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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

levads

Pasaulé nemitigi pieaug tadu pacientu skaits, kas saskaruSies ar kaulu slimibam,
patologijam un muskuloskeletalas sistémas traumam [1], tapéc kaulu arstéSanai un
aizvietoSanai ir nepiecie$ami efektivi biomateriali. Sadu biomaterialu sastavam un struktirai
jaatdarina dabiga kaula TpaSibas. Kaula unikala kimiska sastava un struktiras dél to joprojam
nav izdevies maksligi atdarinat ta, lai izgatavota biomateriala ipasibas biitu salidzinamas ar
kaulu [2]. Kauls sastav no neorganiskam (75 masas %, tai skaita 10 masas % udens) un
organiskam (25 masas %) sastavdalam [3]. Kaula neorganiska dala sastav no nanoizméra
kalcija fosfata dalinam, kas izvietotas organiska sastava matrica. Zinams, ka kalcija fosfatiem
ir Joti augsta biosaderiba ar cilvéka audiem un kermena vidi [4]. Tapéc kalcija fosfati ir
perspektivi kaula neorganiskas dalas aizvietotaji, ko ir iesp&ams sintezét laboratorijas
apstaklos un izmantot jaunu un efektivu biomaterialu izstradg.

Tomér kaulu regeneracijas joma nemainigs “zelta” standartmaterials ir autografts jeb
pacienta kaulaudi. Cita populara izvéle ir ksenografts, pieméram, komerciali pieejamie
deproteinizgeta liellopu kaula minerala materiali, ki izmanto$ana novers ar autografta lietosanu
izraisitos trilkumus (vairakas operaciju vietas, sapes, paildzinata darba nesp&ja u.c.) [5].
Deproteinizéta liellopu kaula minerala materialu laba veiktspgja saistita ar to mikro un nano
struktiiram un to lielo Tpatn&jo virsmas laukumu (Iidz 88 m?/g [6]), kura vértiba ir tuva cilveka
kaula esofo kalcija fosfata dalinu ipatngja virsmas laukuma vértibai (40-240 m?/g [7]).
Tikm&r komerciali pieejamo kalcija fosfatu biomaterialu ipatngjais virsmas laukums ir
ievérojami mazaks (Iidz 3 m%/g [8]). Liels ipatngjais virsmas laukums ir batisks bioaktivu
molekulu (pieméram, proteinu un citokinu) adsorbcijai uz biomateriala virsmas [9], kas
veicina materiala integraciju kermeni un audu regeneraciju. Sintétiskie kalcija fosfati ir ar
augstu tiribu, pieejami lielos apjomos, ar atkartojamu sastavu, un tie nav dzivnieku izcelsmes.
Lidz ar to zinatniska sabiedriba padzilinati péta kalcija fosfatus — to sintézi, fizikalkimiskas
pasibas, apstradi, ka arT veic in vitro, in vivo un kliniskos pétijumus.

Amorfais kalcija fosfats ir pirma neorganiska faze, kas rodas, veidojoties jaunam
kaulam [10]. Amorfo kalcija fosfatu uzskata ari par pirmo vai starpprodukta fazi citu kalcija
fosfatu, piem&ram, hidroksilapatita, veidoSanas procesa. Lidz §im amorfais kalcija fosfats ir
salidzino$i maz izmantots ka biomaterials, kas skaidrojams ar ta metastabilitati. Laika un
dazadu faktoru ietekmé amorfais kalcija fosfats kristalizgjas citas kalcija fosfatu fazes [11].
Saja promocijas darba paradits, ka iesp&jams iegiit stabilu amorfo kalcija fosfatu, tadgjadi
ievérojami paplasinot ta izmantosSanas iesp&jas biomaterialu p&tnieciba.

Promocijas darba ir izstradata jauna sint€zes metode stabila amorfa kalcija fosfata ar lielu
ipatngjo virsmas laukumu (=100 m?%g) iegusanai, ka arT raksturotas ieglito materialu
fizikalkimiskas 1ipaSibas. Petita amorfa kalcija fosfata kristalizacija atkariba no sint€zes
tehnologiskajiem parametriem un risinajumiem (sintézes pH un zavésanas metode). Amorfais
kalcija fosfats veiksmigi sakepinats bliva biokeramika, izmantojot aukstas sakepinaSanas
procesa principus, tadejadi saglabajot ta amorfo struktiiru.



Meérkis un darba uzdevumi

Promocijas darba mérkis ir izstradat sintézes tehnologiju stabila amorfa kalcija fosfata ar

lielu ipatngjo virsmas laukumu iegiiSanai un pétit ta veidoSanos, kristalizaciju un

sakepinasanu.
Mérka sasniegSanai definéti vairaki darba uzdevumi.

1.

PEtit sintézes temperatiras un reagentu Ca/P molaras attiecibas ietekmi uz ar dubultas
salu sadaliSanas metodi iegiita amorfa kalcija fosfata ipatn€jo virsmas laukumu.
Izstradat sint€zes metodi amorfa kalcija fosfata ar paaugstinatu ipatn€jo virsmas
laukumu (=100 m%/g) iegiisanai.

Petit zaveéSanas panémiena (liofiliz€Sana vai zavéSana 80 °C temperatiira) ietekmi uz
amorfa kalcija fosfata strukttiru un kristalizaciju.

Petit amorfa kalcija fosfata sakepinasanu, izmantojot aukstas sakepinasanas
procesa principus.

Aizstavamas tezes

Strauji paaugstinot gan kalcija, gan fosfatu jonus saturosa Skiduma pH lidz 10-11,
tiek nodroSinata amorfa kalcija fosfata ar lielu 1patn€jo virsmas laukumu
(>100 m?/g) nogulsn&sanas.

Pie pH = 10-11 nogulsnéta amorfa kalcija fosfata Ca/P molara attieciba, kas lielaka

Zinatniska novitate

Demonstréta jauna, vienkarSa un rentabla sint€zes metode ilgtermina stabila amorfa

kalcija fosfata ar lielu Tpatngjo virsmas laukumu iegtisanai un aprakstitas iegistamo produktu

fizikalkimiskas pasibas.

Praktiska nozime

legiits un pétits ilgtermina stabils amorfais kalcija fosfats, kura praktiskais lietojums rasts

nanostrukturétu granulu izstrade":

1) ar stroncija joniem osteohondralo implantu veiktsp&jas uzlaboganai’;

2) ar biomimétisku kimisko sastavu, kas nodroSinas biomimétiska kalcija fosfata

biosintézi pec implantacijas in vivo®.

RTU un RSU sadarbibas projekts “Nanostrukturétu kaulu aizvietojoSu materialu izveide un imunologisko

aspektu izp&te kaulaudu regeneracija”, 2016.—2019. g.

EuroNanoMed III projekts “Nanostrukturéta osteohondrala pamatne: jauni biomimeétiski aktivatori uzlabotai

kaulu regeneracijai, NANO-SCORES”, 2018.-2021. g.

Latvijas Zinatnu padomes fundamentalo un lietiSko pétijumu projekts Nr. 1zp-2018/1-0238 “Biomimétiska

hidroksilapatita biosintéze in vivo — sintétisko kaulus aizvietojo$o materialu nakotne”, 2018.-2021. g.



Darba struktira un apjoms

Promocijas darbs ir tematiski vienota cetru SCI publikaciju kopa ar kopsavilkumu latviesu

un anglu valoda. Publikacijas ir uzrakstitas anglu valoda, to kop€jais apjoms, ieskaitot

elektroniski pieejamo informaciju, ir 34 lappuses.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Reagentu Ca/P molaras attiecibas un sintézes temperatiiras ietekme
uz ACP 1pasibam

Analizgjot zinatnisko literatiru konstatets, ka amorfa kalcija fosfata (ACP) sintezes
tehnologijas varétu modificét ta, lai iegiitu produktu ar lielu ipatn€jo virsmas laukumu
(>100 m%/g). P&c turpmakas kalcija fosfatu (CaP) sint&Zu protokolu analizes identificéti divi
sintézes tehnologiskie parametri — reagentu Ca/P molara attieciba un sintézes temperatiira, kas
varetu ietekm&t ACP sint€zes produkta SSA. Visbiezak ACP iegiist, izmantojot nogulsnésanas
metodi, pieméram, dubultas salu sadaliSanas metodi. IepriekSminétaja metode izmanto kalcija
jonu un fosfatjonu saturo$us tident $kistoSu salu Skidumus; abus skidumus sajauc viena pie
baziska pH, tada veida nodrosinot ACP nogulsn&sanos. Sada sintézé var izmantot dazadus
kalcija jonus un fosfatjonus saturo$us salus, pieméram, Ca(NO3)2-4H,O un (NH4)2,HPOy,
Ca(N03)2'4H20 un NH4H2PO4, CaCI2-2H20 un KzHPO4, CaCI2-2H20 un NazHPO4 u. C.

Promocijas darba ACP paraugi sintez€ti ar dubultas salu sadaliSanas metodi, izmantojot
Ca(NOs)2-4H,O  un (NH4),HPO, (sali iegiti no Sigma Aldrich). Abu salu skidumi strauji
salieti kopa un maisiti ar magnétisko maisitaju (1. att.). Ca(NOs3), Skiduma koncentracija visos
eksperimentos bija 0,45 M. Lai noskaidrotu, vai, izmantojot dubultas salu sadaliSanas metodi,
iesp&jams iegit ACP ar paaugstinatu SSA, parbaudita $adu sintézes tehnologisko parametru
ietekme: 1) reagentu Ca/P molara attieciba (1,5; 1,67; 2,2); 2) sintézes temperatira (0 °C un
20 °C).

Strauja
c;) sajauksana ng"
4, 3
(0] D™

Ledus vanna .
(péc izvéles)

[ Magnétiskais maisTtéjs]

1. att. Vispariga ACP sintézes shéma, izmantojot dubultas salu sadaliSanas metodi.

Sintezeto un termiski apstradato (1100 °C, 1 h) ACP paraugu fazu sastavs pétits, izmantojot
rentgenstaru difraktometru X Pert Pro (PAnalytical, Niderlande). Kristalisko fazu identifikacija
veikta, izmantojot Starptautiska Difrakcijas datu centra (ICDD) PDF-2 datubazi. Sintez&to
paraugu Tpatn&jais virsmas laukums SSA (saisinagjums no anglu val.) noteikts ar Brunauera—
Emmeta—Tellera (BET) metodi un Quadrasorb SI (Quantachrome, ASV) iekartu.
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Neatkarigi no izvélétas reagentu Ca/P molaras attiecibas (1,5; 1,67; 2,2) un sintézes
temperatiiras (0 °C vai 20 °C) visu sintézu produkti bija rentgenamorfi (2. a. att.). Termiski
apstradajot iegutos ACP paraugus, to rentgenstaru difrakcijas (XRD) ainas identificéta
B-trikalcija fosfata (B-TCP, B-Caz(PQOy),) faze vai B-TCP un a-trikalcija fosfata (a-TCP,
a-Caz(PO,),) fazu maisijums. Paraugos, kuros péc termiskas apstrades izveidojies a-TCP un
B-TCP maistjums, domingjosa faze bija B-TCP. Secinats, ka visu ACP paraugu Ca/P molara
attieciba bija 1,5 neatkarigi no reagentu Ca/P molaras attiecibas un sintézes temperatiiras.

(a) b
BT=20°C ET=0°C
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2. att. XRD ainas (a) sintezétam un termiski apstradatam (1100 °C, 1 h) ACP, kur a—a-TCP,
b — B-TCP; (b) ipatngjais virsmas laukums ACP paraugiem ka funkcija no sintézes
temperatiiras un reagentu Ca/P molaras attiecibas [12].

Reagentu Ca/P molaras attiecibas un sintézes temperatiras ietekme uz ACP paraugu SSA
atainota 2. b att. Gan reagentu Ca/P molara attieciba, gan sintézes temperatiira ietekmé ACP,
kas iegiits ar dubultas salu sadaliSanas metodi, SSA. Lielaka Ca/P molara attieciba sint€zes
vidé nodrosSinaja ACP veidoSanos ar lielaku vidgjo SSA veértibu gan 0 °C, gan 20 °C
temperatiira. ACP SSA paliclinajas no (53 + 5) m?%/g Iidz (65 + 5) m?/g 20 °C temperatiira un
no (39 +2) m%g lidz (57 +15) m?g 0 °C temperatiira, ja reagentu Ca/P molaro attiecibu
vari€ja robezas no 1,5 lidz 2,2. Visu iegiito paraugu Ca/P molara attieciba bija 1,5, un tas
noradija uz to, ka kalcija jonu parakums sintézes vide ir veicinajis CaP dalinu ar lielaku SSA
veidoSanos. Augstaka iegiita SSA vértiba ACP paraugam, kas sintez&ts ar reagentu Ca/P
molaro attiecibu 2,2 20 °C temperatiira, sasniedza 65 mz/g, kas arl nesasniedza paredz&to
100 mz/g vertibu. Tadel nolemts pétit un modificét citas ACP sintézes metodes, lai iegiitu
produktu ar paredz&to SSA vértibu.

legiito rezultatu novitate ir sada: 1) ACP sintéze, izmantojot dubultas salu sadaliSanas
metodi bez stabiliz§joSiem agentiem zemaka temperatira (0 °C) neka iepriek§ zinots
literatiira; 2) reagentu Ca/P molaras attiecibas ietekmes noveértejums uz ACP SSA. Turklat
zinatniskaja literatiira tika identificéts sistematisku pétjjumu trilkums par CaP, it 1pasi ACP,
SSA, lidz ar to Sis promocijas darbs papildina kop&jo zinaSanu bazi.
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Sintézes metodes izstrade ACP ar lielu Ipatnéjo virsmas laukumu iegiiSanai

Sintez&jot ACP ar dubultas salu sadaliSanas metodi, divi Skidumi tiek sajaukti viena, tapéc
tika izvirzita hipotéze, ka viena kalcija jonus un fosfatjonu saturosa §kiduma izmanto$ana ir
efektiva pieeja CaP ar paaugstinatu SSA ieguSanai. Pateicoties sakotngjai kalcija jonu un
fosfatjonu homogenitatei, notiktu viendabigu dalinu nogulsnéSanas un augsana, 1idz ar to tiktu
iegiits CaP ar paaugstinats SSA. Lidzigu hipot€zi par homogenizetu izejvielu skidumu piedavaja
E. D. Eanes un E. L. Meyer [13], kur bazisks KOH skidums tika strauji pievienots
paskabinatam kalcija jonu un fosfatjonu salu skidumam, izraisot CaP nogulsnésanos.

Saja promocijas darba izstradatajai sintézes metodei, lai iegiitu ACP ar lielu SSA, ir divi
etapi: 1) homogena skiduma, kas satur gan kalcija, gan fosfata jonus, iegtisanas, izSkidinot
hidroksilapatitu salsskabg; 2) straujas stipras bazes pievienosSanas kalcija un fosfata jonu
saturoSajam Skidumam un pH paaugstinasanas (3. att.). Otra etapa laika norisinas
ACP nogulsnésanas.

(a)
@\
Iz8kidinasana

U%D

[ HAp suspensija |

[ 3M HCI pievienodana ]

[1M NaOH pievieno$ana ]
[ ACPveidosanas |
NH,OH pievieno$ana
(dazi pilieni)

[ Strauja maisizgana | T

Nogul$nu atdaliSana
un mazgasana

[ zavésanag8o°C |
( ACP ]

3. att. ACP sintézes galvenie etapi (a) un detaliz&ta sintézes gaita (b). Autores atteli.
Sintézes shéma balstita uz J. Vecstaudza un J. Locs [14] att&lu.

Zinams, ka sintézes vides pH piemit nozimiga ietekme uz ar nogulsnéSanas metodém
iegiitu CaP fazu sastavu. Tapéc pétita sintézes beigu pH veértibas (8, 9, 10 un 11) ietekme uz
ar izstradato metodi nogulsnéto produktu fazu sastavu, kimisko struktiiru un SSA. Sint€zes
ieglitic materiali raksturoti, izmantojot XRD (X’Pert Pro, PAnalytical, Niderlande), Furjé
transformaciju infrasarkanas spektrometrijas (FT-IR, Scimitar 800, Varian Inc., ASV) un
BET (Quadrasorb SI, Quantachrome, ASV) metodes. Sintez€to materialu ilgtermina
stabilitate tika pétita, izmantojot XRD. Kristaliskas fazes tika identificétas, izmantojot ICDD
PDF-2 datubazi; fazu kvantitativo sastavs tika noteikts ar Rietvelda metodi. Paraugu Ca/P
molara attieciba tika aprékinata, balstoties uz kvantitativas fazu analizes datiem. Vidgjo
dalinu diametrs dger tika aprékinats saskana ar 1. vienadojumu, pienemot, ka dalinas ir
sferiskas un bez poram:

dser = 6/(p - SSA), 1)
kur p — R-HAp blivums (2,81 g/em®);
SSA —1patngjais virsmas laukums (noteikts ar BET).
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Nanoizméra karbonata jonus saturosi kalcija fosfati (CaPi) ar amorfu vai mazkristalisku
struktiiru iegiti, izmantojot metodi, kas balstita uz strauju pH palielinasanu kalcija un fosfata
jonus saturo$a Skiduma un nogulSpu zavéSanu 80 °C temperatira. ACP faze iegiita pie
sintézes beigu pH veértibam 10 un 11; savukart mazkristaliski CaPi iegiiti pie sint€zes beigu
vertibam 8 un 9 (4. a att.). Attiecigo materialu kimisko grupu sastavam ar1 novérota atkariba
no sintézes beigu pH (4. b att.) un XRD ainas novérotas atskiribas papildinaja informacija, kas
iegiita, analiz€jot FT-IR spektrus. Visos pétito paraugu FT-IR spektros konstatéta karbonata
jonu grupu klatbitne. Gan fazu, gan kimisko grupu sastava analizes paradija, ka ACP, kas
legits ar izstradato metodi, ir derigs zavéSanai 80 °C temperatiira, jo, nogulsnéts pie noteikta
pH, tas saglaba amorfo fazi. IepriekSmin&tais ieguvums var noderét ACP sintezes
meérogoSanai un vélakai komercializ€Sanai, pateicoties ievérojami isakam apstrades laikam, jo
tradicionali metastabilo ACP zave ar liofiliz€Sanas paneémienu 4872 h.

