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Peculiarities of synthesis of Ag-doped hydroxyapatite ceramics
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The study is devoted to the preparation of antimicrobial Ag-containing bioactive calcium phosphate ceramics based on
carbonated hydroxyapatite and to the determination of the dependence of its phase composition and microstructure on the synthesis
temperature. Composite ceramics was obtained by sintering powders of carbonated hydroxyapatite (CHA), synthesized as a result of
a reaction between calcium carbonate and phosphoric acid, with the addition of silver nitrate. Ceramics were sintered at 900 and 1000
°C temperatures, i.e., temperatures below and above the melting point of silver. X-ray analysis, electron microscopy, and infrared
spectroscopy showed that synthesis at a 900 °C temperature (below the melting point of metallic silver) produces a two-phase
composite based on CHA with inclusions of silver nanoparticles smaller than 50 nm in size. From X-ray analysis, with an increase in
silver concentration, the lattice constant a remains practically unchanged, while the constant ¢ — increases. This behavior, due to the
significant difference in the ionic radii of calcium and silver (Ca?* — 0.99 A, Ag* — 1.28 A), usually leads to the preferential
substitution of Ca(1) sites in the CHA and a linear increasing in the lattice parameters of the CHA with the Ag concentration. That is,
even at relatively low temperatures, as a result of the solid-phase reaction in CHA, partial replacement of calcium ions by silver ions
occurs and Ag-substituted ceramics are formed. At temperatures above 1000 °C, a single-phase silver-substituted product is
synthesized where part of the Ca®" ions is replaced by Ag* ions. At the same time, the lattice constant ¢ continues to increase, and in
the electron microscopic images only the apatite grain structure is visible without any inclusions. Sintering of composite ceramics at
a temperature when silver is in the liquid phase and more easily dissociates into ions compared to the solid phase, results in a single-
phase silver-substituted ceramic.
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Ocob6nuBocTi cuHTe3y AQ-MICTKOI TIPOKCHANIATUTHOI KEPAMIKH
M. Tkauenko, 3. 3uman

Xapxiscokutl nayionansHutl yrisepcumem imeni B.H. Kapasina, m. Ceéo600u 4, 61022, Xapxkie, Yrpaina

PoGota mnpucBsiueHa OJEep)KAaHHIO AHTHMIKPOOHOT Ag-MiCTKOI 0i0aKTHBHOI Kanblil-pocdaTHOi KepaMiku Ha OCHOBI
KapOOHI30BaHOTO TiJPOKCHANIATHTY 1 3'ACyBaHHs 3aleKHOCTI 11 (a30BOro CKiIamy i MIKPOCTPYKTYPH Bifl TEMIIEpaTypH CHUHTE3Y.
Kommo3utHa kepamika OTpHMMaHa I[UIIXOM CITIKaHHS MOPOLIKIB KapOoHizoBaHoro rigpokcuanatuty (KI'A), cuHTe30BaHUX Yy
pe3ysbTaTi peakiii MK KapOOHATOM Kajblliio i opTodGocopHOi KHCIOTOI, 3 A00aBKaMu HiTpary cpibna. CrikaHHS KepaMiku
BUKOHaHO mpu Temreparypax 900 i 1000 °C, Todto Temmeparypax, sIKi 3HaXOJSTHCS HIDKUE 1 BHINE 3@ TEMIIEpATypy IUIaBICHHS
cpibima. MerogaMu PEeHTreHIBCHKOTO aHalidy, eJIeKTPOHHOI MiKpockomii Ta iHdpadepBOHOI CIEKTPOCKOMil IMOKa3aHO, IO B
pe3ynbTaTi cuHTe3y mpu Temmepatypi 900 °C (Hmkde TeMmepaTypH IUIaBIEHHS METaleBOTO cpibiia) yTBOPIOETHCS IBOGa3HUMA
KoMro3uT Ha ocHOBI KI'A 3 BKIIIOUEHHSIMHM HAaHOYACTHHOK cpibyia po3mipom MeHuie 50 HM. 3 JaHUX PEHTTeHIBCHKOTO aHAIi3y MpU
30ibIIeHH] KOHIEHTpallii cpibia mocTiliHa IpaTKM @ MPaKTUYHO HE 3MIHIOETHCS a MOCTiiHa ¢ — 30imblryerhesi. Taka moBemdiHKa,
gepes 3HAYHE PO3XOLKEHHS IOHHIX PaiyciB Kabiiio i cpibma (Ca®" — 0,99 A, Ag" — 1,28 A) 3a3Buuail IpH3BOINTE 10 IEPEBAKHOTO
samimenus C (1) micus y KI'A i ninifinomy 36iiblieHHio napamerpiB rpatku KI'A 3 konnentpaunieo Ag. ToOTo, HaBiTh HpH
BITHOCHO HU3BKHX TEMIIepaTypax y pe3ynbTari TBeprodasznoi peaxmii B KI'A BigOyBaeTbcs yacTKOBE 3aMIIICHHS 10HIB KaJbIIIO
ioHamu cpibna i popmyerbcs Ag-3amimieHa kepamika. IIpu Temneparypax Buiie 1000 © C cuHTe3yeThest onHO(a3HuiA cpibdio-
3aMilleHui OPOAYKT, B sIKOMy dactiHa jomiB Ca®* samimena iomamu Ag'. IIp poMy 36epiracThCsi TEHICHIS 10 3POCTAHHS
MIOCTIHHOT I'PAaTKH ¢, @ Ha eIEKTPOHHOMIKPOCKOIIYHHX 3HIMKAX BH/HO TUIBKH 3€peHHA CTPYKTypa amaTuty 0e3 Oyab-sSKIX BKIIOUCHb.
CriikaHHsI KOMIIO3UTHOT KepaMiKu TpH TeMIepaTrypi, Koiu cpibiio 3HAXOMUThCS B Piakii ¢asi i Jjerme JUCOLIIOE HA 10HU B
MOPIBHSHHI 3 TBEPI0I0 (pa3010, MPU3BOAUTE A0 OTPUMAHHS OAHO(BA3HOI CpidI0-3aMilleHOT KepaMiKH.

