behaviour in TG and
DTA curves (Fig. 6). Four well-de-
fined weight losses are differenti-
ated in the TG curve. The first zone
up to around 150-170°C can be as-
signed to the loss of adsorbed water
and the hydration water.

There are other three weight
losses in the 200-350, 350-600 and
600-750 °C temperature ranges,
which can be associated with the
pyrolysis of the organic groups of the
polymeric additives. The four weight
losses observed are associated with
four endothermic processes de-
tected in the respective DTA curve
(Table 5).
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Table 3. Cell parameters of cements and HAP. very low weight loss in the studied
temperature range (Fig. 3), the dif-
Cement a =b/A c/A V/A*  Cement a=b/A c/A V/A3 ferences observed in the values of
c1 956 6874 5218  C7 9357 6856 5198 theremainsofthesesamplescanbe
- 7 A 991 c 5 5 931 attributed to the different amounts
9.3 6.86 522. 8 9.38 6.86 523. of NaAlg and PVP used for the syn-
C3 9.377 6.877 523.7 c9 9.361 6.852 520.0 thesis. Thus, the C7 sample is the one
C4 9379  6.871 5234  HAP 9.397 6.892  527.0 of the three cements shown that con-
C5 9385  6.864 5236 9432 9418 6884 5288  cains ahigher amount of these two
components, therefore showing the
C6 9.377 6.874 523.4 highest weight loss.
The contribution to the total
weight loss is the addition of the
Table 4. Crystal size of the HAP phase mass loss due to the pptassmm sul-
evaluated by Scherrer equation for the (002) fate and th'a?; one associated Wlth the
and (202) reflections. decomposition polymers (Fig. 8). It
can be observed that when the gyp-
Sample A(002)/A d(202)/A sum amount inprease;, the residue
value also does it, that is, the weight
HAP 338.6 335.6 loss decreases. This can be explained
C1 3102 236.1 by attributing the different losses to
9 319.1 298.8 the polymerizing agents (NaAlg and
PVP) whose molecular weights are
3 2023 2423 much higher than that of potassium
C4 307.5 216.5 sulfate. Thus, when the amount of
C5 281.8 291.1 gypsum in the cement composition
increases, the amount of the organic
C6 282.8 284.5 .- ’ .
additives decreases, therefore di-
C17 273.2 214.7 minishing the weight loss. The same
C8 281.6 210.0 trend is observed by comparison of
9 313.2 179.1 the results of thermogravimetric
analyses of samples C7, C8 and C9.
CONCLUSIONS
Table 5. Residue values (wt%) of cements after thermogravimetric analysis and Nine cements with different
temperature of the minima of the DTA peaks. compositions of HAP, gypsum,
NaAlg and PVP have been prepared.
Cement C1 C2 C3 C4 C5 Cé C7 C8 C9 The results of FTIR indicate a reduc-

Residue (Wt%) 695 1778 553 788 836 851 747 765 79.8 tionilcllth?Criiiallinitydefgreeof_’the
651 634 897 627 589 624 602 652 64z TiAL duringthe cement formation.

The intensity of the bands asso-
Temperature 2454 2764 256.9 2447 2733 2755 2721 274.0 2750 ciated with PO43‘ groups increases
C) 4109 402.6 412.8 407.1 406.4 391.9 4147 4155 403.0 withthe HAP content of the cement

7173 7265 7084 7126 6940 7268 7002 7108 7404  and that of the bands assigned to
water does with the gypsum content.

New bands assigned to sulphate and
carboxylate groups appear in the
cements spectra, their intensities
increasing with the amount of gyp-
sum and polymer, respectively.
Theloss of cristallinity of the HAP
in the cements is also confirmed by
XRD, being greater in the direction
parallel to the baxis. By thermal analy-
sis it is observed that the higher the
content of HAP, the lower is the weight
loss, being attributable this weight
6 loss principally to the decomposition
of the polymers, PVP and NaAlg used
75 . . . . 20 in the synthesis of the cements.
200 400 600 8oo These cements can be applied as
Tem perature (°C) a matrix with different incorporated
drugs, to be liberated in a controlled
way at the implant site.

It can be observed that the higher ~ weight loss (Fig. 7). Considering that ACKNOWLEDGMENTS
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