10 20 30 40 50 60

(a) HAp ICDD 01-072-1243 (b)

| t 11 ]T] ”I ot e Lhnl te

>
= 8,
< S |R-HAp
= | R-HAp 2
'© o
& g H8
Q <P
c
- H8
P pH9

W
M e

) TM
W
pH 11

10 15 20 25 30 35 40 45 50 55 60 1650 1400 1150 900 650 400
2Theta [°] Vilna skaitlis, cm-t

4. att. Rentgenstaru difrakcijas ainas (a) un FT-IR spektri, kas attloti 1700-400 cm ™
diapazona (b) kalcija fosfatiem, kas iegiiti dazados pH un Zavéti 80 °C temperatiira,
un R-HAp references paraugam [14].

Noteikts, ka iegiito kalcija fosfatu SSA ir robezas no 133 m%/g lidz 154 m?/g (1. tab.), kas
izpilda defingto merki — iegiit ACP ar SSA > 100 m%/g. Savukart aprékinatais dalinu izmars
dger ir robezas no 14 nm lidz 16 nm. Korelacija starp SSA un ACP sintézes beigu pH netika
konstatgta (rezultati statistiski neatsSkiras).
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1. tabula

Iegiito kalcija fosfatu raksturlielumi, kur dger — dalinu izmers, SSA — patngjais
virsmas laukums [14]

Paraugs Sintézes beigu pH dger, NM SSA, m?/g
ACP-8 8 14+1 154+9
ACP-9 9 15+1 141 £8
ACP-10 10 16+3 133 £25
ACP-11 11 15+£3 150 £28
R-HAp 8,8 22+1 95+3

Neatkarigi no sakotngjas Ca/P molaras attiecibas sintézes Skiduma (visos gadijumos
Ca/P =1,67) termiski apstradatu (1100 °C, 1 h) ACP sastava konstatéta dazadu fazu
veidosanas: B-TCP (pH =8 un pH = 9) vai B-TCP/HAp (pH = 10 un pH = 11). Termiski
apstradatu paraugu Ca/P molaras attiecibas vertibas redzamas 2. tabula. Secinats, ka parauga
Ca/P molaro attiecibu ietekmé sintézes beigu pH veértiba. Parauga Ca/P molara attieciba
picaug lidz ar sintezes beigu pH vertibu. Ca/P molaras attiecibas picaugums skaidrojams ar to,
ka termiskas apstrades laika karbonata joni atstaja CaP struktiiru. Zinams, ka CaP sintéz&s pH
ir viens no noteicoSajiem faktoriem konkréta sastava produkta iegiiSanai, kas apstiprinas ari
Saja petijuma.

2. tabula

Termiski apstradatu paraugu kristalisko fazu sastavs un to Ca/P molara attieciba [14]

Paraugs Sintézes beigu pH | B-TCP, masas % Hap, masas % | Ca/P molara attieciba
ACP-8 8 100 - 1,50
ACP-9 9 100 - 1,50
ACP-10 10 952+1,5 4,8+1,5 1,51
ACP-11 11 90,3+ 1,6 9,7+1,6 1,61

legtitie CaP paraugi sausa stavokli ir stabili vismaz septinus méneSus (5. att.), ja to
sintézes beigu pH ir pH = 8, pH = 10 un pH = 11. Ja sintézes beigu pH ir 9, péc pieciem
méneSiem sakas kristalizacija péc ieks$€jas hidrolizes mehanisma. Paraugu, kuru sinte€zes
beigu pH bija pH = 10 un pH = 11, stabilitati var izskaidrot ar karbonata jonu ieklausanos to
struktura, tadejadi palielinot to Ca/P molaro attiecibu. Lidz ar to karbonatu jonus saturosi
ACP materiali ar paaugstinatu Ca/P molaro attiecibu (>1,50) uzradija stabilu amorfo fazi
ilgtermina.
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5. att. XRD ainas mazkristaliskiem un amorfiem CaP, kas iegiiti dazados pH un zavéti 80 °C
temperatiira: uzreiz péc sintézes un péc trim, pieciem un septiniem ménesiem [14].

Ar dazadam metodem Zavetu ACP materialu termiskas ipasibas

Izmantojot izstradato sint€zes metodi, ACP iespgjams izzavet 80 °C temperattira (1 h), un
Saja gadijuma laikietilpigd (72 h) liofiliz€Sanas ZaveéSana nav nepiecieSama, lai saglabatu
amorfo struktiiru. Tomér ar izstradato metodi iegttie CaPi tika izzaveti ar1 ar liofiliz€Sanas

______

Visi liofilizétie paraugi bija rentgenamorfi neatkarigi no sint€zes beigu pH vertibas.
Tomér liofilizétie pulveri vizuali atSkiras no 80 °C temperatira zavétiem CaP (6. att.), kur
brivi plistosi un apjomigi pulveri tika iegiiti liofilizéSanas gadijuma un aglomer&ti pulveri —
zavejot 80 °C. 80 °C temperatiira zavetie paraugi (apzim&ums “Ov”) veidoti no lielaka
izm@ra dalinam un aiznéma mazaku tilpumu neka liofilizétie (apzim&jums “FrD”) paraugi.
Apkopojot iepriekSminéto, tika formul&ta hipotéze, ka ar dazadam metodem zavéts ACP
kristaliz€jas atSkirigas fazes, ko izraisa ar rutinas analizes metodém (piem&ram, XRD un FT-
IR) neizSkiramas struktiiras atSkiribas. Iesp&jamas atskiribas ar dazadam metodém zavétiem
CaP analizetas to kristalizacijas procesa, izmantojot termogravimetrijas (TGA) un diferenciali
skengjosas kalorimetrijas (DSC) metodes.

DSC-TGA mérfjumiem izmantota STA449C Jupiter® (Netzsch, Vacija) iekarta.
Salidzinasanai izmantoti divi paraugi: n-HAp (nanokristalisks HAp, Sigma Aldrich) un R-HAp
(iegtts RTU RBIAC), abi satur tikai HAp.
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—

6. att. Fotografijas un TEM attéli Zavésanas skapi zavetiem 80 °C (pa kreisi) un liofilizétiem
(pa labi) ACP paraugiem ar vienadu svaru [15], sintézes beigu pH = 10.

Ov un FrD ACP paraugu TGA liknes redzamas 7. attéla. Novérotie masas zudumi ir
pakapeniski un bez straujam izmainam visiem Ov un FrD paraugiem. Savukart kop&ja masas
zuduma vertiba paraugiem, kas iegiiti sinté€z€s ar dazadu sintézes beigu pH vértibu, atskiras,
pieméram, skat. masas zudumus 800 °C temperatiira.
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7. att. TGA liknes (a) 80 °C temperatiira zavétiem un (b) liofilizétiem ACP paraugiem
temperatiiru diapazona no 50 °C Iidz 800 °C; n-HAp un R-HAp ir references paraugi [15].
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Abu zavéSanas metozu salidzinajuma konstatéts, ka Ov paraugi satur lielaku daudzumu
fizikali adsorbéta tdens, kas izzud lidz 200 °C temperaturai (7. att.). Tas pats nov€rojums
attiecas ar1 uz kop€jo masas zudumu, kas noteikts pie 1200 °C. Kopgjais masas zudums Ov
paraugiem bija diapazona no 11 masas % Iidz 20 masas %, kur lielaki masas zudumi bija Ov
paraugiem, kas iegtti pie augstaka sintézes beigu pH. Savukart FrD paraugu kop&jo masas
zudumu lielaka noteikta vértiba bija 14 masas % paraugam, kas iegtts pie pH = 11. FrD
paraugiem, kas iegiiti pie pH = 8-10, kop€jo masas zudumu vértibas bija lidzigas un sintézes
beigu pH ietekme netika novérota.
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8. att. DSC Iiknes (a) 80 °C temperatiira zavétiem un (b) liofilizétiem ACP paraugiem
temperatiiru diapazona no 550 °C lidz 800 °C; n-HAp un R-HAp ir references paraugi [15].

Visu Ov un FrD paraugu DSC Iiknés novéroti eksotermiski kristalizé$anas efekti (8. att.).
So efektu temperatiiru diapazona no 630 °C lidz 720 °C ACP parveidojas kristaliskos CaP, ar
domingjoso fazi B-TCP. Pétito ACP materialu Tyyisesak. bija diapazona no 600 °C lidz 650 °C;
korelaciju starp kristalizacijas temperatiiram (Tirisesak. UN Tkristbeigu) Un ZaveSanas metodém vai
sintézes pH nenovéroja. TGA un DSC liknu analize noradija, ka termiski ierosinata ACP
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kristalizacija nav saistita ar vienlaicigu masas zudumu. ACP kristalizacija sakas par 150—
200 °C augstaka temperatira neka TGA Iikné noverotais straujakais masas zudums
(Iidz 400 °C).

ACP sabliveSana, izmantojot aukstas sakepinaSanas procesa principus

Kaulam piemit ne tikai unikals fazu un kimiskais sastavs, bet ar1 unikala fizikala strukttra,
kas veidota gan no bliviem, gan porainiem kaula apgabaliem. Lidz §im joprojam nav izdevies
sakepinat ACP biokeramiku ar augstu relativo blivumu, neietekméjot ta amorfo un hidratéto
struktiru un 1paSibas. ACP sablivéSanai ir izmantotas alternativas sakepinasanas metodes,
piem&ram, hidrotermiska karstd preséSana un zemas temperatiras dzirksteles plazmas
sakepinasana. Tomgr, pat izmantojot §Ts tehnologijas, ACP sablivésana ir apgriitinoSa. Nesen
dazadu pulveru sakepinasanai zema temperatira (<300 °C) sakts izmantot aukstas
sakepinasanas process CSP (anglu val. — cold sintering process). Lai sablivétu pulveri,
izmantojot CSP, izmanto parejas $kidumu, uniaksialu spiedienu un karstumu. Lidz ar to §1
promocijas darba ietvaros pétits CSP metodes lietojums ACP sablivésanai.

Lai noskaidrotu optimalos CSP tehnologiskos parametrus blivas ACP biokeramikas
iegliSanai, variéti $adi tehnologiskie parametri: 1) parejas Skiduma (Gidens, 20 masas %)
esamiba vai neesamiba; 2) sakepinasanas temperatira (istabas temperatiira, 100 °C, 120 °C un
150 °C). Katra CSP eksperimenta 0,5 g ieprieks sagatavota ACP pulvera (zavéts 80 °C, 24 h)
ievietoti viegli izjaucama preséSanas forma (ID =13 mm, Across International, ASV).
Izmantots ACP ar augstu SSA, kas sintez€ts saskana ar ieprieks izstradato sint€zes protokolu
[14] un zavéts, izmantojot liofilizéSanas panémienu. ACP pulvera samitrinasana veikta
manuali, izmantojot ahata piestu un piestalu. CSP process veikts ar divu kolonnu laboratorijas
presi PW 40 (P/O/WEBER, Vacija), presgjot uniaksiali ar 500 MPa spiedienu. Katrs paraugs
izgatavots vismaz tris paral€los atkartojumos. CSP eksperimentalo apstaklu kopsavilkums

redzams 9. attéla.
[ ACP | 120 °C
ACP + E:> E:> <:| - 150 °C
20 masas % H,0 \@\ 30min
O
PreséSanas ISiIdTéanas ©
forma apvalks .

. J

500 MPa IT, 30 min

N

100 °C

9. att. ACP sablivésana, izmantojot CSP principus, kur IT — istabas temperatiira.

Sintez&étais ACP pulveris un ar CSP sakepinatie paraugi analizéti ar XRD (X'Pert Pro,
PAnalytical, Niderlande) un BET (Quadrasorb SI, Quantachrome, ASV) metodém, lai
noteiktu to fazu sastavu un SSA. Lai novértétu CSP ietekmi uz paraugu sablivésanos,
noteiktas paraugu Skietama un relativa blivuma vertibas, izmantojot hélija piknometru Micro
UltraPyc 1200e (Quantachrome Instruments, ASV). Pirms mérijjumiem CSP sakepinatie
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paraugi tika zavéti (80 °C, 24 h) un samalti smalka pulveri, izmantojot Mini-Mill Pulverisette
23 (FRITCH, Vacija) vienas bumbas dzirnavas (3 min).

CSP ietekme uz ACP fazes stabilitati noveértéta, izmantojot XRD (10. att.). Parejas
Skiduma klatbiitne (Gidens, 20 masas %) veicinaja ACP kristalizaciju nanokristaliska HAp
faze. Kristalizacija notika zemakas temperaturas (kristalizgjas 100 °C), salidzinot ar sausu
ACP pulveri (kristaliz€jas 150 °C). Gan temperatiira, gan spiediens vargja aktivet virsmas
diftizijas procesus, kas veicinaja fazu pareju no ACP uz nanokristalisku HAp.

T L2 T ' T T T LS T 3 T

x

bl I IILIIII AT lll Lhl| IE'CDD PDF-2900:000-0432
Sauss ACP pulveris

\’\MAW\_/\’\—‘ACSP 150 °C

CSP 120°C

CSP 100°C

Normalizéta intensitate

ACP

26

T . T T T > T b T ' T

|yl .| 1NN |L|,|||| ULy yLhl)y yeooeorasososace

Samitrinats ACP pulveris

\AAA/\/\\/\‘J\J\/\‘,_/\CSP 180 °C

\/\_—\ CSP RT
ACP

20 [°]

Normalizéta intensitate

10. att. XRD ainas ACP pulverim un ar CSP sakepinatiem paraugiem, kas izgatavoti no
sausa (A) un no samitrinata (B) ACP pulvera [16].
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Ar CSP sakepinatu paraugu SSA samazinajas aptuveni piecas reizes (11. att.), salidzinot ar
sintezeta ACP pulvera SSA (109 m?/g + 11 m%g). Konstatétais SSA samazindjums liecina par
dalinu sapluSanu CSP laika. Turklat nepilniga sablivéSanas izveido starpdalinu (slégto)
porainibu ar virsmu, kas ir nepieejama BET merijumos izmantotajai slapekla gazei.
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11. att. Ipatngjais virsmas laukums ACP pulverim un ar CSP sakepinatiem paraugiem, kas
izgatavoti no sausa (A) un no samitrinata (B) ACP pulvera [16].

Izmantojot CSP principus, mérens, uniaksiali lietots 500 MPa spiediens istabas
temperatira nodroSinaja ACP sakepinasanu lidz relativi augstam blivumam (12. att.).
SakepinaSanas temperatiiras palielinasanai bija neliela ietekme uz paraugu, kas bija saglabajis
amorfu struktiru péc CSP, blivuma vértitbam (10. att.). Secinams, ka zemas CSP
sakepinaSanas temperatiiras nebija pietickamas, lai uzlabotu sablivéSanos caur difiizijas
procesiem. Literatiira atrodama augstaka relativa blivuma vértiba ACP keramikai ir
~45 % [17]. Saja pétijuma ar CSP sakepinatas ACP keramikas relativais blivums sasniedza
vairak neka 75 %.
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12. att. Skietamais, patiesais un relativais blivums ar CSP sakepinatiem paraugiem, kas
izgatavoti no sausa (A) un no samitrinata (B) ACP pulvera [16].
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SECINAJUMI

Sintez€jot amorfo kalcija fosfatu ar dubultas salu sadaliSsanas metodi no Ca(NO3), un
(NH4)2HPO, un varigjot izejvielu Ca/P molaro attiecibu (1,5, 1,67 vai 2,2) un sintézes
temperatiru (0 °C vai 20 °C), biitisks Ipatngja virsmas laukuma palielindjums nav
konstatets, ka ar1 izejvielu Ca/P molara attieciba neietekmé iegiita amorfa kalcija
fosfata Ca/P molaro attiecibu.

Ir izstradata vienkarSa, atra un rentabla sintézes metode amorfu vai dalgji kristalisku
kalcija fosfatu iegiisanai ar lielu Tpatngjo virsmas laukumu (=100 m?/g), kas balstita uz
strauju pH vertibas paaugstinasanu sintézes vide, kas satur gan kalcija, gan fosfata
jonus.

Amorfa kalcija fosfata izgulsné€Sanas pH (8—11) un zavéSanas metode (liofiliz€sana vai
zaveésana 80 °C temperatlira) termiskas apstrades laika neietekmé amorfa kalcija
fosfata kristalizacijas temperatiiru, kas novérojama no 600 °C lidz 650 °C, bet ietekmé
ar Udens zaudéSanu saistitos masas zudumus.

Amorfa kalcija fosfata materialiem ar paaugstinatu Ca/P molaro attiecibu (>1,50), tos
uzglabajot istabas temperatura, piemit ilgtermina stabilitate.

[zmantojot aukstas sakepinasanas procesa principus, ir iesp&jams iegit blivu amorfa
kalcija fosfata keramiku loti zemas temperattiras (istabas, 100 °C un 120 °C), presgjot
uniaksiali 500 MPa spiediena.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Due to increasing number of patients that encounter musculoskeletal system traumas,
bone related diseases and pathologies worldwide [1], there is ongoing need for more effective
biomaterials for bone treatment and replacement. These biomaterials should resemble the
composition and structure of natural bone. Due to the unique chemical composition and
structure of bone, it has not been artificially imitated so that the properties of produced
biomaterial would be comparable to the bone [2]. The bone is composed of inorganic
(75 wt. %, including 10 wt. % water) and organic (25 wt. %) components [3]. The inorganic
part of the bone is composed of nanosized calcium phosphate particles that are embedded
within the organic matrix. It is known that calcium phosphates have very high
biocompatibility with human tissue and body environment [4]. Therefore, calcium phosphates
are promising substituents of the inorganic part of the bone; and they can be synthesized in
laboratory and used for the development of new and effective biomaterials.

However, the gold standard in bone regeneration is autograft, i.e., bone tissue from the same
patient. Another popular option is to use xenograft, e.g., commercially available deproteinized
bovine bone mineral (DBBM) materials, to avoid shortcomings of the autograft
(several operation sites, pain, prolonged inability to work, etc.) [5]. DBBM materials are
successful because of their micro and nano structures having high specific surface area (up to 88
m?/g [6]), which is close to the value of specific surface area of the calcium phosphate particles
found in bone (40-240 m?/g [7]). Meanwhile, commercial calcium phosphate biomaterials are
still far behind (up to 3 m?/g [8]). High specific surface area is critical for bioactive molecule
(e.g., protein and cytokine) adsorption on surface of biomaterials [9] that further promotes
material integration and tissue regeneration. Synthetic calcium phosphates offer high purity,
availability and repeatability and are not of animal origin. Therefore, scientific community
carries out in-depth studies of calcium phosphates — synthesis, physicochemical properties and
processing thereof, as well as performs in vitro, in vivo and clinical studies.

Amorphous calcium phosphate is the first inorganic phase that forms during a new bone
formation [10]. Furthermore, amorphous calcium phosphate is designated as the first or an
intermediate phase in formation of other calcium phosphates, e.g., hydroxyapatite. So far, the
amorphous calcium phosphate is rarely used as stand-alone biomaterial due to its metastability;
over time and under influence of other factors it crystallizes into other calcium phosphate
phases [11]. In this PhD Thesis it is shown that it is possible to obtain stable amorphous calcium
phosphate, thus significantly widening its potential applications in biomaterials research.