KirouoBi cioBa: kapOOHI30BaHUI TiApOKCHANaTHT, HAHOYACTHHKU Cpibia, OiloakTWBHA Kaiblili-¢ochaTHa Kepamika,
aHTUMIKpoOHa KepaMika.
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Ocobennoctu cunTe3a Ag-coaepxaiieid rTuIpoOKCHanaTuTHON KepaMUuKU
H. Tkauenko, 3. 3piMan

Xapvrosckuii hayuonanvhwiil ynueepcumem umenu B.H. Kapasuna, m. Ce0600w1 4, 61022, Xapvros, Ykpauna

PaboTa mocBsmeHa MONyYeHUIO aHTUMUKPOOHOH Ag-comeprKamieil OMOaKTHBHOM KalnbUUi-(pocdaTHON KepaMUKH Ha OCHOBE
KapOOHN3UPOBAHHOTO THAPOKCHANATHTA M BBLICHEHHIO 3aBHCHMOCTH ee (ha30BOTO COCTaBa M MHUKPOCTPYKTYPHI OT TeMIIEpaTyphI
cuHTe3a. KoMmosuTHas KepaMuKa NOJNydYeHa IIyTeM CIEKaHUS MOPOIIKOB KapOOHM3MpOBaHHOTO ruapokcuamnatuta (KIA),
CHHTE3MPOBAHHEIX B pe3yJbTaTe PEakIMy MEXAy KapOOHATOM KaibIMsi W opTodochOopHON KHCIOTOH, ¢ J0OaBKaMM HUTpaTa
cepebpa. CriekaHne KepaMHKH BBIIOJIHEHO Ipu Temmepatypax 900 u 1000 °C, 1. e. TemmepaTypax, JEKallMX HIKE U BbIIIE
TeMIlepaTyphl IUIaBICHHS cepebpa. MeTomaMm pEHTI€HOBCKOTO aHaln3a, JJISKTPOHHOW MHKPOCKONMH W HH(paKpacHOH
CIIEKTPOCKOIINH TI0Ka3aHo, YTO B pe3ylbTaTe cuHTe3a npu Temmeparype 900 °C (Hmke TemIiepaTyphl IUIaBICHUS METaUINYECKOTo
cepebpa) obpasyercs IByxQa3Hblii KOMIO3UT Ha ocHOoBe KI'A ¢ BKIIIOUEHHSIMU HaHOYACTHL cepedpa pasmepoMm MeHbie 50 HMm. U3
JTAaHHBIX PEHTT'CHOBCKOTO aHAIN3a IPH yBEINUSHNE KOHIIEHTPAIMN cepeOpa MOCTOSIHHAS PEIeTKU g MPAKTUYECKH He M3MEHseTCs a
IIOCTOSIHHAS ¢ — YBENHUMBACTCA. Takoe MOBEICHNE, H3-3a 3HAUNTEIBHOTO Pa3IHdKs HOHHBIX PASHyCOB Kambius i cepebpa (Ca®t —
0,99 A, Ag — 1,28 A) o6b1uHO mpuBoAMT K NpenmymiecTBeHHOMY 3amernenuto Ca(1) mect B KI'A u nuHeHHOMY YBeJTHYEHHIO
napametpoB perreTkn KI'A ¢ konnenTpanueit Ag. T. e. jaxke Ipu OTHOCHTEIBHO HU3KUX TEMIIEpaTypax B pe3ynbTare TBepaoha3sHou
peakunu B KI'A mpoHCXOANUT 4acTUYHOE 3aMEIIeHHE HOHOB KalbLUs HOHAMH cepedpa u Gopmupyercst Ag-3amMenieHHas KepaMHKa.
ITpu temneparypax Boime 1000 °C cunTe3npyeTcss oxHO(pa3HEINH cepeOpo-3aMelleH bl MPOIYKT, B KOTOPOM YacTh HOHOB Ca®
3aMelIeHa Ag'. Tlpu COXpaHseTcs TEHJICHIMA K BO3DACTAHUIO IIOCTOSHHOM pemeTrkd ¢, a Ha
JIEKTPOHHOMHUKPOCKOIIMYECKHX CHUMKaX BHIHA TOJIBKO 3€pEHHasl CTPYKTypa amaTtuTa 0e3 Kakux-aubo BmodeHHiH. CriekaHue

HOHAMH 3TOM

KOMIIO3UTHON KEpaMHKH IIPU TeMIepaTrype, Korja cepedpo HaXOTHUTCS B KHAKOH (ase M Jerde AUCCOLHUUPYET HAa HOHBI IO

CpaBHEHHIO C TBEpAOH (a3oii, PHBOAXT K MOTYIEHHUIO 0JHO(Da3HOU cepedpo-3aMeIIeHHON KePaMUKH.

KaoueBble cioBa:
KepaMHuKa, aHTUMHUKPOOHAs KepaMHKa.

1.Introduction

Synthetic hydroxyapatite (HA) and other calcium
phosphates are widely used in surgical orthopedics, due to
their  good  bioactivity,  biocompatibility,  and
osteoconductivity [1-3]. However, in the post-surgery
period, the presence of implantable material in the body is
often accompanied by infections. To prevent infection,
antibiotics are often used, the effect of which is short-term
due to their rapid washing out by body fluid from a bone
defect and weak penetration into bone tissue. In addition,
to increase the duration of the action of antibiotics, their
content in the implant should be quite high, while the
concentration of the released antibiotic into the space
surrounding the implant should not exceed the threshold
above which irreversible side effects are observed [4-6].
These problems may be avoided by using metal ions or
nanoparticles such as silver, copper, zinc as an
antimicrobial agent [7-10]. In terms of imparting
antimicrobial properties to a bone implant, the effect of
silver additives in HA [5, 6, 11-21] having a strong
inhibitory effect on a wide range of bacteria, was studied
in more detail. Literature suggests that regardless of the
form in which silver is in the implant - either in the form
of ions substituting calcium isomorphically, or in the form
of nanoparticles located on the surface of HA particles, or
in the intergranular space of silver-containing ceramics, to
a concentration about 1.5-2 wt.%, the material exhibits
excellent bactericidal properties [5, 6, 11, 12]. According

KapOOHHM30BaHBIH THIPOKCHANATUT, HAaHOYACTHIBI cepebpa, OHoakTHMBHas Kaiblui-(ocdarHas

to some authors, the presence of Ag® ions in the HA
lattice instead of Ca”" ions results, on the one hand, in
calcium-deficient HA, which negatively affects the
structural stability of HA and its osteoconductive ability,
and, on the other hand, in the rapid release of silver,
depending on pH, into the surrounding tissue and
cytotoxic effect [6]. Therefore, the presence of silver in
the composite in the form of metal nanoparticles is
considered more preferable, due to the poor solubility of
which, the antimicrobial effect in the body fluid will be
prolonged and will not have a significant toxic effect on
surrounding tissues. Therefore, the question of what type
of implants exhibits the best functional properties remains
open and requires detailed biological research.