In the current PhD Thesis, novel synthesis method of stable amorphous calcium phosphate
with high specific surface area (=100 m?/g) was developed and physicochemical properties
were characterized. Crystallization of the amorphous calcium phosphate has been studied in
conjunction with technological parameters of the synthesis (synthesis pH and drying method).
Further, the amorphous calcium phosphate was successfully sintered into dense bioceramics
using the principles of cold sintering, thus preserving the amorphous structure thereof.

26



Aim and Objectives

The aim of the Thesis was to develop a synthesis technology for obtaining stable amorphous
calcium phosphate with high specific surface area and study formation, crystallization and
sintering thereof. In order to fulfill the aim, the following objectives were set.

1.

To study the impact of synthesis temperature and Ca/P molar ratio of reagents on the
specific surface area of amorphous calcium phosphate obtained by the double salt
decomposition method.

To develop a synthesis method for obtaining amorphous calcium phosphate with high
specific surface area (=100 m?/g).

To study the impact of drying method (freeze-drying or drying at 80 °C temperature)
on the structure and crystallization of amorphous calcium phosphate.

To study long term stability of amorphous calcium phosphate at room temperature.

To study sintering of amorphous calcium phosphate using principles of cold
sintering process.

Thesis to Defend

Rapid increase of pH up to pH = 10-11 of calcium and phosphate ions containing
solution ensures precipitation of amorphous calcium phosphate with high specific
surface area (>100 m?/g).

Ca/P molar ratio larger than 1.5 of amorphous calcium phosphate precipitated at
pH = 10-11 ensures its long-term stability at room temperature.

Scientific Novelty

New, simple, fast and cost-effective synthesis method of long-term stable amorphous
calcium phosphate with high specific surface area has been demonstrated and
physicochemical properties of the obtained products have been characterized.

Practical Significance

Long-term stable amorphous calcium phosphate was obtained and studied, and
applicability thereof was found in the development of nanostructured granules’:

1) with strontium ions for improvement of performance of osteochondral implants?,

2) with biomimetic chemical composition that will ensure biosynthesis of biological

calcium phosphate after implantation in vivo®.

Collaborative project between RTU and RSU “Development of nanostructured bone substituting materials and

studies of immunologic aspects in bone regeneration”, 2016—-2019.

EuroNanoMed III project “NANOstructured oSteoChOndral scaffold: novel biomimetic tRiggErS for

enhanced bone regeneration”, 2018-2021.

Latvian Council of Science project No Izp-2018/1-0238 “Future of synthetic bone graft materials — in vivo

guided biosynthesis of biomimetic hydroxyapatite”, 2018-2021.
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Structure of the Thesis

The Thesis is a collection of four SCI publications with a summary in Latvian and
English. Publications are written in English; total volume of which is 34 pages, including
electronically available supplementary information.

Publications and Approbation of the Thesis

Results of the Thesis are published in four SCI scientific publications

1.

Vecstaudza, J., Locs, J. Effect of synthesis temperature and Ca/P ratios on specific
surface area of amorphous calcium phosphate, Key Engineering Materials, 721, 2016,
pp. 172-176. doi: 10.4028/www.scientific.net/KEM.721.172 (Scopus).

Vecstaudza, J., Locs, J. Novel preparation route of stable amorphous calcium
phosphate nanoparticles with high specific surface area, Journal of Alloys and
Compounds, 700, 2017, pp. 215-222. doi: 10.1016/j.jallcom.2017.01.038 (Scopus).
Vecstaudza, J., Gasik, M., Locs, J. Amorphous calcium phosphate materials:
formation, structure and thermal behaviour, Journal of the European Ceramic Society,
39, 2019, pp. 1642-1649. doi: 10.1016/j.jeurceramsoc.2018.11.003 (Scopus,
Open Access).

Rubenis, K., Zemjane, S., Vecstaudza, J., Bitenieks, J., Locs, J. Densification of
amorphous calcium phosphate using principles of the cold sintering process, Journal
of the European  Ceramic  Society, 41, 2021, pp. 912-919.
doi: 10.1016/j.jeurceramsoc.2020.08.074 (Scopus, Open Access).

Results of the Thesis were presented at 18 scientific conferences

1.

Vecstaudza, J., Locs, J. Synthesis and characterization of amorphous calcium
phosphate with biomimetic bone-like composition. 11" World Biomaterials Congress,
Virtual event, 11-15 December 2020 (poster).

Vecstaudza, J., Locs, J. Amorphous calcium phosphate biomaterials for bone
regeneration. 60" International Scientific Conference of RTU: Materials Science and
Applied Chemistry, Latvia, Riga, October 24, 2019 (oral presentation).
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chemical composition. 30™ Annual Conference of the European Society for
Biomaterials, Germany, Dresden, 9-13 September 2019 (poster).
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30™ Annual Conference of the European Society for Biomaterials, Germany, Dresden,
9—13 September 2019 (poster).

Vecstaudza, J., Locs, J. Biomimetic amorphous calcium phosphate. XVI Conference
of the European Ceramic Society, Italy, Turin, 16-20 June 2019 (poster).

Vecstaudza, J., Locs, J. Development of synthesis of amorphous calcium phosphate
with biomimetic chemical composition. Scandinavian Society for Biomaterials 2019
conference, Finland, Kirkkonummi, 12—14 June 2019 (poster).
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Makarova, E., Vecstaudza, J., Vilskersts, R., Kupats, R., Kuka, J., Loca, D., Locs, J.,
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Amorphous Calcium Phosphate in Mice: Experimental Model. Riga Stradins
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Vecstaudza, J., Locs, J. Reduction of specific surface area of amorphous calcium
phosphate during gradual heat treatments. 29" European Conference on Biomaterials
ESB 2018, the Netherlands, Maastricht, 9-13 September 2018 (poster).
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TERMIS EU, Switzerland, Davos, 2630 June 2017, P809 (poster).

Vecstaudza, J., Locs, J. Calcium phosphates with high specific surface area towards
improved cell response in vitro, 10th annual meeting for Scandinavian Society for
Biomaterials, Norway, Hafjell, 15-17 March 2017 (poster).

Vecstaudza, J., Locs, J. Novel preparation route of stable amorphous calcium
phosphate nanoparticles with high specific surface area, 33" Scientific Conference of
the Institute of Solid State Physics, Latvia, Riga, 22—24 February 2017 (poster).
Vecstaudza, J., Locs, J. Effect of synthesis temperature and Ca/P ratios on specific
surface area of amorphous calcium phosphate. 25" International Baltic Conference
Baltmattrib 2016, Latvia, Riga, 3—4 November 2016 (poster).

Vecstaudza, J., Locs, J. Amorphous and low crystalline calcium phosphates for bone
tissue regeneration, 57" International Scientific Conference of Riga Technical
University, Latvia, Riga, October 21, 2016 (oral presentation).

Vecstaudza, J., Gasik, M., Locs, J. New biomimetic amorphous calcium phosphate
biomaterials: structure and thermal properties. The 2016 E-MRS Fall Meeting and
Exhibition, Poland, Warsaw, 19-22 September 2016 (oral presentation).

Vecstaudza, J., Locs, J., Gasik, M. Biomimetic calcium phosphate nanoparticles with
variable degree of crystallinity. 6™ International congress on ceramics, Germany,
Dresden, 21-25 August 2016 (poster).

Vecstaudza, J., Locs, J. Rapid reprecipitation of nanosized calcium phosphates. 24th
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2015 (poster).
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Participation at other scientific conferences during development of the Ph. D. Thesis

1.

Putnins, A., Vecstaudza, J., Locs. J. Obtaining and characterization of C-shaped
calcium phosphate granules for biomedical application. 9" International Granulation
Workshop, Switzerland, Lausanne, 26-28 June 2019, p. 194 (poster).

Putnins, A., Vecstaudza, J., Locs. J. Development of designed shape calcium
phosphate granules. 9™ International Granulation Workshop, Switzerland, Lausanne,
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Cimdina, L. Optimization of the Synthesis and Design of Calcium Phosphates for
Biomedical Applications. The 32nd Scientific Conference of the Institute of Solid State
Physics, Latvia, Riga, 17-19 February 2016, p. 136 (poster).

Other scientific publications published during development of the Ph. D. Thesis
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Choudhary, R., Venkatraman, S. K., Chatterjee, A., Vecstaudza, J., Yanez-Gascon,
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Open Access).
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dissolution studies of diopside prepared from biowaste by using sol-gel combustion
method (2016) Materials Science and Engineering C, 68, pp. 89-100.
doi: 10.1016/j.msec.2016.04.110 (Scopus).
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MAIN RESULTS OF THE THESIS

Effect of Ca/P Molar Ratio of Reagents and Synthesis Temperature
on the Properties of ACP

Literature analysis showed that synthesis technologies of amorphous calcium phosphate
(ACP) could be modified in order to obtain product with high specific surface area (SSA)
(>100 m?/g). Further analysis on calcium phosphate (CaP) synthesis protocols highlighted two
technological parameters of synthesis — Ca/P molar ratio of reagents and synthesis
temperature, that could have impact on the SSA of the product of ACP synthesis. Usually,
ACP is obtained by precipitation method, e.g., double salt decomposition method. For this
method calcium and phosphate ion containing water soluble salt solutions are used; both
solutions are combined into one at a basic pH, thus ensuring precipitation of ACP. In such
synthesis variety of calcium and phosphate ion containing salts may be used, e. g.,
C&(NO3)2‘4H20 and (NH4)2HPO4, C&(NO3)2‘4H20 and NH4H,PO4, C&Clz'szo and
KoHPO,, CaCI2-2H20 and Na,HPO,, etc.

In the PhD Thesis ACP samples were synthesized by the double salt decomposition
method where solutions of Ca(NOs),-4H,0 and (NH,);HPO, (both salts purchased from
Sigma Aldrich) were rapidly poured together under rapid mixing with magnetic stirrer
(Fig. 1). Molarity of the Ca(NO3), was kept 0.45 M in all experiments. In order to evaluate
whether it is possible to obtain ACP with high SSA using double salt decomposition method,
effect of the following technological parameters was studied: 1) Ca/P molar ratio of
reagents (1.5, 1.67 and 2.2) and 2) synthesis temperature (0 °C and 20 °C).

Ice bath .
(optional)

[ Magnetic stirrer |

Fig. 1. General scheme of ACP synthesis by double salt decomposition method.

As-synthesized and heat treated (1100 °C, 1 h) samples were studied for their phase
composition using x-ray diffractometer X’Pert Pro (PAnalytical, the Netherlands). Crystalline
phase identification was done using PDF-2 database from International Centre for Diffraction
Data (ICDD). SSA of the as-synthesized samples was determined using Brunauer—Emmett—
Teller (BET) method and Quadrasorb SI (Quantachrome, USA) instrument.
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Regardless of Ca/P molar ratio (1.5, 1.67 or 2.2) of reagents and synthesis temperature
(0 °C or 20 °C), all synthesis products were x-ray amorphous (Fig. 2 (a)). In x-ray diffraction
(XRD) patterns of the heat-treated ACP samples (Fig. 2 (a)) only B-tricalcium phosphate (B-
TCP, B-Caz(POy),) or mixture of B-TCP and a-tricalcium phosphate (a-TCP, a -Caz(PQOy,),)
phases were identified. In samples where mixture of o-TCP and B-TCP was identified the
dominant phase was B-TCP. Hence, the Ca/P molar ratio of all ACP samples was 1.5
regardless of the Ca/P molar ratio of the reagents and synthesis temperature.
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Fig. 2. XRD patterns (a) of as-synthesized and heat treated (1100 °C, 1 h) ACP, where a —
a-TCP, b - B-TCP; (b) specific surface area of ACP samples as a function of synthesis

temperature and Ca/P molar ratio of reagents [12].

Fig. 2 (b) presents the influence of Ca/P molar ratio of reagents and synthesis temperature
on SSA of ACP. Both Ca/P molar ratio of reagents and synthesis temperature have influence on
SSA of ACP obtained by double salt decomposition method. Higher initial Ca/P ratio produced
ACP with higher average value of SSA both at 0 °C and 20 °C temperature. Overall, it was
possible to increase SSA of ACP from (53 + 5) m?/g to (65 + 5) m%/g at 20 °C and from (39 + 2)
m?/g to (57 + 15) m%/g at 0 °C by varying Ca/P molar ratio of reagents from 1.5 till 2.2. As all
samples had Ca/P of 1.5, it suggested that excess of calcium ions in synthesis media has
fostered formation of particles with higher SSA. The highest SSA value was for ACP
synthesized from reagents with Ca/P molar ratio of 2.2 at 20 °C — 65 m?/g which did not reach
the expected value of 100 m?/g. Therefore, other synthesis methods of ACP should be explored
and modified in order to synthesize the product with intended value of SSA.

The novelty of the obtained results is twofold: 1) synthesis of ACP using double salt
decomposition method without stabilizing agents at a lower temperature (0 °C) than reported in
the literature before and 2) assessment of an impact of Ca/P molar ratio of the reagents on the
SSA of ACP. Furthermore, as systematic studies on SSA of CaPs, especially ACP, were lacking
in the literature, the current PhD Thesis partially filled the identified gap of knowledge.

32



Development of Synthesis Method for Obtaining ACP
with High Specific Surface Area

In the double salt decomposition method of ACP synthesis two solutions are joined into
one, thus it was hypothesized that use of a single solution containing both calcium and
phosphate ions is efficient for obtaining CaPs with higher SSA. The initial homogeneity of
calcium and phosphate ions would lead to uniform formation and growth of precipitated
particles and thus to CaP with high SSA. Similar hypothesis of homogenized reactant solution
was presented by E. D. Eanes and E. L. Meyer [13], where basic solution of KOH was rapidly
added to an acidic mix of calcium and phosphate salts inducing precipitation of CaP.

In the current PhD Thesis, the developed synthesis method for obtaining ACP with high
SSA consists of two steps: 1) obtaining of homogenous solution containing both calcium and
phosphate ions by dissolving hydroxyapatite in hydrochloric acid and 2) rapid addition of
strong base to the solution of calcium and phosphate ions and rise of pH (Fig. 3). The second
step is immediately proceeded with precipitation of ACP.

(b)

[ HAp suspension |
[ Addition of 3M HCI |
(Addition of 1M NaOH |
[ ACP formation |

Addition of NH,OH
(few drops)

——— -y

Synthesis end pH: !
. 8,9,10and11l

(a)

[ Vigorous stirring ]

— Dissolution
5y =

¢
|

Precipitate separation
& washing

Drying at 80°C ]
ACP )

[
[

Fig. 3. Main steps (a) and detailed overview (b) of ACP synthesis (developed by author).
Synthesis scheme is based on the image by J. Vecstaudza and J. Locs [14].

It is known that pH of the synthesis medium has a significant effect on CaP phase
composition obtained by precipitation methods, therefore effects of synthesis end pH (8, 9, 10
and 11) on phase composition, chemical structure and SSA of the products obtained by the
developed precipitation method were studied. The synthesized materials were characterized
using XRD (X’Pert Pro, PAnalytical, the Netherlands), Fourier transform infrared
spectrometry (FT-IR, Scimitar 800, Varian Inc., USA) and BET (Quadrasorb SI,
Quantachrome, USA) methods. In addition, long-term phase stability of synthesized materials
was studied using XRD. Crystalline phases were identified using ICDD PDF-2 database;
phases were quantified using Rietveld refinement. Ca/P molar ratio of the samples was
calculated based on quantitative phase analysis. Calculation of average particle diameter dger
was done according to Equation (1) assuming particles to be spherical and nonporous:

deer = 6/(p - SSA), 1)
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where p is the density of R-HAp (2.81 g/cm®), SSA is a specific surface area (determined
by BET).

Nanosized carbonated calcium phosphates (CaPs) with amorphous or low crystalline
structure were obtained by a novel method based on fast pH increase of calcium and
phosphate ions containing solution and drying of precipitates at 80 °C temperature. Phase of
ACP was obtained at synthesis end pH values of 10 and 11; in turn, low crystalline CaPs were
obtained at synthesis end pH values of 8 and 9 (Fig. 4 (a)). Chemical composition of
respective materials was dependent on synthesis end pH as well (Fig. 4 (b)); differences
observed in XRD patterns were complemented by information gained from FT-IR spectra.
Furthermore, FT-IR spectra revealed presence of carbonate groups within all studied samples.
Both the phase and chemical group composition analysis showed that ACP synthesized by the
developed method is valid for drying at 80 °C temperature, as it remains amorphous when
precipitated at certain pH. Later advancement holds promise for upscaling of ACP synthesis
and later commercialization due to substantially shorter processing time, as usually, the
metastable ACP is dried using lyophilization technique for 4872 h.

10 20 30 40 50 60 (b)

(a) HAp ICDD 01-072-1243

] t ! II] ”] N PN I.IIIIT te

R-HAp
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Intensity [a. u.]

pH 8

pH9

W
W

10 15 20 25 30 35 40 45 50 55 60 1650 1400 1150 900 650 400
2Theta [°] Wawenumber [cm-]

Fig. 4. X-ray diffraction patterns (a) and FT-IR spectra presented in 1700-400 cm* range (b)
of calcium phosphates obtained at different pH values and R-HAp, samples dried at 80 °C
temperature [14].
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The obtained CaPs have SSA within a range from 133 m?/g to 154 m?/g (Table 1), thus
fulfilling the set goal of obtaining ACP with SSA > 100 m%g. Next, the calculated particle
size dggr Was in the range from 14 nm to 16 nm. However, correlation between SSA and the
synthesis end pH of ACP was not found (results were not statistically significant).

Table 1

Characteristics of the Obtained Calcium Phosphates, where dger — Particle Size,
SSA — Specific Surface Area [14]

Sample Synthesis end pH dger, NM SSA, m?/g
ACP-8 8 14+1 154+9
ACP-9 9 15+1 141 +8
ACP-10 10 163 133 +£25
ACP-11 11 15+£3 150 +28
R-HAp 8.8 22+1 95+3

Regardless the initial Ca/P molar ratio in synthesis solution (in all cases Ca/P = 1.67),
different crystalline phases formed upon heat treatment (1100 °C, 1 h) of ACP: B-TCP
(pH =8 and pH = 9) or B-TCP/HAp (pH =10 and pH = 11) was identified. Ca/P molar ratio
of the heat-treated samples can be seen in Table 2. Ca/P molar ratio of the samples was
affected by synthesis end pH value — it increased with increasing synthesis end pH. The
increase of Ca/P molar ratio of the sample may be due to carbonate ions that left the structure
of CaP during the heat treatment. It is known that in CaP synthesis pH is one of the main
factors that contributes to obtaining of the product with specific composition; it is confirmed
in the current study as well.

Table 2
Crystalline Phase Composition of Heat-Treated Samples and Ca/P Molar Ratios Thereof [14]
Sample Synthesis end pH B-TCP, wt. % Hap, wt. % Ca/P molar ratio
ACP-8 8 100 - 1.50
ACP-9 9 100 - 1.50
ACP-10 10 952+1.5 48+1.5 1.51
ACP-11 11 90.3+ 1.6 9.7+1.6 1.61

The obtained CaPs are stable in dried state at least up to 7 months (Fig. 5) when synthesis
end pH values thereof are pH = 8, pH = 10 and pH = 11. After 5 months, the sample obtained
at pH = 9 started to crystallize because of internal hydrolysis mechanism. The stability of
samples obtained at pH = 10 and pH = 11 could be explained by incorporation of carbonate
ions within the structure of the samples, thus increasing the Ca/P molar ratio. Therefore, ACP
samples with increased Ca/P molar ratio (>1.50) demonstrated a long-term stability of
amorphous phase.
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Fig. 5. XRD patterns of low crystalline and amorphous CaPs obtained at different pH and
dried at 80 °C temperature: as-synthesized, 3, 5 and 7 months after synthesis [14].

Thermal Behaviour of Differently Dried ACP Materials

The developed synthesis method allowed drying of ACP even at 80 °C temperature (1 h)
without the need for the time-consuming freeze-drying (72 h) to preserve the amorphous
structure. However, CaPs synthesized using the developed method were freeze-dried as well,
and their physicochemical characteristics were compared to CaPs dried at 80 °C temperature.

All freeze-dried samples were x-ray amorphous, regardless of synthesis end pH value.
However, the freeze-dried powders visually differed from CaPs dried at 80 °C temperature
(Fig. 6), where free flowing voluminous powders for freeze-dried and agglomerated powders
for oven dried materials were obtained. The samples dried at 80 °C temperature (abbreviated
as “Ov”) had a larger particle size and occupied less volume than the freeze-dried
(abbreviated as “FrD”) samples. A hypothesis was formulated: differently dried ACP will
crystallize into different phases because of structural differences that were not detectable by
means of routine analysis tools (e.g., XRD and FT-IR). Possible differences of differently
dried CaPs were analyzed within crystallization process thereof using thermogravimetry
(TGA) and differential scanning calorimetry (DSC) methods.

DSC-TGA measurements were performed with STA449C Jupiter® (Netzsch, Germany)
instrument. Two samples were used for comparison: n-HAp (nanocrystalline HAp, Sigma
Aldrich) and R-HAp (produced at RTU RBIDC), both contain only HAp..
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Freeze
dried

Fig. 6. Photographs and TEM images of oven dried at 80 °C (left) and freeze-dried (right)
ACP samples of the same weight [15], synthesis end pH = 10.

TGA curves of Ov and FrD ACP samples are shown in Fig. 7. The observed mass losses
are gradual and without abrupt changes for all Ov and FrD samples. However, the total mass
loss value differs for samples that were obtained at synthesis with different synthesis end pH
value, e.g., see mass loss at 800 °C temperature.
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Fig. 7. TGA curves of (a) 80 °C temperature dried and (b) freeze-dried ACP shown in the
temperature range of 50 °C to 800 °C; n-HAp and R-HAp are for reference purpose [15].
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The comparison of both drying methods revealed that Ov samples had larger amount of
physically adsorbed water that was lost up to 200 °C temperature (Fig. 7). The same
observation applies for the total mass loss determined at 1200 °C. The total mass loss of Ov
samples ranged from 11 wt. % to 20 wt. %, where higher values of mass loss were for Ov
samples that were obtained at higher synthesis end pH. In turn, the total mass loss of FrD
samples reached maximum of 14 wt. % for the sample that was obtained at pH = 11. The total
mass loss values were approximately the same for FrD samples obtained at pH = 8-10; the

effect of synthesis end pH here was not observed.
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Fig. 8. DSC curves of (a) 80 °C temperature dried and (b) freeze-dried ACP in temperature
range from 550 °C to 800 °C; n-HAp and R-HAp are for reference purpose [15].

In all DSC curves of Ov and FrD samples exothermic crystallization effects were
observed (Fig. 8). Within the temperature range of these effects at 630-720 °C ACP
transformed into crystalline CaPs with dominant crystalline phase being B-TCP. Tcrystonset OF
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the studied ACP was in the range from 600 °C to 650 °C; correlation between crystallization
temperatures (Terystonset aNd Terystend) @and drying method or synthesis pH was not observed.
The analysis of both TGA and DSC curves indicated that thermally induced crystallization of
ACP was not associated with simultaneous mass loss. Crystallization of ACP started at 150
200 °C higher temperature from the point where in TGA curve the greatest mass loss (up to
400 °C) was observed.

Densification of ACP Using the Principles of Cold Sintering Process

Besides the unique phase and chemical composition, the bone has a unique physical
structure as well, which is comprised of both dense and porous bone regions. So far it has
remained a challenge to sinter ACP bioceramics to high relative density without affecting its
amorphous, hydrated structure and properties. Therefore, alternative sintering techniques such
as hydrothermal hot-pressing and low-temperature spark plasma sintering have been used for
densification of ACP. However, densification of ACP is challenging even with these
technologies. Recently, cold sintering process (CSP) has been used for low-temperature
(<300 °C) densification of various powders. In CSP transient liquid, applied uniaxial pressure
and heat is used to densify a powder compact. Thus, use of the CSP technique for
densification of ACP has been explored in the current Thesis.

In order to determine optimal technological parameters of CSP for obtaining dense ACP
bioceramics, two technological parameters were tested: 1) presence or absence of a transient
liquid (water, 20 wt. %) and 2) sintering temperature (room temperature, 100 °C, 120 °C and
150 °C). For each CSP experiment 0.5 g of previously prepared ACP powder (dried at 80 °C,
24 h) were transferred to an easy retrieve pressing die (ID =13 mm, Across International,
USA). Here ACP with high SSA was used, that was synthesized according to the developed
synthesis protocol [14] and dried using freeze-drying. Moistening of the ACP powder was
done manually using agate mortar and pestle. CSP process was done using a two-column lab
press PW 40 (P/O/WEBER, Germany) by applying uniaxial pressure of 500 MPa. At least
three samples were made for each sintering condition. See overview of CSP experimental
conditions in Fig. 9.

100 °C

AP | 120
e D D G| e
20 wt% H,O

$
(}S 30min

Pressing die 1Heating jacket © ‘\

\

. J

500 MPa RT. 30 min }

N

Fig. 9. Densification of ACP using principles of CSP, where RT — room temperature.
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Starting ACP powder and CSP-sintered samples were analyzed using XRD (X’Pert Pro,
PAnalytical, the Netherlands) and BET (Quadrasorb SI, Quantachrome, USA) methods to
determine the phase composition and SSA. In order to evaluate the effect of CSP on densification
of the samples, bulk and relative density values of CSP-sintered samples were determined using
helium pycnometer Micro UltraPyc 1200e (Quantachrome Instruments, USA). Before each
measurement the CSP-sintered samples were pre-dried (80 °C, 24 h) and milled to fine powder
using Mini-Mill Pulverisette 23 (FRITCH, Germany) one ball mill for 3 min.

The impact of CSP on phase stability of ACP was evaluated using XRD (Fig. 10).
Presence of transient liquid (water, 20 wt. %) led to crystallization of ACP into
nanocrystalline HAp phase. The crystallization occurred at lower temperatures (crystallized at
100 °C) when compared to the dry ACP powder (crystallized at 150 °C). Both the
temperature and pressure could have activated the surface diffusion processes leading to the
phase transition from ACP to nanocrystalline HAp.
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Fig. 10. XRD patterns of the starting ACP and the CSP-sintered samples produced
from dry (A) and from moistened starting powder (B) [16].

40



SSA of the CSP-sintered samples was reduced approximately 5-fold (Fig. 11) comparing
to one of the as-synthesized ACP powder (109 m%g + 11 m%g). The observed reduction of
SSA indicates to particle coalescence during the CSP. Further, insufficient densification
produces interparticle (closed) porosity with a surface that may be inaccessible to nitrogen gas
that was used in BET measurements.
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Fig. 11. Specific surface area of the starting ACP powder and the CSP-sintered samples
produced from dry (A) and from moistened starting powder (B) [16].

Application of a moderate uniaxial pressure of 500 MPa at room temperature enabled
sintering of ACP to relatively high density by using principles of the CSP (Fig. 12). Increase
of sintering temperature had only a slight effect on the density values of the samples that
remained amorphous after the CSP (refer to Fig. 10). Apparently, the low sintering
temperatures were not sufficient in order to increase densification by diffusion processes. The
highest relative density value reported for ACP ceramics so far was ~45 % [17]. In current
study, relative density of ACP CSP-sintered ceramics was over 75 %.
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CONCLUSIONS

. Synthesis of amorphous calcium phosphate by double salt decomposition method from
Ca(NOg3), and (NH,),HPO, by varying Ca/P molar ratio of the reagents (1.5, 1.67 or
2.2) and synthesis temperature (0 °C or 20 °C) produces negligible increase of the
specific surface area; furthermore, Ca/P molar ratio of the reagents does not affect
Ca/P molar ratio of the produced ACP.

. A simple, fast and cost-effective synthesis method for preparation of nanosized
calcium phosphates, amorphous or low crystalline, with a high specific surface area
(>100 m?/g) has been developed based on a fast increase of pH value in synthesis
media containing both calcium and phosphate ions.

. Synthesis pH (8-11) and drying method (freeze-drying or drying at 80 °C
temperature) of amorphous calcium phosphate does not affect crystallization
temperature (600—650 °C) of amorphous calcium phosphate during heat treatment,
however mass losses associated with the removal of water are affected.

. Amorphous calcium phosphate materials with increased Ca/P molar ratio (>1.50)
exhibit long term stability when stored in room temperature.

Use of cold sintering process principles enables obtaining dense amorphous calcium
phosphate ceramics at very low temperatures (room, 100 °C and 120 °C) by uniaxial
pressing at a pressure of 500 MPa.
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Abstract. Amorphous and low crystalline calcium phosphates are prospective candidates for bone
implant manufacturing. Amorphous calcium phosphate (ACP) preparation technologies could be
improved in terms of specific surface area (SSA) of obtained products. Current study is dedicated to
the effect of synthesis temperature and Ca and P molar ratios (Ca/P) on SSA of ACP. Higher SSA
can improve bioactivity of biomaterials. ACP was characterized by XRD, FT-IR, SEM and BET N,
adsorption techniques. Spherical nanoparticles (<45 nm in size) were obtained independently of
initial Ca/P ratio and synthesis temperature. For the first time comparison of SSA was shown for
ACP obtained at different temperatures (0 °C and 20 °C) and Ca/P molar ratios (1.5, 1.67 and 2.2).

Introduction

Nanomaterials are of practical concern in biomaterial engineering for hard tissue repairing and
replacement materials [1]. High specific surface area (SSA) is an important parameter of
nanomaterials that ensures reactivity and bioactivity of biomaterial [2]. Inorganic phase of natural
bone is partially amorphous nano sized calcium phosphate (CaP) with ionic substitutions in
crystalline lattice [3] and it has high SSA up to 240 m%/g [4]. Amorphous calcium phosphate
(ACP), due to variable Ca/P ratio from 1.2 to 2.2 and therefore tunable properties, is significant
candidate for bone mineral phase substitution [5]. The aim of current study was to find the influence
of synthesis temperature and initial Ca/P ratio of starting materials on SSA of ACP nanoparticles.

Several studies on CaP precipitated from solutions [6-8] demonstrate the dependence of
synthesis temperature on SSA. The trend is following: lowering the synthesis temperature increases
the SSA. While in most “low temperature” studies, the lowest temperature used is 20, 25 or 37 °C,
in some studies synthesis of CaP have been done at temperatures lower than 20-25 °C. For example,
Moghimian et al [9] have prepared low crystalline CaP at 5 °C, Layrolle et al [10] obtained CaP at 5
°C in anhydrous ethanol and Li et al [11] succeeded to obtain ACP at 5 °C applying stabilizing
agents. SSA value for ACP synthesized at 5 °C was 123 mz/g given by Lietal [11].

Impact of initial Ca/P ratio of the reagents on SSA of CaP precipitates is unclear and might
depend on synthesis technology. For instance, low crystalline CaP with apatitic structure prepared
from solutions had higher SSA if the Ca/P ratio was lower [12]. However in study on flame spray
pyrolysed CaP (mixture of hydroxyapatite, a-tricalcium phosphate, f-calcium pyrophosphate),
increasing Ca/P ratio lead to formation of CaP with higher SSA [13]. At the same time no impact of
Ca/P molar ratio on SSA of ACP could be found in literature reviewed by the authors.

The novelty of current study is twofold: 1) synthesis of ACP without stabilizing agents at lower
temperature (0 °C) than reported in literature before and 2) analysis of impact of Ca/P molar ratio of
the solutions on SSA of ACP.

Materials and Methods

Materials. ACP was obtained by rapid mixing of Ca(NOs3),x4H,0 and (NH4),HPO,. Molarity of
calcium ion rich solution was kept constant in all experiments — 0.45 M. pH of reactant solutions
47
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Novel and effective method for preparation of nanosized and stable calcium phosphates (CaPs) is
developed. Amorphous or partially crystalline CaP nanoparticles are rapidly reprecipitated from syn-
thesis solution due to fast change of pH. Basic steps of the proposed approach are: to dissolve CaP salt
(e.g. hydroxyapatite) with acid and add base thus inducing reprecipitation of new CaP nanoparticles. It is
well known that pH of synthesis medium has a significant effect in CaP precipitation, therefore we varied
synthesis pH from 8 to 11. Study reveals impact of synthesis pH on chemical structure (FT-IR), phase
composition (XRD) for as-synthesized and heat-treated (300—1100 °C) CaPs and specific surface area
(BET). Partially crystalline CaPs form at pH 8 and pH 9, while amorphous calcium phosphate precipitates
at pH 10 and pH 11. CaPs prepared by the novel technology have high specific surface area (133—154 m?/
g). Their amorphous state corresponds to amorphous tricalcium phosphate with carbonate ion sub-
stitutions depending on pH of the synthesis. Effectiveness of technology is the use of conventional drying

instead of lyophilisation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous and partially crystalline calcium phosphates (CaPs)
are of special interest in the biomaterial field due to their attractive
properties in comparison with traditional polycrystalline CaPs [1].
The size of amorphous calcium phosphate (ACP) is in nanometer
scale and a high surface to volume ratio of ACP nanoparticles
governs to high reactivity, solubility, biocompatibility and bioac-
tivity [2]. Hence ACP has promising applications in biomedical
engineering especially in repair and regeneration of hard tissue.

ACP forms as by-product during preparation of high tempera-
ture CaP coatings when using plasma spraying deposition, elec-
trostatic spray deposition or pulsed laser deposition technologies
[2]. Therefore studies of ACP formation and property investiga-
tion are of high practical importance in development of ceramic
coatings. ACP is considered as initial phase in formation of crys-
talline CaPs from solutions as well [3]. Furthermore, amorphous
phase forms during extensive milling of crystalline CaPs or mix-
tures of calcium and phosphorus containing salts [4]. ACP phase can
always be present at some point in preparation or treatment

* Corresponding author.
E-mail address: jana.vecstaudza@rtu.lv (J. Vecstaudza).
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processes of various CaPs.

According to previous studies [5,6] ACP has short stability times
in solution or humid atmosphere and this leads to formation of
crystalline phase, e.g. hydroxyapatite (HAp). Some researchers add
stabilizing agents (e.g. polyethylene glycol, Mg?*, CO3™) to stop the
conversion and to stop the growth of crystals or at least to obtain
nanocrystalline CaP with nanosized particles [1]. In most of the
papers classic calcium nitrate-ammonium phosphate route is used
that is followed by immediate removal of precipitates and lyophi-
lisation (usually for 48—72 h) [7—9]. It is time and cost consuming
process. Therefore another approach that gives stable CaP nano-
particles with variable crystallinity and much shorter processing
times are needed for upscaling and use in industry.

Aim of the study was to obtain amorphous or partially crystal-
line CaP nanoparticles by a different approach than a classical re-
action [2] between calcium nitrate and ammonium phosphate
solutions. In our case fast pH change of the synthesis solution was
utilized to induce precipitation of ACP, similarly to Eanes [10,11],
where KOH was rapidly added to acidic mix of calcium and phos-
phate salts.

The originality of our work is twofold: 1) use of a dissolved
calcium phosphate salt as a source of calcium and phosphate ions
for formation of nanosized calcium phosphates; 2) synthesis of ACP
without stabilizing agents (Mg>*, polyethylene glycol etc.) or extra
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Fig. 1. Synthesis scheme of amorphous calcium phosphate nanoparticles: (a) general and (b) in detail.

techniques (lyophilisation, microwave, ultrasound etc.) only by pH
change and conventional drying. Thus calcium and phosphate ions
are already homogenously distributed in synthesis solution oppo-
site to double salt decomposition approach where one salt solution
is usually rapidly added to another. Therefore, in our case more
uniform formation and growth of particles is expected. A new,
simple, fast, cost-effective and scalable method for preparation of
nanosized calcium phosphates - amorphous or low crystalline, with
a high specific surface area has been developed. Use of conven-
tional drying in hot air should be highlighted because it reduces
time and costs of the overall technology. To the authors knowledge
such technology has yet never been reported anywhere else.

2. Materials and methods
2.1. Synthesis of CaP nanoparticles

We used reagent grade reagents: HCl, NaOH and 26% NH3 so-
lution from Sigma Aldrich and pure nanosized hydroxyapatite
(HAp) to synthesize CaP nanoparticles. HAp was prepared by pre-
cipitation reaction from calcium hydroxide and orthophosphoric
acid [12]. Chosen method is cost effective approach for preparation
of HAp by wet chemistry and thereby the novel synthesis using this
HAp is cost-effective as well. The total price of calcium oxide and
orthophosphoric acid is three to four times smaller when compared
to price of calcium and phosphate salts used in other methods. Step
by step description of the synthesis process with dissolution step of
HAp followed by ACP formation after rapid addition of base is
shown on Fig. 1b, while Fig. 1a depicts generalized version of the
same.