To date, it is known that the maximum concentration
of Ag” substituting isomorphically the Ca®* ions does not
exceed 1.5 wt.% [11]. On the other hand, papers on silver-
containing HA with a lower silver concentration are very
often published, where silver does not substitute calcium,
but is released as a separate phase [12, 13]. Therefore,
there is a concern about the synthesis of ceramics with a
predicted microstructure and phase composition.

In this paper, an attempt is made to synthesize HA
ceramics with silver additives and to determine the
conditions under which a single-phase synthetic silver-
substituted ceramic and a two-phase composite consisting
of HA and silver nanoparticles are realized.
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2.Experiment
2.1. Preparation of materials

Earlier, we showed the possibility of obtaining dense
carbonized ceramics in an atmosphere of carbon dioxide
at temperatures much lower than the accepted sintering
temperature of HA [14]. Therefore, to ensure high
mechanical properties at relatively low synthesis
temperatures, the initial components in the sintering of
silver-containing ceramics were, on the one hand,
carbonated HA (CHA) powders obtained as a result of the
reaction between calcium carbonate and orthophosphoric
acid, and on the other hand, water-soluble silver nitrate
powder.

To obtain CHA, the required amount of fine CaCO;
powder (Merck, Darmstadt, Germany, analytical purity)
was mixed in distilled water. An HsPO, solution (Merck,
Darmstadt, Germany, analytical purity) was rapidly
poured into the suspension with continuous mixing of the
reaction medium at 45 °C. The precipitation was aged
within 24 hours. Then it was centrifuged, dried in a drying
cabinet at 90 °C, ground in an agate mortar, and sieved
through a 100 pm sieve.

The obtained powder was mixed with a solution of
AgNO; of a certain concentration providing silver-
containing compositions with a silver concentration of
0.25 to 1.5 wt.% with a pitch of 0.25 wt.%.

Samples were prepared from powders in the form of
tablets with a height of 3 mm and diameter of 8 mm by
compacting the powder in a steel mold under the pressure
of 120 MPa. Average porosity of the compacts was 51%.
The compacts were annealed in a stream of dry CO, (4
ml/min) at 900 and 1000 °C for 2 hours at each
temperature. Seven batches of annealed compacts were
prepared (10 samples per a batch). The choice of sintering
temperature is related to the melting point of metallic
silver, which is 960 °C. That is, in the first case, silver
additives were in solid form, in the second — in molten.

2.2. Research methods

Structural measurements were performed on a Philips
APDW 40C diffractometer in copper K, radiation
(A=0.154 nm) with a nickel filter in the range of
diffraction angles of 20 20+70, with scanning pitch of
0.01 degrees and scanning time of 0.6 s.

IR spectra were recorded using BIO-RAD FFS 175
spectrometer (Germany) with a resolution of 2 cm™
according to the KBr method, operating in the
transmission mode of wave numbers between 400+4000
cm™* with averaging over 200 scannings.

The morphology and microstructure of the samples
were studied using an ESEM Qunta 400 scanning electron
microscope (Germany).

Thermogravimetric (TG) studies were performed at up
to 1200 °C in an air atmosphere (MVT Instrument,
Ukraine) with a heating rate of 5 °/min; the absolute
measurement error was 2%.

3. Results and discussion

The choice of temperature at which sintering of the
silver-containing powder compacts was carried out is
based on silver nitrate DTA, used as the silver source
shown in Fig. 1. During heat treatment of AgNOs;, all
known transformations take place: at ~ 160 °C a
polymorphic  transformation  from  rhombic to
rhombohedral modification occurs, then at ~ 210 °C the
last modification is melted without decomposition,
decomposition of silver nitrate begins at ~ 300 °C. This
process is intensified at ~ 500 °C and in the range of 500 -
960 °C the crystalline silver is the product of
decomposition of AgNOs. Its melting occurs at 960 °C.
All observed effects are endothermic.
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Fig. 1. DTA of silver nitrate

In this regard, when sintering compacts from a
composite powder at 900 °C, the decomposition product
of silver nitrate - silver particles - should be released as a
separate phase. And ceramics formed during sintering will
be biphase.