At first vigorous stirring of HAp powder in deionized water at
room temperature (22 + 2 °C) gave homogenous suspension (1 g of
HAp per 300 mL of H,0). There was continuous control of pH and
temperature during the synthesis. Then solution of 3M HCI was
added to completely dissolve HAp with a rate of 1 mL/min. Dis-
solved Ca and P species were sparingly mixed and 1M NaOH was
added in a fast manner to change the pH of the solution. At this
point precipitation of ACP occurred. End pH (8, 9, 10 or 11) of the
synthesis was adjusted with ammonia solution. Immediately
formed precipitates were left to stir for 5 min and separated from
solution by centrifugation afterwards. Gel-like precipitates were
washed three times: firstly, with deionized water, secondly, with
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Fig. 2. X-Ray diffraction patterns of calcium phosphates obtained at different pH
values and R-HAp, where on (a) samples dried at 80 °C and on (b) dried by lyophili-
sation for comparison.
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water-ethanol solution (50—50 vol%) and finally with deionized
water. Obtained precipitates were transferred to Petri dishes,
evenly distributed and covered with 15 mL of ethanol. Ethanol
provided fast drying of ACP precipitates. Drying was done in air at
80 °C for 1 h. Each of the synthesis was repeated three times and all
measurements were performed for each of them. The same HAp
used in synthesis was used as a reference in measurements (further
designated as R-HAp).

2.2. Analytical methods

X-Ray diffractometer X'Pert Pro (PAnalytical, the Netherlands)
operated at 40 kV and 30 mA was used to check presence of crys-
talline phases of as-synthesized and thermally treated ACP. Quan-
titative amount of ($-Caz(POg4); (8-TCP) and HAp phases was
determined with Rietveld refinement procedure with Profex soft-
ware [ 13] for samples heat treated at 1100 °C for 1 h. These amounts
were used to calculate Ca/P molar ratio as well. We calculated mean
particle size dxgp with Scherer formula after [002] peak, knowing it
is only applicable when domain (crystallite) size of the sample does
not exceed 100 nm [14]. For crystalline phase identification
following ICDD entries were used — #01-072-1243 for HAp and
#009-0169 for -TCP.

Fourier transform infrared spectrometer Varian 800 Scimitar
Series (USA) with attenuated total reflectance (ATR) unit was
employed to characterize functional groups of as-synthesized CaPs.
Spectra were collected with resolution of 4 cm~' averaging 50
scans in the wavenumber range of 400—4000 cm ™.

Morphological features of as-synthesized CaP nanoparticles
were observed with transmission electron microscope (TEM) FEI
Tecnai G2 F20 operated at 200 kV. Detailed sample preparation for

TEM analysis is described elsewhere [15].

Specific surface area (SSA) was measured with N adsorption
system Quadrasorb SI (Quantachrome Instruments, USA). Degasser
Autosorb AD-9 (Quantachrome Instruments, USA) was used to
degass samples at room temperature for 24 h prior to analysis to
remove any excess moisture and vapours. Particle size dggr was
calculated according to Eq. (1) stated in ISO standard No. 13779-3
“Implants for surgery — Hydroxyapatite — Part 3: Chemical analysis
and characterization of crystallinity and phase purity”, assuming
particles to be spherical and nonporous:

dper = 6/(p x SSA), (1)

where p — density of R-HAp (2.81 g/cm?), determined with
Micromeritics AccuPyc 1330.

Structural stability of dried CaPs after three, five and seven
months after the synthesis was evaluated with XRD to check
whether ACP has transformed into crystalline CaP. During the
experiment samples were kept in air atmosphere in sealed sample
bags.

To gain insight into the crystallization process of ACP, samples
were subjected to heat treatments at 1100, 900, 700, 500 and
300 °C (heating rate 5 °C/min, hold time 1 h).

3. Results

Amorphous and partially crystalline CaPs were successfully
prepared by the novel rapid reprecipitation method at different
synthesis pH values. X-Ray diffraction (XRD) patterns and FT-IR
spectra of as-synthesized CaP nanoparticles are shown on Figs. 2
and 3. Identification of chemical groups in FT-IR spectra are

(a)
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pH9

pH 10

pH 11

(b) I
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3600 3200 2800 2400 2000 1600 1200 800 400
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Fig. 3. Fourier transform infrared spectra of as-synthesized calcium phosphates obtained at different pH values and R-HAp in 4000400 cm~" (a) and 1700—400 cm™! (b) ranges.
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Table 1

Fourier transform infrared spectrometry data of chemical groups of as-synthesized calcium phosphates and R-HAp, where sh. — shoulder, v.Li. — very low intensity.
Assignment pH 11 pH 10 pHY9 pH 8 R-HAp

Absorption band (cm™!)

Bending mode, v, PO3~ - - - 462 sh. 469
Bending mode, v4 P03~ 545 545 549 553 559
Bending mode, v4 PO3~ - - 597 sh. 600 599
Symmetric stretching mode, vs HPOZ~; bending mode, v, CO3~ 866 866 869 866 869
Symmetric stretching mode, v; PO3~ - - - 959 sh. 962
Asymmetric stretching mode, v5 PO3~ 997 999 1003 1008 1022
Asymmetric stretching mode, v3 PO3~ - - - 1089 sh. 1089 sh.
Stretching mode, v5 CO3~ 1412 1412 1412 1412 1415
Stretching mode, v, CO%~ 1479 1479 1479 1479 v.Li. 1479
Bending mode, v, H,0 1638 1637 1641 1641 1637
Stretching mode, v OH™ — — — — 3574
Adsorbed H,0 molecules 3680—2510 3680—2510 3655—2510 3650—2550 3650—2580

presented on Table 1. Differences between synthesis pH values are
evident both on XRD patterns (Fig. 2a) and FT-IR spectra (Fig. 3a).
Diffraction peaks characteristic to crystalline HAp were detected for
samples obtained at pH 8 and pH 9 while CaPs precipitated at pH 10
and pH 11 gave XRD patterns of amorphous character (Fig. 2a). XRD
pattern of thermally non-treated R-HAp in Fig. 2a shows typical
appearance of nanocrystalline HAp. XRD patterns of lyophilised
samples are presented on Fig. 2b for comparison to proposed dry-
ing method at 80 °C. FT-IR spectra of CaPs obtained at pH 9 till pH 11
resemble ones of ACP with broad absorption bands. Spectra of CaP
obtained at pH 8 contain a pair of sharp absorption bands indicating
presence of crystalline domains.

Morphology of obtained ACP particles is presented on TEM
image on Fig. 4. Particles were moderately agglomerated and had
distorted spherical shape with sizes in the range of 11 up to 30 nm
(average value 20 + 4 nm).

Specific surface area (SSA) and particle sizes calculated after
Scherer equation (dxgp) and after BET (dggr) of as synthesized
materials are summarized on Table 2.

Fig. 4. Transmission electron microscopy image of particle morphology of as-
synthesized amorphous calcium phosphate obtained at pH 10.

Heat treatments of CaP nanoparticles at 1100°C/1 h revealed
what kind of crystalline phases evolved (see Fig. 5) from CaPs ob-
tained at different pH. HAp and 8-TCP phases were present. 3-TCP
was found in samples obtained at pH 8 and pH 9 and mix of both
phases obtained at pH 10 and pH 11.

Further the calculated Ca/P molar ratio and quantitative phase
composition at 1100 °C are shown on Table 3. Gradual heat treat-
ments at 300, 500, 700, 900 and 1100 °C (see Fig. 6) revealed in-
crease in crystallinity of CaP samples.

Structural stability of obtained CaPs after 3, 5 and 7 months
storage in air is shown on Fig. 7. From presented XRD patterns no
distinct changes are visible for samples obtained at pH 8, pH 10 and
pH 11. Structural ordering has started for sample synthesized at pH
9.

4. Discussion
4.1. Structure and morphology of as-prepared CaP nanoparticles

As shown on Fig. 2a as-synthesized CaPs at pH 10 and pH 11 are
X-Ray amorphous — they have no long-range order that is charac-
teristic to crystalline materials. Pattern of sample obtained at pH 9
has very small peak “bumps” around 26° 2Theta and 32° 2Theta,
while the rest of diffractogram shows the same pattern as pH 10
and pH 11. Sample obtained at pH 8 has more pronounced peaks
that resembles weakly ordered partially crystalline hydroxyapatite
[1]. Overall relationship between amorphous state and pH corre-
sponds to literature, where ACP prepared by wet chemistry without
stabilizing agents can be obtained at pH values of 9 till 11 [16].

There could be several scenarios for crystalline CaP formation at
pH 8 and 9. For example, Eanes [10] have studied ACP stability in
different pH and have concluded that stability of ACP increases with
increasing pH from 7.4 till 10—10.5, at even higher pH stability
starts to decline. At pH 7.4 ACP was stable only for 30 minutes, at pH
10—10.5 — for more than 9 hours. Furthermore, Meyer and Eanes
[17] have investigated the ACP stability within pH range from 7.40
to 9.25 by monitoring uptake of OH™ ions in time. Here it was

Table 2
Characteristics of obtained calcium phosphates, where dyrp and dggr — particle sizes
calculated after Scherer equation (XRD) and specific surface area SSA (BET).

Sample Synthesis end pH dxgp [nm] dger [nm] SSA [m?/g]
ACP-8 8 15+1 14«1 154 +9
ACP-9 9 - 15+1 141 £ 8
ACP-10 10 - 16 +3 133 +£25
ACP-11 11 - 15+3 150 + 28
R-HAp 8.8 301 22+1 95+3

52



J. Vecstaudza, J. Locs / Journal of Alloys and Compounds 700 (2017) 215—222 219
10 15 20 25 30 35 40 45 50
(a) HAp ICDD 01-072-1243
(b) * HAp
I + tt ] A H ] 'I t ¢+ o Te I 1
B-TCP ICDD 00-009-0169
J ‘ pH 8
4 t t ot tA t ol ¢ o 4t s P44,
=
© BT
< | R-HAp >
= A N VA S, |pH9
. I 1 >
15 ! T 5
£ | I &
pH 8 | | £
' |
|
I [ pH 10
|
il LIRS I l * M\/\_
' |
' |
P 10 AN
T — | A Al
| | pH 1
| *
pH 3 I M . A
10 15 20 25 30 35 40 45 50 28 30 32 34
2Theta [°] 2Theta [°]

Fig. 5. (a) X-Ray diffraction patterns of calcium phosphates obtained at different pH and R-HAp heat-treated at 1100 °C temperature. ICDD cards of HAp and §-TCP are presented for
identification; (b) close-up of XRD patterns in the range of 28—34° 2Theta with HAp peaks marked (*).

demonstrated that at lower pH uptake of OH™ ions was achieved
faster to transform into crystalline CaP. This matches our case
where in solutions with more hydroxyl ions (higher pH) trans-
formation to poorly crystalline structure is hindered. Mechanism of
internal hydrolysis of POz~ ions could lead to formation of calcium
deficient apatite from ACP [18] as well. In order to obtain ACP at pH
8 instead of crystalline CaP temperature and duration of drying
could be varied based on study [19] where ACP (Ca/P 1.33) stayed
stable in wet atmosphere for longer time at 40 °C than 80 °C. One
must agree that effect of pH on amorphous-crystalline trans-
formation is quite complex and not yet fully clear as mentioned in
Ref. [1]. Variation of synthesis pH in the range of 8—9 might pro-
duce CaPs with different degree of crystallinity right after the
synthesis without further treatment (e.g. thermally induced
crystallization).

It is possible to obtain ACP with proposed drying regime at 80 °C
in the pH range of 10 till 11 (Fig. 2a) and low crystalline CaP in the

Table 3
Amount of crystalline phases in heat treated low crystalline and amorphous calcium
phosphates and respective Ca/P molar ratios.

Sample B-TCP [wt%] HAp [wt%] Ca/P molar ratio
ACP-8 100 - 1.50
ACP-9 100 - 1.50
ACP-10 952+ 1.5 48 + 1.5 1.51
ACP-11 903 + 1.6 9.7 + 1.6 1.61
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pH range of 8 till 9. However, if the same samples are dried using
lyophilisation ACP is obtained in whole tested pH range from 8 up
to 11 (Fig. 2b). Precipitates of ACP prior to lyophilisation are frozen
in liquid nitrogen. This stops transformation of ACP to crystalline
CaP. At this time point (approximately 30 min from precipitation
event) product precipitated at any pH is still amorphous. If these
samples are put in 80 °C for 1 h, samples obtained at pH 8 and 9
crystallizes. Prolonged contact of ACP with moisture at elevated
temperature fosters the amorphous-crystalline transition and in
our case it depends on pH of synthesis as well. Furthermore, none of
possible by-products (e.g. NaCl, CaCl;) have been detected with
XRD that proves effectiveness of washing procedure.

The size (11—30 nm) of prepared ACP nanoparticles observed in
TEM image (Fig. 4) is in the range and even smaller than particles
described in literature, where ACP particles of 30—100 nm [6,20] in
size have been reported. Hence the new synthesis approach allows
to obtain considerably smaller particles than one of classical syn-
thesis routes, e.g. from CaCl, and (NH4);HPO4 [6]. This might be of
already homogenous mix of calcium and phosphate ions that make
up CaP particles after addition of base. Because in double salt
decomposition methods there is nonequal distribution of reagent
concentrations at the moment of mixing of solutions. Usually in
these methods there is considerable amount of other ions from
calcium and phosphorus salts, and pH regulation agents (e.g. NHZ)
that might foster growth of CaP particles [21].

Similar trend is observed in FI-IR spectra (Fig. 3) as in XRD
patterns — samples obtained at pH 9-11 are structurally similar.
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Fig. 6. X-Ray diffraction patterns: evolution of crystalline phases of calcium phosphate
nanoparticles during heat treatments at different temperatures. Representative set of
XRD patterns for sample obtained at pH 10 is shown, where the crystalline phase is
hydroxyapatite.

These samples have wide and rounded absorption bands that are
characteristic to amorphous and low crystalline materials [2], while
sample prepared at pH 8 shows a little bit different behaviour. At
pH 8 shoulder and sharp absorption band around 462 cm™! (v,
PO3~)and 600 cm~! (v4 PO3~) [22,23] were detected, these are the
same as for the crystalline R-HAp at 469 cm~! and 599 cm ™. At pH
9 there is a slight similarity with sample obtained at pH 8 - a
shoulder of bending mode v4 PO3~ was identified at 597 cm~! [23].
This complements the week diffraction peaks of sample prepared at
pH 9. Both amorphous and low crystalline samples have intense
and relatively wide band around 545—559 cm~! (v4 PO3™) [22],
however it is sharp in the case of sample prepared at pH 8. Sharp
and split absorption bands are indicators of crystallinity [24,25].
While R-HAp has sharp absorption band (v; PO3~) at 962 cm ™!
because of its crystalline nature, the low crystalline CaP prepared at
pH 8 has shoulder of the same band at 959 cm~! [26]. All samples
have a wide band around 999—1022 cm~! that belongs to v3 PO,4
[22]. Further the sample obtained at pH 8 have a shoulder of v3
PO3~ band at 1089 cm~! [23,26].

All amorphous and low crystalline samples have band at
866—869 cm ™!, that corresponds to v, CO3~ bending vibration and
stretching of HPOZ~ [23,27,28]. Carbonate ion absorption bands v3
CO3%~ were also present at 1412 cm~! and 1479 cm~' [29] implying
some degree of carbonate ion substitution in the structure. In-
tensity of carbonate bands decreased with decreasing pH value of
the synthesis. In our case this correlates with amount of added
ammonia solution for pH regulation as ammonia solution can
contain dissolved CO,. Also carbonate uptake can increase with

increasing pH [1]. Presence of carbonate ions into synthesis me-
dium at low temperatures (e. g. room temperature) is inevitable
due to good solubility of CO, at low temperatures. Carbonate ions
stabilise ACP phase [2,10] and bring its composition closer to one of
biological carbonated apatite [30]. Furthermore, incorporation of
carbonate ions into structures of CaPs substantially improves bio-
logical behaviour towards them [31,32]. Presence of carbonate ions
will have an effect on crystalline phase composition during heat
treatment of synthesized CaPs as discussed later.

None of amorphous or low crystalline CaPs contain information
about vibrations of structurally bound OH™ as R-HAp does at
3574 cm~! [23,28]. Absence of OH™ groups is clear in the case of
ACP, because it is composed only of Ca** and PO3~ ions and water
molecules in interstices [1]. Lack of OH™ groups confirms purity of
obtained ACP as it does not contain possible leftovers from
incompletely dissolved HAp. Undetectable OH™ in CaP prepared at
pH 8 might be due to its weak crystalline structure and small
particle size [33]. Due to presence of adsorbed water molecules
only a wide absorption band in range of 3680—2510 cm~' can be
seen on spectra of all samples, including R-HAp. Furthermore,
bending vibration v; of water at 1637—1641 cm ™! is present on all
spectra as well.

4.2. Specific surface area of CaP nanoparticles

SSA of precipitates is 40—62% larger than for starting material R-
HAp (95 m?/g). There is no distinct correlation between SSA values
and synthesis end pH (Table 2). Taking into account the deviations
for each sample series, it could be stated that pH practically has no
influence on SSA of CaP nanoparticles prepared by the proposed
reprecipitation process. To our knowledge the highest value of SSA
reported elsewhere is 300 m?/g [34] for nanocrystalline carbonated
hydroxyapatite. In other cases values of 80 m?/g [35] for ACP and
values from 9 to 236 m?/g [36,37] for nanocrystalline HAp have
been reported depending on preparation technology. CaPs pre-
pared by rapid reprecipitation method have achieved good results
in terms of SSA. High SSA values of prepared CaPs indicate the small
particle size, which is < 16 nm for all samples (see dggt in Table 2).
Particle sizes determined from TEM measurements cover the range
of calculated particle sizes.

4.3. Crystallization behaviour of CaP nanoparticles at elevated
temperatures

Heat treatment at different temperatures revealed what kind of
crystalline phases form from CaPs reprecipitated at different pH.
Corresponding XRD patterns for crystalized samples at 1100 °C are
shown on Fig. 5a. At pH 8 and pH 9 only 3-Ca3(PO4); (8-TCP) phase
was formed. While at pH 10 and pH 11 §-TCP was accompanied
with HAp phase (see Fig. 5b). More HAp was formed at higher pH
(Table 3). Formed phases corresponds to data Fellah et al. [38] have
obtained for ACP during heat treatment at 1100 °C, where phase
composition of heat treated samples was dependent on Ca/P molar
ratio in synthesis medium. In our case different crystalline phases
formed regardless the fact that initial Ca/P molar ratio in the syn-
thesis medium was the same, therefore it could be assumed that pH
has some impact on crystalline phase formation at high tempera-
tures. Question arises — whether excess of Ca ions form soluble
salts (e.g. CaCly) that are washed away or calcium ions stay in
synthesis solution and is yet not used for further reorganization of
ACP into more ordered structures. Formation of HAp phase can be
explained by carbonate ion inclusion in structure of ACP as incor-
poration of carbonate ions increases Ca/P molar ratio [1]. Carbonate
ions leave the structure during heat treatment of CaPs. Therefore
Ca/P molar ratio increases and HAp phase forms. Comparing of FT-
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Fig. 7. X-Ray diffraction patterns of calcium phosphate nanoparticles obtained at different pH after selected periods of time: right after and 3, 5 and 7 months after synthesis.

IR spectra and XRD patterns confirms later statement — pro-
nounced absorption bands corresponding to carbonate groups
were visible for samples prepared at pH 10 and pH 11 and so was
the HAp phase in corresponding XRD patterns.

Gradual thermal treatments (see example on Fig. 6) of prepared
CaPs show pronounced short-range order until 500 °C. Small peaks
begin to develop at 300 °C and 500 °C. This is where the ordering of
material structure starts. More detailed thermal studies are needed
for going into more detail about CaPs prepared by rapid repreci-
pitation route from dissolved CaP salts.

4.4. Structural stability of amorphous CaP nanoparticles in air

After spending 3 months in air the dried CaP samples showed
negligible changes in XRD patterns (Fig. 7) — they still possessed
XRD pattern characteristic to ACP (pH 10 and 11) and partially
crystalline CaPs (pH 8 and 9). After 5 months sample obtained at pH
9 started to demonstrate diffraction peaks that correspond to HAp.
While powders obtained at higher pH values stayed amorphous
even after 7 months. Formation of new crystalline phases has been
detected only for powder obtained at pH 9 by rapid reprecipitation
method followed by drying in hot air. This might be the transitional
pH value between obtaining crystalline or amorphous calcium
phosphate. pH value 9 is the one where formation of crystalline
phase happened, because XRD pattern contained slight deviations
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from pattern of truly amorphous calcium phosphate (like samples
prepared at pH 10 and pH 11). Presence of initial structural ordering
can provide sites for further transformation into crystalline sate.
Ordering might have happened by internal hydrolysis as
mentioned earlier. The incorporated carbonate ions could be
responsible for the long term stability of ACP obtained at pH 10 and
pH 11 as well, as it is reported by S. Dorozhkin [1].

5. Conclusions

Nanosized (11—30 nm) calcium phosphates with amorphous or
partially crystalline structure were prepared by a novel rapid rep-
recipitation method based on fast pH change of calcium and
phosphate ions containing solution. Amorphous calcium phosphate
was formed at pH 10—11, while at pH 8 and 9 partially crystalline
calcium phosphates were obtained. FT-IR spectra confirmed the
formation of amorphous carbonated calcium phosphate. Crystalli-
zation of these phosphates begins at around 500 °C. First crystalline
phase is hydroxyapatite. At higher temperatures only §-tricalcium
phosphate phase (pH 8 and 9) or both — (-tricalcium phosphate
and small amount of hydroxyapatite (pH 10 and 11) were formed.
This could be a novel starting point for preparation of biphasic
(HAp/B-TCP) calcium phosphate ceramics from amorphous calcium
phosphate or low crystalline calcium phosphate powders obtained
from solutions with different pH. Obtained calcium phosphates
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possess high specific surface area (133—154 m?/g) and they are
structurally stable in dried state up to 7 months.
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Amorphous calcium phosphate (ACP) is essential in formation of mineralized bone and using as a bone sub-
stitute. This study presents new aspects of carbonated ACP crystallization during heat treatment. Initially
synthesis end pH and drying method (80 °C or freeze-drying) of ACP were varied. Thermal behaviour and
structure of differently obtained ACP were evaluated using DSC-TGA, heating microscopy, XRD, FT-IR. In ad-
dition, degree of crystallinity (DOC), phase composition and chemical group information were compared for as-
synthesized and heat-treated (crystallization end T and 1200 °C) ACP. For the first time DSC-TGA and heating

microscopy methods were correlated. DOC of samples dried at 80 °C was synthesis end pH dependent. Heat
treatment without temperature hold at crystallization end T produced materials with DOC of 82-91%, thus
proving efficiency of low temperature processing. Variations in drying method and synthesis end pH affect
structure of the samples heat treated at crystallization end T, but not at 1200 °C.

1. Introduction

Calcium phosphates (CaPs) are of high interest in biomaterial field
because of their outstanding response to living tissues and body en-
vironment [1]. Human bone is composed of inorganic and organic
(collagen and proteins) components [2]. The inorganic part is calcium-
deficient, low- crystalline, usually non-stoichiometric and carbonated
CaP that highly resembles chemical structure of hydroxyapatite (HAp)
[3,4]. However, high crystallinity and stoichiometry of HAp lead to
rather slow rates of dissolution [5] and therefore when used as an
implant the process of bone remodelling is slow as well. Amorphous
calcium phosphate (ACP) has high solubility, facilitated by its amor-
phous structure, the hydrated layer and defects. In particular, the lack
of periodic long-range order in ACP allows formation of structural de-
fects thus increasing both rates of solubility and resorption leading to
improved bioactivity [6]. Use of ACP instead of widely used HAp or
biphasic HAp/B-TCP could enhance the bone repair. However, at cer-
tain conditions (moisture, different pH and ion environment, elevated
temperatures etc.) the metastable ACP transforms into other crystalline
CaPs, usually HAp [71, a- or - tricalcium phosphates [8] or mixtures of
these [9]. Despite previous efforts in ACP studies, crystallization of ACP

is still not properly understood. Actually presence of ACP in evolving
bone was confirmed quite recently in 2008 [10].

Way to understand any amorphous material is to observe heat-in-
duced crystallization of it (formed crystalline phases, associated
thermal events etc.) by controlled heat treatments. Such knowledge on
heat treated ACP is beneficent in preparation of CaP ceramics, specifi-
cally with certain degree of crystallinity (DOC). These CaP materials
could mimic not only the chemical composition and chemical proper-
ties of bone minerals, but also provide a different starting point for bone
repair process in comparison with conventional highly crystalline CaP
materials. In fact, DOC is slightly overlooked property, however it in-
fluences protein adsorption, cell adhesion and differentiation especially
for bone substitutes [11]. There is limited availability on exact DOC of
human bone mineral as it is dependent on many factors (human age,
bone type, disease history etc.). Newly formed bone usually has smaller
DOC than older bone, because the transformation of amorphous phase
into the crystalline phase is slow [12]. Grynpas [13] has determined
DOC of bone mineral to be 51-58%.

Synthetic CaP with specific DOC can be obtained in several ways: 1)
synthesis of CaP by fine tuning of process parameters (T, pH, additives
etc.); 2) by aging of CaP suspensions after synthesis (T, time, pressure

* For the first time freeze dried and air dried carbonated amorphous calcium phosphates are compared and studied in conjunction with crystalline phase de-

velopment of calcium phosphate ceramic materials.
* Corresponding author.
E-mail address: jana.vecstaudza@rtu.lv (J. Vecstaudza).

https://doi.org/10.1016/j.jeurceramsoc.2018.11.003

Received 16 May 2018; Received in revised form 15 October 2018; Accepted 2 November 2018

Available online 03 November 2018

0955-2219/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2018.11.003
https://doi.org/10.1016/j.jeurceramsoc.2018.11.003
mailto:jana.vecstaudza@rtu.lv
https://doi.org/10.1016/j.jeurceramsoc.2018.11.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2018.11.003&domain=pdf

J. Vecstaudza et al.

Journal of the European Ceramic Society 39 (2019) 1642-1649

Fig. 1. Oven dried and freeze-dried samples of the same weight of ACP. Photographs and transmission electron microscopy (TEM) images.

etc. need to be considered); 3) crystallization of amorphous precursor
by controlled heat treatment [14] or pressure [15]; 4) reduction of DOC
of crystalline precursor (e.g. via extensive milling [16]) and 5) me-
chanochemical synthesis [17].

ACP is usually prepared by wet synthesis methods, therefore choice
of drying method of such metastable phase is of crucial importance.
Mostly ACP is dried by freeze-drying [18] and use of it is strongly
emphasized, however in few reports stabilized ACP is dried in air
[19,20]. Recently new synthesis has been developed where the product
was dried in air at 80 °C and carbonated ACP was obtained [21]. The
method proves to be time- and cost-saving, but in this work thorough
analysis was done to test whether differently dried carbonated ACPs
will crystallize identically, as they have different residual moisture
content, powder appearance (free flowing voluminous powder for
freeze-dried and agglomerated powder for oven-dried samples (see
Fig. 1.)) and contact time with water during drying. The overall aim of
the study was to evaluate drying methods and synthesis pH impact on
carbonated ACP, complemented by analysis of thermal properties and
structural features of heat treated products. Further it will give an in-
sight on how to heat treat carbonated ACP to obtain both carbonated
and partially crystalline CaP bone graft substitutes.

2. Materials and methods
2.1. Synthesis of amorphous calcium phosphate

ACP was synthesized by re-precipitation from solution containing
homogenous mix of calcium and phosphate ions [21]. In brief, from
HAp (further designated as R-HAp) initial suspension in water was
prepared. R-HAp was dissolved in HCI and later NaOH was added to
induce rapid precipitation of ACP. Final pH (8, 9, 10 and 11) of the
synthesis was adjusted with diluted NH,OH. Precipitates of ACP were
separated by centrifuge, washed with deionized H,O (30-40 min) and
dried either in freeze-dryer (72 h) or drying oven (80 °C for 1 h). Prior to
freeze-drying samples were frozen in liquid N, right after the washing
procedure. Samples were further abbreviated as FrD or Ov together
with corresponding synthesis end pH value, e.g., Ov_pH11.

2.2. Characterization methodology

2.2.1. Specific surface area and particle size

Specific ~ surface area  (SSA) was  determined after
Brunauer-Emmett-Teller (BET) method using N, adsorption system
Quadrasorb SI (Quantachrome Instruments, USA). Samples were de-
gassed at room temperature for 24 h to remove any moisture and va-
pours. Particle size dgpr was calculated after equation 1 assuming
spherical particle shape [22]:
dger = 6/(p X SSA), (@]

where p — density of HAp (2.81 g/cm®), determined with Micromeritics
AccuPyc 1330.
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2.2.2. Fourier transform infrared spectrometry

Chemical groups of samples were characterized with Fourier
transform infrared (FT-IR) spectrometer 800 Scimitar Series (Varian,
USA) with ATR unit. Scans (n = 50) were acquired in range of 4000-

400 cm ! with resolution of 4 cm ™ 1.

2.2.3. Differential scanning calorimetry and thermal gravimetry analysis
TG-DTA/DSC apparatus STA449C Jupiter’ (Netzsch, Germany) was
used. Amount of 20 mg for Ov or 5mg for FrD samples was heated in
alumina crucibles with lid and a hole in it. Sample chamber was purged
with argon before and during experiment to avoid sample-gas interac-
tion. Gas flow was 10 mL/min and heating rate was 10 °C/min in the
range from 30 to 1200 °C. As a DSC reference, identical empty alumina
crucible with lid was used. A baseline measurement with empty re-
ference and sample crucibles was run as well to subtract influence of the
empty crucibles and the sample holder. From DSC runs, crystallization
onset, peak and end temperatures and enthalpies were determined.

2.2.4. X-ray diffraction

Powder x-ray diffractometer X’pert Pro (PANalytical, the
Netherlands) equipped with Cu tube (Cu Ka; = 1.540598 10\) was used
for phase determination. Measurements were done in 26 range of 5-70°,
step size was 0.05°, counting time — 69.85s. Crystalline phases were
identified using ICDD PDF-2 database with reference cards 1-072-1243
for HAp, 9-0169 for f-TCP and 9-0348 for a-TCP. Quantitative amount
of crystalline phases was determined using software Maud [23]. Pat-
terns for refinement of HAp [24], B-TCP [25] and a-TCP [26] were
taken from Crystallography Open Database.

2.2.5. Degree of crystallinity

Degree of crystallinity (DOC) was calculated after at
Terystena + 10 °C and 1200 °C (after full DSC run) to test whether DOC
increases by continuing the heat treatment after the detected crystal-
lization event on DSC. The extra 10 °C for Tcrys.ena Were added as safety
interval to make sure that the end of the crystallization effect was
reached. Heating rate was 10 °C/min and samples were left to cool
freely. DOC was calculated by dividing integrated intensity of following
XRD patterns: sample of interest and the same sample heat-treated at
1000 °C for 15h [22]. Heat treatment for 15h would give the most
crystalline sample of the same composition.

2.2.6. Heating microscopy

Sintering behaviour of as-synthesized samples was observed in situ
using high temperature microscope (Hesse Instruments, Germany)
equipped with Sony B&W camera. Samples were prepared by manual
uniaxial pressing into round die thus obtaining cylindrical test piece
(d = 2.5mm, h = 3.0 mm). Pressing load of stainless steel punch with
integrated spring was approximately 1.5N/mm?® The test piece was
placed on alumina plate for observation of its cross-section area change.
Heat treatment was the same as in DSC runs. Characteristic tempera-
tures were determined as intersection of tangents.
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Table 1
Synthesis and drying parameters and characteristics of as-synthesized ACP and
reference samples.

Sample abbreviation = Drying method Specific surface Particle size

area, m%/g dpgr, Nm
Ov_pHS8 Oven, 80 °C (Ov) 154 = 9 14 =1
Ov_pH9 [21] 141 = 8 15 £ 1
Ov_pH10 133 = 25 16 + 4
Ov_pH11 150 = 28 14 = 4
FrD_pH8 Freeze drying for 115 * 10 19 = 2
FrD_pH9 72h (FrD) 116 = 15 19 £ 2
FrD_pH10 125 = 16 17 = 2
FrD_pH11 120 = 17 18 = 2
R-HAp Oven, 80°C(Ov) 95 = 3 22 =1
n-HAp - 12 178

2.2.7. Reference samples

n-HAp nanopowder purchased from Sigma-Aldrich and unsintered
R-HAp prepared in the RTU laboratory by wet precipitation method
[27] were used as references. n-HAp was chosen as a reference as it
represents thermodynamically stable and highly crystalline CaP phase
contrary to ACP. R-HAp is also referenced as it was raw material for
ACP synthesis and has a structure of partially crystalline CaP.

3. Results and discussion
3.1. Characteristics of starting powders

Specific surface area (SSA) and particle size dggr, XRD patterns and
FT-IR spectra of samples are summarized in Table 1, Figs. 2 and 3.

3.1.1. Phase analysis of as-synthesized ACP

In XRD patterns (see Fig. 2) of the as-synthesized ACP samples po-
sition and shape of broad maxima correspond to the structure of ACP
published by Eanes [28]. Samples are well washed as there are no peaks
of NaCl impurity. Depending on synthesis pH the as-synthesized Ov
samples are low crystalline (pH 8) or x-ray amorphous (pH 9-11) [21]
while pH has no effect on the crystallinity in the case of FrD samples.
Later is related to freezing of the FrD samples in liquid N, right after the
synthesis thus suppressing crystallization. Obviously, the ionic en-
vironment of Ov_pH8 is not suitable to preserve the ACP through the
80 °C drying process while higher concentrations of NH,;" and OH~
ions (pH 9-11) hinder the transformation to crystalline CaP. Pattern of
n-HAp matches the one of HAp while R-HAp has some peak shifts as it is
nanosized, unsintered and partially crystalline.

3.1.2. Fourier transform infrared spectra of as-synthesized ACP

FT-IR spectra show the as-synthesized ACP samples to be carbonate
ions containing ones. In this case presence of carbonate ions come from
low synthesis temperature and vigorous mixing. These conditions in-
troduce more air and thus CO, into the synthesis medium. Rounded
absorption bands of v3 PO~ around 1000 cm™ and v, PO,®~ around
550 cm™ confirm the amorphous character of the samples. In contrast,
the spectra of crystalline n-HAp and R-HAp have sharp bands of the
same groups. pH has negligible impact on band shifts within mea-
surement resolution of 4 cm™. The same chemical groups are present in
ACP samples dried by both methods (see Fig. 3) except for Ov_pHS,
where v, PO,>~ band around 550 cm™ splits into two v4 PO,>~ bands at
559 and 599 cm™’. The splitting of band for Ov_pH8 complements the
partially crystalline CaP structure detected in XRD pattern on Fig. 2a.
Detailed chemical group identification for each sample can be found in
Supplementary data on Table S1. Overall both FT-IR and XRD results
prove that freeze-drying produces ACP phase regardless of synthesis
end pH while production technology employing drying at 80 °C is
sensitive to synthesis end pH.
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3.1.3. Specific surface area and particle size of as-synthesized ACP

ACPs dried by both methods are nanosized (14-19 nm) and have
high SSA (115-154 m?/g), that is 21-62% higher than that of the
starting material R-HAp and approximately 10 times higher than of n-
HAp (see Table 1). It was expected that FrD samples would have higher
SSA than Ov samples, because freeze-drying produced free flowing
powder compared to dense particle agglomerates obtained at 80 °C, see
Fig. 1. However, statistically (two-tailed t-test with p < 0.05) only
values for Ov_pH8 and FrD_pH8 differed. The SSA was higher for the
Ov_pHS8, that relates to crystallization resulting in nanoparticles with
smaller particle size and/or different shape with developed surface
features. Loss of hydrated layers that cover ACP particles might bring
microstructural changes to the surface as well. Further, there was no
statistical difference for other samples with the same pH value dried by
different methods and there was no difference between different pH
values within the same drying method.

3.2. Thermal behaviour of differently dried ACP

3.2.1. Thermogravimetric analysis

Curves of thermogravimetric analysis (TGA) are shown on Fig. 4.
Mass loss is gradual for both Ov and FrD samples. The adsorbed water is
reversibly removed in range from 25 to 200 °C and the chemically
bound water is irreversibly lost between 200 and 400 °C [29]. Ammonia
releases at temperatures up to 400 °C [30]. Around 550 °C small mass
loss step is observed for several samples: Ov_pH9, Ov_pH10 and
Ov_pH11.

The mass loss up to 200 °C and the total mass loss at 1200 °C were
more expressed for Ov samples. In the case of Ov samples the total mass
losses were from 11 up to 20% with increasing value of synthesis end
pH. For FrD samples the total mass loss was up to 14%. Mass loss up to
200 °C clearly shows the difference between drying in air and freeze-
drying. Larger amounts of physically adsorbed substances remain in the
former case. Ways of reducing mass losses when drying in air would be
to increase drying time or temperature. However longer drying times
[18] and higher drying temperatures [31] lead to crystallization of ACP.

Synthesis pH correlated with the observed mass loss: the higher the
pH value, the greater mass losses were observed. This trend was evident
both for Ov and FrD samples. The impact of pH on mass losses origi-
nates from amount of added ammonia for pH adjustment.