X-ray diffraction patterns of Ag-containing ceramics
shown in Fig. 2, confirm the assumption: Starting from
the concentration of 0.5 wt.% at 20 = 38.116°, a line
appears corresponding to the (111) reflection of metallic
silver. In electron microscopy images made for ceramics
with an Ag additive of 1.5 wt% (Fig. 3), silver
nanoparticles with a size of less than 50 nm are visible
against apatite grains.
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Fig. 2. X-ray diffraction patterns of Ag-containing ceramics
with various silver concentrations synthesized at 900 °C:
1-0wt % Ag™, 2 — 025 wt % Ag*, 3 — 0.5 wt % Ag",
4-0.75 wt % Ag', 5 — 1.0 wt % Ag", 6 — 1.25 wt % Ag",
7-1.5wt%Ag".

Fig. 3. SEM image of ceramic with 1.5 wt% Ag"
synthesized at 900 °C. The inset shows a fragment with a
large magnification

However, calculation of the lattice constants (Fig. 4)
showed that, at almost constant value of a parameter, an
increase in the concentration of silver in ceramics results
in increase in ¢ constant. This behaviour, due to the
significant difference in the ionic radii of calcium and
silver (Ca*" — 0.99 A, Ag — 1.28 A), usually results in the
preferential substitution of Ca(1) places in the HA and
linear increase in the HA lattice parameters with Ag
concentration.
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Fig. 4. Dependence of lattice constants of the composite
ceramics synthesized at 900 °C vs silver concentrations

These data suggest that during composite sintering (even
at relatively low temperatures) as a result of solid-phase
reaction, partial substitution of calcium ions by silver ions
takes place and Ag-substituted ceramics are formed. The
resulting charge mismatch is compensated by the
presence of carbonate ions in the apatite structure. Thus
formed, the composite apatite matrix is a silver-
substituted carbonized hydroxyapatite.

According to the IR spectra presented in Fig. 5, the
concentration of carbonate groups in the material is
almost independent of the concentration of additives.
CO3% groups in the apatite lattice are predominantly in the
B positions (transmission bands of 873, 1410, and 1455
cm™ and lower values of ¢ lattice constants compared to
stoichiometric HA).

Transmittance, a. u.
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l
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Fig. 5. IR spectra of ceramic samples synthesized at 900 °C
with different silver contents: 1 — 0 wt % Ag" ,
2-0.25wWt% Ag’, 3 — 0.5 wt % Ag", 4 — 0.75 wt % Ag’,
5-1.0wt%Ag",6-125wt% Ag", 7—-1.5wt % Ag".

For ceramics synthesized at 1000 °C, the IR spectra
are similar. Only diffractograms and microstructure differ.
In the diffraction patterns over the entire range of
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concentrations of silver additives, the synthesis at 1000
°C results in the disappearance of the most intense silver
line (111). At the same time, the c lattice constant
continues to increase, and in the electron micrographs
only the apatite grain structure is visible without any
inclusions (Fig. 6).

Fig. 6. SEM image of ceramics synthesized at 1000 °C with
15 wt% Ag’. The inset shows the energy-dispersive
spectrum indicating the presence of silver in the sample

The performed energy dispersive studies of such ceramics
(inset in Fig. 6) indicate the presence of silver in the
sample.

Thus, sintering of the compacts at a temperature
higher than the melting point of silver, when it is in the
liquid phase and dissociates into ions more easily
compared to the solid phase, resulted in the synthesis of
single-phase silver-substituted ceramics.

Conclusion

For the first time, the possibility of obtaining silver-
containing ceramics with silver content not exceeding 1.5
wt.%, where silver is in different structural states — in the
form of nanoparticles or ions substituting calcium ions in
the CHA structure, is shown in the paper. At synthesis
temperatures (in the paper it is 900 °C), when the added
silver additives are in solid form, the ceramic is a two-
phase composite based on CHA with inclusions of silver
nanoparticles. At the synthesis at above 1000 °C, a single-
phase product is synthesized where some Ca®* ions are
substituted by Ag” ions.
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