R-HAp and n-HAp have negligible total mass losses — 4.8% and 1.7%
at 1200 °C, respectively. TGA analysis confirmed that reference samples
are stoichiometric HAp, otherwise a sharp weight loss in 700-800 °C
region and a smaller weight loss above 900 °C would be observed [32].

3.2.2. Differential scanning calorimetry

DSC curves present exothermic crystallization effects of ACP phase
transforming into crystalline CaP (several phases possible, see Table 2)
for each sample (see Fig. 5). Here crystallization is not associated with
simultaneous mass loss when compared with TGA curves (see Fig. 4).
The negligible mass loss around 550 °C for few samples is completed
before start of the crystallization. Reference HAp samples show no
thermal effects, as they are composed of the most thermodynamically
stable CaP [33].

Characteristic temperatures (Terys.onset @Nd Teryst.ena) and enhalpies
are depicted on Fig. 6. There is no direct correlation between DSC peak
parameters and synthesis end pH, drying method or amount of lost mass
in TGA. Terystena and enthalpy values are slightly higher for the FrD
samples (Fig. 6). This is related to structural differences, we could, say,
that FrD samples have more distorted structure than Ov samples,
therefore FrD samples require more energy to crystallize. However,
XRD shows the same pattern for all ACP samples and such intimate
differences are not distinguishable.

Particulary, Ov_pH8 has rather big peak area and a wide crystal-
lization temperature region from 623 to 887 °C. It might be a sum of
several thermal effects — conversion from already partially crystalline
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Fig. 2. X-Ray diffraction patterns of oven dried (a) and freeze dried (b) calcium phosphates; R-HAp and n-HAp are shown for reference purpose.

CaP with DOC of 50% to crystalline CaP with possible transformation
from a-TCP (undetected) to S-TCP. However, for Ov_pH8 only -TCP
was found to be present at Teryst.enda and 1200 °C (see Table 2).

The observed crystallization at 630-720 °C in Fig. 5 corresponds to
formation of various CaP phases (see Table 2) from ACP. The dominant
phase being B-TCP in most studied cases. Somrani et al [34] observed

crystallization of ACP at 625 °C (peak temperature) into a-TCP and later
to B-TCP. Feng and Khor [35] got exothermic peak with onset of 630 °C
for plasma sprayed HAp containing amorphous phase. In their case ACP
transformed into mixture of HAp, tetracalcium phosphate and CaO.
Crystallization observed in DSC starts at 150-200 °C higher tem-
perature from the point in TGA where the greatest mass loss (up to
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Table 2
Phase composition and DOC of ACP samples at Tend.cryse and 1200 °C.

Sample Phase composition (amount in wt Degree of crystallinity (%)
%), balance 3-TCP
Tend.cryst 1200°C Tend.eryst ~ 1200°C A DOC
Ov_pH8  B-TCP B-TCP 100 95 5
Ov.pH9  26% HAp B-TCP 91 95 4
Ov_pH10  21% HAp 23% HAp 85 98 13
Ov_pH11  14% HAp 13% HAp 86 99 13
FrD_pH8  49% HAp B-TCP 87 98 15
FrD_pH9  80% a-TCP B-TCP 84 100 16
FrD_pH10 a-TCP (8%), 25% 21% HAp 83 96 13
HAp
FrD_pH11 26% a-TCP, 21% 13% HAp 82 98 16
HAp

* Sample with initial DOC of 50%.

400 °C) was observed. Loss of chemically bound water does not trigger
instant crystallization of ACP. Actually, Somrani et al [34] have ob-
served that water molecules do not directly interact with phosphate
groups and do not alter the structure when they leave the ACP on
heating.

3.2.3. Heating microscopy

Heating microscopy (HM) was used to assess thermal behaviour of
ACP in situ for the first time and to check whether standalone use of HM
is possible for crystallization detection of ACP. HM curves are shown on
Fig. 7 and their correlation with the DSC-TGA results (Fig. 8) will be
discussed below.

Negligible differences in HM curves were observed for FrD samples
at all synthesis end pH values, while Ov samples gave different curves.
The observed cross-section area changes of sample during heat treat-
ment partly correlated with crystallization events detected in DSC-TGA.
Turns out that crystallization of ACP is accompanied by packing of
particles thus decreasing cross-section area of the sample. The first
cross-section area changes of the samples up to 400 °C is related to mass
losses associated with loss of water as it is in TGA. Order of Ov sample
HM curves as in TGA graphs (Fig. 4) — greatest cross-section area de-
crease in HM and mass loss in TGA is for Ov_pH 11 and the smallest for
Ov_pH 8, while pH 9 and 10 have similar behaviour and lay in the
middle. For FrD samples such HM graph order was not observed.

Further the next step of cross-section area decrease is related to
crystallization. Here the data from both methods in the case of Ov
samples were combined: 1) the Teryst.onset a1d Teryst.ena from DSC were
correlated with T before and after sample shrinkage in HM (Fig. 8a) and
2) the mass loss (TGA) at Teryst.onset aNd Terystena (DSC) and cross-sec-
tion area change (HM) before and after sample shrinkage were corre-
lated depending on synthesis end pH (Fig. 8b). In Fig. 8a close

105
85 pH 11
80+
75 . . . . :
200 400 600 800 1000 1200

Temperature, °C

Fig. 4. TGA curves of oven dried (a) and freeze dried (b) calcium phosphates shown in the temperature range of.50-1200 °C.
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correlation for HM temperature after sample shrinkage with DSC
Terystena for samples with synthesis end pH 9-11 is observed. HM
temperature before sample shrinkage with DSC Teryst.onset has a similar
trend, however here HM underestimates the Teryst.onsec for 100-150 °C.
Fig. 8b depicts close correlation for HM cross-section area before
sample shrinkage with TGA mass loss at Tcryst.onser. Here HM cross-
section area slightly overestimates the mass loss detected by TGA.
Further the HM cross-section area after shrinkage of the sample with
TGA mass 1oss at Tryst.end follows similar trend to previous one, but HM
overestimates the TGA data by around 5%. Overall only few thermal
characteristics acquirable by HM (HM T after sample shrinkage and
cross-section area before sample shrinkage) are related to DSC-TGA
parameters (Teryst.enda and mass 10ss at Teryst.onsed)-

Data for n-HAp and R-HAp between both methods were not corre-
lated as crystallization related phenomena were absent in DSC-TGA.

3.3. Heat treated ACP samples

Phase composition and degree of crystallinity (DOC) of heat treated
ACP samples are shown on Table 2.

3.3.1. Phase and chemical analysis of heat treated samples

XRD phase analysis revealed that n-HAp and R-HAp samples con-
sisted of HAp phase only. Drying method and pH of the synthesis have
an impact on phase composition for ACP samples heated up to Tend.cryst>
however after 1200°C such differences were not observed. After
1200 °C the same phase composition was obtained for each pH value
regardless of chosen drying method. Still, there were differences pre-
sent: it was only B-TCP for pH 8-9 and HAp/B-TCP for pH 10-11.
Further, the phase composition for samples at Tenq.cryst Was more di-
verse: only f-TCP; f-TCP and HAp; $-TCP and a-TCP; a-TCP, f-TCP and
HAp. a-TCP was detected only for FrD samples precipitated at pH9, pH
10 and pH 11. All samples after both heat treatment temperatures,
except FrD_pH9, contained -TCP as the only or main crystalline phase.
Main phase of FrD_pH9 was a-TCP. This demonstrates that differences
in the drying process of ACP play an important role in structural de-
velopment of CaPs during heat treatment, e.g., different times spent for
samples in the wet state. In the case of FrD - sample was immediately
frozen in liquid N, after washing while the Ov sample stayed wet with
decreasing amount of moisture until it is dry. The conclusion is that
heat treatment only at high temperatures (e.g. 1200 °C) does not tell the
whole story about structural differences introduced in early stages of
the CaP synthesis and post-processing. This is of interest for amorphous
samples in particular as in this case XRD analysis for as-synthesized
materials reveals little information.

FT-IR spectra of samples after Tcryst.ena @and 1200 °C are shown on
Fig. S1 and Fig. S2 with absorption band identification on Tables S2 and
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Fig. 6. Onset and endset temperatures and enthalpies of crystallization peaks for oven (a) and freeze dried (b) samples, determined from DSC curves.
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Fig. 7. Heating microscopy curves of

S3 in Supplementary data. Phosphate group absorption bands (v, v5, v3
and v; PO,4>7) were identified belonging to phases identified with XRD.
Interestingly, carbonate groups were detectable for samples prepared at
pH 10 and pH 11 even at Teryst.ena- At 1200 °C carbonate groups were
absent for all samples including n-HAp and R-HAp reference samples.
Usually, loss of carbonate ions starts at 400-500 °C and is completed at
800-1200 °C [36] or between 630-1250 °C [37].

Formation of -TCP from ACP is logical, because theoretical Ca/P
molar ratio of both of them is 1.5 [38]. However, the synthesis system
in this work have Ca/P of 1.67. Therefore, another phase or phases, e.g.,
non-stoichiometric calcium deficient HAp or biphasic mixture of HAp/
B-TCP, can form. Formation of the biphasic mixture from ACP can be
explained by presence of other ions (carbonate, excess of calcium and
chlorine) in synthesis medium and later in the hydrated layer [39] of
ACP particle.

As carbonate leaves the structure, the Ca/(P + C) ratio increases
and the HAp could form as well. Further, excess of Ca?* in synthesis
medium facilitates CaP transformation to HAp. This was shown for
brushite [33] and ACP [7]. It is known that higher Ca/P ratio in
synthesis medium speeds up the transformation rate from ACP to HAp
[40], therefore we assume that there will be differences in phase
composition of such heat treated ACP. Further, obtaining of HAp/a-TCP
was shown by thermally decomposing CaP product precipitated from
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solution with Ca/P = 1.60 [41]. And when there is chlorine in synthesis
system it tends to transform calcium deficient apatite into mixture of
HAp and -TCP [42].

3.3.2. Degree of crystallinity

DOC was calculated after Terystena and 1200 °C treatment (see
Table 2). For x-ray amorphous samples DOC was assumed to be zero.
Samples after 1200 °C have reached DOC of 95-100%. Samples heat
treated at Teryst.ena Teached DOC of 82-100%. For FrD samples differ-
ence in DOC after Teystena and 1200 °C is approximately the same for
all samples (13-16%) (see Table 2). This clearly demonstrated that end
pH of the synthesis medium does not eventually affect crystallinity of
developing CaP phases from ACP, and further crystallization from
Terystena up to 1200 °C follows the same route. For Ov samples differ-
ence between DOC at 1200 °C run and Teyst.end is 4-13%. Here pH of
the synthesis has slight impact on DOC through the structural differ-
ences of the as synthesized samples. At pH 8 low-crystalline CaP is
obtained right after synthesis [21], therefore heat treatment of such
sample up t0 Terys.end Produces samples with higher DOC that is already
comparable to samples obtained at 1200 °C. The initial crystallinity in
ACP speeds up the crystallization process and allows to obtain higher
DOC at lower temperatures. For fully amorphous samples drying
method or synthesis end pH did not affect the amount of crystalline

Fig. 8. (a) comparison of crystallization onset/

end temperatures from DSC and temperatures
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corresponding to before/after shrinkage of
sample from heating microscopy (HM); (b)
comparison of mass losses from TGA at onset/
end crystallization temperatures and cross-
section area changes before/after sample
shrinkage from HM.
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fraction after heat treatment. Highly crystalline CaPs from ACP can be
obtained roughly right after Tcrys.end and further heat treatment up to
1000°C or more is unnecessary if for example better mechanical
properties are not of interest as well.

4. Conclusions

Study on crystallization of carbonated amorphous calcium phos-
phates obtained from solutions in pH range of 8-11 and air dried at
80 °C or freeze dried, increase the overall knowledge on crystallization
of calcium phosphates. Synthesis pH affects the structure of as syn-
thesized ACP and leads to differences in crystallization. Regardless of
pH and drying method, all studied ACP transformed into crystalline
phases upon heating, with onset of the process over 600-650 °C. For the
first time it was shown that, heating of ACP at crystallization end
temperature without temperature hold produces material with
DOC = 82-90%; higher temperatures and/or hold times are needed to
obtain fully crystalline calcium phosphate materials, thus reconsidering
time and cost of production.
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ARTICLE INFO ABSTRACT

Keywords:
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Bioceramics

Despite considerable interest in amorphous calcium phosphate (ACP) bioceramics, it remains a challenge to
sinter ACP to high relative density. Here, for sintering of ACP, we used principles of the so-called cold sintering
process. We investigated the effect of sintering temperature (room temperature, 100, 120 and 150 °C) and
presence or absence of transient liquid (20 wt. % water), while holding the pressure applied at 500 MPa, on
densification and structure of ACP. Relative density of the samples that were produced from the dry starting

powder at room temperature (the samples retained ACP structure) already reached 76.3 (+2.1) %. Neither
increased sintering temperature nor the presence of transient liquid significantly affected bulk, true and the
resulting relative density values of the samples that retained ACP structure. Our findings indicate that by
applying moderate uniaxial pressure, ACP can be sintered to relatively high relative density already at room

temperature.

1. Introduction

Bioceramics that contains or are made of amorphous calcium phos-
phate (ACP) are of considerable interest in the field of artificial bone
substitute materials. This interest stems from the facts that low crys-
talline apatite is the main component of natural bone and that ceramics
have a structure that mimics natural bone [1]. Nonetheless, it is still a
great challenge to densify ACP without substantially affecting its
structure and properties, especially if ceramic with high relative density
is needed.

The main reason that makes densification of ACP difficult is its
unique hydrated structure [2]. This structure is irreversibly altered
when ACP is heated to temperatures above a few hundred degrees
Celsius, that results in ACP crystallization and transformation to other
less bioactive phases [3]. This eliminates the possibility to use conven-
tional pressureless sintering technique for its sintering, because dense
calcium phosphate ceramics by conventional sintering process can be
obtained only at temperatures above 1000 °C [4]. In addition, so high
sintering temperatures promote grain growth and remove carbonate
groups from calcium phosphates that deteriorate their biological prop-
erties [5,6]. Therefore, alternative sintering techniques, such as
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hydrothermal hot-pressing and low-temperature spark plasma sintering,
have been investigated for densification of ACP and low-crystalline
apatites [7-12]. However, densification of ACP without induction of
phase transformation is difficult even with these sintering techniques.
To date, the most promising results have been obtained with a
low-temperature spark plasma sintering technique - a recent study re-
ported that carbonated, magnesium doped ACP retained its structure
after spark plasma sintering at 150 °C. However, relative density of the
obtained ACP ceramic reached only approximately 45 % of theoretical
density [11].

Lately, great interest among the low-temperature sintering tech-
niques has raised the so-called cold sintering process (CSP) [13]. This
process uses transient liquid, an applied uniaxial force and heat to aid
the densification of a powder compact. Many materials are already
successfully sintered by CSP at ultra-low temperatures (<300 °C) and
few recent studies have reported that this process can also be used for
sintering of low crystalline apatites [14-17]. These studies demon-
strated that nanocrystalline hydroxyapatite can be sintered close to full
density by CSP at temperatures 150-200 °C, even without the use of
transient liquid. It was observed that presence of hydrated layer on the
surface of nanocrystalline hydroxyapatite play an important role in the
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densification process. Without it only slight densification of the samples
was observed, even when transient liquid was used. These findings
indicate that possibly ACP could also be sintered to high relative density
by CSP because ACP contains more structural water than nanocrystalline
apatites. However, ACP is relatively unstable and sensitive to external
factors such as temperature, pressure and water vapor to which it would
be subjected during the CSP [2]. Therefore, understanding how CSP
affects densification and structure of ACP is needed to clarify whether
this process is applicable for sintering of ACP.

In this study, we investigated the effect of CSP parameters such as
sintering temperature and presence or absence of transient liquid
(water) on densification and structure of ACP. After CSP, bulk, true and
relative density of the samples were determined. In addition, the sam-
ples were characterized by X-ray diffraction (XRD), Attenuated total
reflectance - Fourier transform infrared spectroscopy (ATR-FTIR),
scanning electron microscopy (SEM), thermogravimetry-Fourier trans-
form infrared spectroscopy (TG/FTIR) and BET method. Also, biaxial
flexural strength of the samples that were produced from the dry ACP
powder at room temperature was determined. We hypothesized that
increased CSP temperature and use of transient liquid would enhance
ACP densification.

2. Materials and methods
2.1. Amorphous calcium phosphate synthesis

For ACP synthesis, we used the dissolution-precipitation method
[18]. First, 2 % (w/v) hydroxyapatite suspension in water was prepared
by adding 10 g of commercial hydroxyapatite powder (#04238;
Sigma-Aldrich, St. Louis, Missouri, USA) to 600 mL of deionized water
that was stirred with a magnetic stirrer at 200 rpm. The resulting sus-
pension was left stirring for 10 min before 64.46 ml of 3 M HCl solution
(37 % HCl; Merck, Darmstadt, Germany) was added to it in order to
dissolve the hydroxyapatite. When the obtained mixture was stirred for
another 10 min, its stirring rate was increased to 600 rpm and 91.5 ml of
2 M NaOH aqueous solution (>98 % NaOH; Merck, Darmstadt, Ger-
many) was rapidly poured into it to induce precipitation of ACP. The
addition of NaOH solution increased synthesis media pH to ~11.0,
leading to the formation of a white slurry. The obtained slurry was left
stirring for five more minutes before it was centrifuged. The collected
white precipitates were washed with deionized water till the presence of
NaCl in wash water could not be detected with 0.1 M AgNOs solution.
Then, the precipitates were transferred into plastic containers that af-
terwards were submerged in liquid nitrogen. Finally, excess water from
the frozen precipitates was removed by lyophilization technique. The
synthesis, as described before, was repeated multiple times to produce
enough ACP powder for the study.

2.2. Cold sintering process

Prior to the CSP, the synthesized ACP powder was kept in an oven at
80 °C for 24 h. Then 0.5 g of the powder was weighted and transferred to
an easy-retrieve cylindrical pressing die (Across International, Berkeley
Heights, New Jersey, USA) with an inner diameter of 13 mm. For
investigating the effect of transient liquid on densification and structure
of ACP, 0.5 g of the ACP powder was moistened with 0.1 mL (20 wt. %)
of deionized water using a mortar and pestle before it was transferred to
a pressing die. To prevent sample contamination during the CSP, sur-
faces of the cylinder-shape core dies that were in contact with the
powder in the pressing die were covered with a 0.125 mm thick poly-
imide film (Kapton; DuPont, Wilmington, Delaware, USA). The pressing
die with the ACP powder inside was placed in a two-column lab press
(PW 40; P/O/WEBER, Remshalden, Germany) by which uniaxial pres-
sure of 500 MPa was applied to the powder. If CSP was done at room
temperature, the powder was held under this pressure for 30 min. If CSP
was done at 100, 120 or 150 °C, the powder was held under the 500 MPa
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pressure through the heating stage (5 °C/min) and dwelling stage (30
min). Heating for the sample in the pressing die during the CSP was
provided by an electrically controlled heater jacket that was wrapped
around the die. A J-type thermocouple connected to a temperature
controller was used to ensure controlled heating. The end of the ther-
mocouple junction was pressed against the surface of the pressing die.
After CSP, the pressing die was cooled to ambient temperature before
the sample was removed from the die. Before any characterization, the
CSP-sintered samples were held in an oven at 80 °C for 24 h. At least
three samples were produced at each sintering condition.

2.3. BET method

Nitrogen adsorption/desorption isotherms of the synthesized ACP
powder and the CSP sintered samples were generated at —196 °C using a
Quadrasorb™ SI Surface Area and Pore Size Analyzer (Quantachrome
Instruments, Boynton Beach, Florida, USA). Prior to the analysis, the
samples were degassed under vacuum at room temperature for 24 h
using an AUTOSORB Degasser (Quantachrome Instruments, Boynton
Beach, Florida, USA). The Brunauer-Emmett-Teller (BET) model was
applied to calculate specific surface area of the powder and the sintered
samples based on the adsorption isotherm in the P/P range from 0.05 to
0.3 [19]. By using the calculated value of specific surface area, the
equivalent average primary particle diameter, Dggr, of the synthesized
ACP was estimated using the following Eq. (1):

Dggr = 6000/ (P, X SSAacr) (€8]
where pgye and SSAacp are true density (2.52 g/cm®, determined by
helium pycnometry) and the calculated specific surface area (109 (+11)
m?2/g) of the synthesized ACP, respectively.

2.4. X-ray diffraction

XRD patterns of the synthesized ACP and the CSP-sintered samples
were recorded on a PANalytical X-Pert PRO MPD (Panalytical, Almelo,
Netherlands) X-ray diffractometer using a Cu K, radiation (produced at
40 kV and 30 mA). Diffraction data were collected in a 10-70 °26 range,
with a step size of 0.05 °26 and time per step of 2.5 s. Phases present in
the recorded diffraction patterns were identified using a PANalytical X-
Pert Highscore 2.2. software (Panalytical, Almelo, Netherlands) and the
International Centre for Diffraction Data PDF-2 (ICDD, Newtown
Square, Pennsylvania, USA) database. For recording of X-ray diffraction
patterns, the CSP-sintered samples were ground into fine powder using a
Mini-Mill PULVERISETTE 23 (FRITCH, Idar-Oberstein, Germany) ball
mill.

2.5. Attenuated total reflectance - Fourier transform infrared
spectroscopy

ATR-FTIR spectra of the synthesized ACP and the CSP-sintered
samples were collected on a Varian FTS 800 FT-IR Scimitar Series
spectrometer (Varian Inc., Palo Alto, California, USA) equipped with a
GladiATR™ monolithic diamond ATR (PIKE Technologies, Madison,
Wisconsin, USA). The spectra were collected in the mid-infrared range
between 400 and 4000 cm ™! at a resolution of 4 cm™! by co-adding 50
scans. Background spectrum with no sample in the infrared beam was
acquired before collection of the sample spectrum. Then, background
spectrum was subtracted from the sample spectrum. For spectra
collection, the CSP-sintered samples were ground into fine powder using
a Mini-Mill PULVERISETTE 23 (FRITCH, Idar-Oberstein, Germany) ball
mill.

2.6. Scanning electron microscopy

Scanning electron microscope Tescan Mira\LMU (Tescan, Brno,
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Fig. 1. XRD patterns of the starting ACP powder and the CSP-sintered samples produced from the dry (A) and from the moistened starting powder (B).

Czech Republic) was used to visualize surface morphology of the syn-
thesized ACP powder and fracture surface morphology of the CSP-
sintered samples. Secondary electrons created at an acceleration
voltage of 30 kV was used for sample image generation. For microscopy,
the samples were fixed on a standard aluminum pin stubs with an
electrically conductive double-sided adhesive carbon tape. Before ex-
amination by SEM, the samples were sputter coated by a thin layer of
gold using Emitech K550X (Quorum Technologies, Ashford, Kent,
United Kingdom) sputter coater.

2.7. Helium pycnometry

True density of the synthesized ACP powder and the CSP-sintered
samples was determined using a helium pycnometer Micro UltraPyc
1200e (Quantachrome Instruments, Boynton Beach, Florida, USA). To
limit the influence of closed porosity on true density values, the CSP-
sintered samples were ground into a fine powder using a Mini-Mill
PULVERISETTE 23 (FRITCH, Idar-Oberstein, Germany) ball mill. Prior
to the measurements, the instrument (added volume and cell volume)
was calibrated using stainless-steel calibration spheres. After the cali-
bration, the sample cell, filled with a powdered sample of known weight,
was purged inside the sample cell holder with helium gas in a pulse
mode (30 pulses). Then, volume of the powdered sample was measured
by pressurizing the sample containing cell inside the sample cell holder
with helium gas to a target pressure of 10 psig (reached in approximately
60 s). The measurements (runs) for each sample were repeated until the
percent deviation requested for 5 consecutive runs was equal or less than
0.1 %. The sample weight was used in conjunction with the measured
sample volume to determine true density of the sample.

2.8. Bulk density

Bulk density of the CSP-sintered samples was calculated by dividing
the CSP-sintered sample mass with its bulk volume. Sample mass was
determined by weighing the sample on an analytical balance. Bulk
volume of the sample was calculated using the measured sample height
and diameter values. For each sample, height and diameter was
measured at 5 different positions around the sample using a digital
caliper. The measured values were subsequently averaged. Bulk volume,
Vhuik, Of the sample was calculated using the following Eq. (2):

Viur = nd*h /4 ()

where d and h are sample diameter and sample height, respectively.
2.9. Relative density

Relative density values of the CSP-sintered samples were calculated
by dividing the CSP-sintered sample bulk density by its true density and

multiplying by 100 %. Afterwards, the mean and standard deviation of
the relative density values for the samples produced at each sintering

914

69

condition were calculated.
2.10. Thermogravimetry-Fourier transform infrared spectroscopy

TG/FTIR was used to estimate water and carbonate content in the
synthesized ACP powder and in the CSP-sintered samples. TG/FTIR
analysis was done by STA 6000 simultaneous thermal analyzer (Perki-
nElmer Inc., Waltham, Massachusetts, USA) coupled to the Spectrum
100 FTIR spectrometer (PerkinElmer Inc., Waltham, Massachusetts,
USA) via TL 8000 transfer line (PerkinElmer Inc., Waltham, Massachu-
setts, USA). Prior to the analysis, the CSP-sintered samples were ground
into fine powder using a Mini-Mill PULVERISETTE 23 (FRITCH, Idar-
Oberstein, Germany) ball mill. Approximately 34 mg of the powdered
material was used for the analysis. During the TG/FTIR analysis, the
sample was heated at a constant rate of 100 °C/min to 800 °C and was
held at this temperature for 10 min. The analysis was done under N gas
(flow rate of 20 ml/min). FTIR spectrum was collected every 9 s in the
mid-infrared range between 650 and 4000 cm ™! at a resolution of 4 cm’
L. During the spectrum collection, the transfer line and gas cell were
maintained at 230 °C temperature to limit condensation or adsorption of
semi-volatile products. Volatile products were identified using Spec-
trum™ Timebase Software (PerkinElmer Inc., Waltham, Massachusetts,
USA) and Spectrum Search Plus Software (PerkinElmer Inc., Waltham,
Massachusetts, USA). The relative yield (wt. %) of CO, was assumed as
an integrated intensity of absorbance-temperature curve and calculated
according to the Eq. (3):

n=final temperature

5= 0.5 X (Ay + Ayy) X (T, = Toy) 3)

n=30

where S is relative yield, A is absorbance at specific wavenumber at
temperatures T, and Ty, T, and Ty.; are experimental temperatures and
n is point of measurement [20].

Calcium oxalate was used as a reference substance to determine CO
yield. TG/FTIR analysis of calcium oxalate was done at a constant
heating rate of 100 °C/min to 1000 °C under N gas (flow rate of 20 ml/
min). CO; evolution profile as a function of temperature was obtained
after FTIR data processing. A linear relationship between mass loss of
calcium oxalate and relative yield of CO, was evaluated in the temper-
ature range from 700 to 1000 °C (Supplementary Fig. 1) [21].

2.11. The ball on three balls test

The ball on three balls test was used to determine biaxial strength of
the CSP-sintered samples [22,23]. The test was done in a 25 ST bench
mounted universal testing machine (Tinius Olsen, Horsham, Pennsyl-
vania, USA). A sample was symmetrically supported by three stainless
steel balls on one side and loaded by a fourth ball in the center of the
opposite side. All four balls had identical diameter of 7.93 mm. A
pre-load of 7 N was applied to hold the sample between the four balls.
Then, the load was increased with a rate of 1 mm/min until the sample
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Fig. 2. ATR-FTIR spectra of the starting ACP powder and the CSP-sintered samples produced from the dry (A) and from the moistened starting powder (B).

fractured. The maximum tensile stress, opax, of the sample was calcu-
lated using the following equation (4):

F
Omax = f X P

where t is thickness of the sample, F is the fracture force and f is
dimensionless factor which depends on the loading geometry, the
sample geometry and the Poisson’s ratio of the sample material. The
Poisson’s ratio was considered to be similar to that of the hydroxyapatite
(0.27) [24].

Five samples were tested for a sintering condition.

3. Results and discussion

To evaluate how CSP affected ACP phase stability, XRD patterns of
the CSP-sintered samples were recorded. XRD patterns of the samples
that were produced from the dry ACP powder at room temperature, 100
or 120 °C were similar to that of the starting powder (Fig. 1A). Only two
humps characteristic of ACP were present in these patterns. In contrast,
broad, overlapping diffraction peaks were present in diffraction pattern
of the sample sintered at 150 °C. All peaks in this pattern were indexed
according to the known hydroxyapatite structure (ICDD PDF-2
#00—009-0432). From the samples that were made from the moist-
ened ACP powder, only the sample sintered at room temperature pro-
duced diffraction pattern similar to that of the ACP powder (Fig. 1B).
The samples sintered at higher temperatures produced diffraction pat-
terns similar to that of the sample that was produced from the dry ACP
powder at 150 °C (Fig. 1A). Diffraction peaks in these patterns become
more distinguishable with increased sintering temperature of the
samples.

Although ACP phase can be thermally stable up to 600 °C, in this
study, the samples that were produced from the dry ACP powder at 150
°C were already transformed to nanocrystalline hydroxyapatite phase
[25,26]. Furthermore, the samples that were produced from the moist-
ened ACP powder were transformed to nanocrystalline hydroxyapatite
phase at even lower temperatures. The phase transformation mechanism
could be similar to the one that proposedly occurs when ACP is sintered
by the low-temperature spark plasma sintering technique [12]. A com-
bination of pressure and temperature could have activated surface
diffusion processes and favored chemical reactions that lead to the phase
transition. For example, internal hydrolysis of non-apatitic phosphates
PO3~ may occurred in the ACP that lead to the formation of HPOF and
OH’ ions. Phase transformation was induced when critical amount of
POY ions were transformed into HPOZ [27]. Some of the formed HPOF
ions might reacted with the carbonates that were present in the ACP,
releasing CO5 and forming H,O and PO~ [10,12]. In case of the samples
produced from the moistened powder, the water added to the starting
powder provided hydrothermal environment when the sintering was
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done at elevated temperatures [28]. Since the ion product of water in-
creases with temperature, increased OH™ availability may led to ACP
crystallization through hydroxylation process — through replenishment
of OH groups [29,30].

ATR-FTIR spectra of the CSP-sintered samples were collected to
evaluate how CSP affected local chemical environment of calcium
phosphate. Broad, superimposed absorption bands that are character-
istic to amorphous materials were observed in IR spectrum of the
starting ACP powder and in the spectra of the CSP-sintered samples that
were produced from the dry starting ACP powder at room temperature,
100 and 120 °C (Fig. 2A). Absorption bands around 550 and 1000 em !
were assigned to vs and v; PO3" group vibrations, while the bands in the
range of 1420-1490 and 871 cm’! to carbonate vibrations. In addition,
the bands at 1640 cm™! and in the range of 2700 — 3500 cm ™! were
attributed to H-O-H bending and O-H stretching modes, respectively.
All these bands become sharper and some of them were shifted to higher
wavenumbers in the IR spectra of the sample sintered at 150 °C.
Furthermore, additional absorption bands around 470 and 600 cm’!
appeared in this sample spectrum. From the CSP-sintered samples that
were produced from the moistened ACP powder, only the sample sin-
tered at room temperature had similar IR spectra to the starting ACP
powder (Fig. 2B). IR spectra of the samples that were sintered at higher
temperatures resembled spectrum of the sample that was made from the
dry ACP powder at 150 °C (Fig. 2A). Intensity of absorption bands
around 470 and 600 cm™ increased with increased sintering tempera-
ture of these samples.

Absorption bands (except the ones assigned to carbonate group vi-
brations) observed in IR spectrum of the starting ACP powder and in the
spectra of the CSP-sintered samples that were produced from the dry
ACP powder at room temperature, 100, 120 °C and from the moistened
powder at room temperature were characteristic to ACP [10,31]. The
fact that absorption bands become sharper, were shifted and additional
absorption bands around 470 and 600 em™! appeared in IR spectra of
the CSP sintered samples that were produced from the dry ACP powder
at 150 °C and from the moistened powder at 100, 120 and 150 °C
indicated that at least partially ACP was transformed to nanocrystalline
apatite phase [10]. Observations in IR spectra of the CSP-sintered
samples were consistent with observations in their XRD patterns.
Although COgs-containing chemicals were not used for ACP synthesis,
presence of carbonate ions was detected both in the synthesized ACP as
well as in the sintered samples. Most likely, the source of the carbonate
ions was water that was used as a synthesis media. Since the synthesis
was done under ambient conditions, the presence of carbonate ions in
the synthesis media was unavoidable because CO, from air is rapidly
absorbed in purified water. However, the presence of carbonate ions in
calcium phosphates structure is desirable since carbonate ions are pre-
sent in the biological apatites [1]. Furthermore, previous studies have
shown that carbonate ions stabilize ACP structure and can inhibit its
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crystallization during the sintering process [2,11].

SEM was used to characterize surface morphology of the synthesized
ACP powder and to evaluate microstructure of the CSP-sintered samples.
The synthesized ACP powder consisted of agglomerated spheroidal
particles with sizes below 100 nm (Fig. 3). The estimated equivalent
average primary particle diameter of the synthesized powder was ~22
nm (as calculated by Eq. (1)). Similar values were obtained by manually
measuring ACP particle diameters in the acquired SEM images (Sup-
plementary Fig. 2). Spherical structures that consisted of smaller parti-
cles could be distinguished at fracture surfaces of the CSP-sintered
samples that retained ACP structure. In contrast, the samples that con-
sisted of nanocrystalline hydroxyapatite phase had comparably homo-
geneous fine-grained microstructure. The exception was the sample that
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was produced from the moistened starting powder at 100 °C whose
microstructure was more similar to the samples that retained ACP
structure. The cracks that can be observed at the fracture surfaces of the
CSP-sintered samples formed during their examination by SEM (Sup-
plementary Fig. 3).

BET method was used to determine specific surface area of the
starting ACP powder and the CSP-sintered samples. Specific surface area
of all CSP-sintered samples was several times lower compared to the
starting powder (109 (£11) m?/ g) and varied in the range of 14-22 and
8-27 m?/g for the samples that were produced from the dry and from the
moistened starting powder, respectively (Fig. 4A and B).

Reduction in specific surface area of the starting powder indicates
that during the sintering process necks have been formed between the
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powder particles. When growing necks merge, initial particles coalesce
and forms larger particles with comparably lower specific surface area.
In addition, merging of necks produces interparticle porosity whose
surface may be inaccessible to nitrogen used to measure the specific
surface area [32]. Factors such as starting powder inhomogeneities and
ACP crystallization might affected specific surface area of the samples
sintered at different conditions.

To evaluate how CSP affected water and carbonate content that were
present in the starting ACP powder, the CSP sintered samples were
characterized by TG/FTIR. Before the analysis the samples were held in
an oven at 80 °C for 24 h to limit the amount of water that was not
related with calcium phosphate structure (remains of the water that was
used for moistening of the ACP powder as well as the physically
adsorbed water). TG analysis showed that mass loss for the starting ACP
powder (used as a reference) reached 12.1 % when it was heated to 800
°C and was held at this temperature for 10 min (Fig. 5A). In comparison,
mass loss for the CSP-sintered samples that were produced from the dry
starting powder at room temperature, 100 and 120 °C reached 10.8 -
10.3 %, while for the sample produced at 150 °C only 7.1 %. Mass loss
for the samples that were produced from the moistened ACP powder
decreased with increased sintering temperature of the samples (Fig. 5B).
The sample sintered at room temperature lost similar mass amount to
the sample that was produced from the dry ACP powder at room tem-
perature. The samples sintered at 100 and 120 °C lost significantly less
mass compared to the samples that were produced from the dry ACP
powder at the same temperatures. Mass loss for the sample sintered at
150 °C was comparable to that of the sample that was produced from the
dry ACP powder at 150 °C.

FTIR analysis indicated that only water and CO5 evolved from the
starting ACP powder and the CSP-sintered samples when they were
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heated to 800 °C and were held at this temperature for 10 min. CO; from
the starting ACP powder was released in two temperature regions: from
160 to 300 °C and from 320 to 800 °C (Fig. 6A). Most of the CO5 was
released in the temperature range from 320 to 800 °C, peaking at 680 °C.
In comparison, CO, from all of the CSP-sintered samples that were
produced from the dry starting powder was released only in one tem-
perature range — from ~350 to 800 °C, peaking at ~700 °C similarly to
the starting ACP powder. The estimated CO; yield from the starting ACP
powder was 1.7 wt. %, while 0.71, 0.80, 0.60 and 1.0 wt. % from the
CSP-sintered samples that were produced from the dry starting powder
at room temperature, 100, 120 and 150 °C, respectively. CO from all of
the CSP-sintered samples that were produced from the moistened
starting powder was also released in a single temperature range
(Fig. 6B). For the samples that were sintered at 100, 120 and 150 °C, CO4
release peaked at 800 °C. The estimated CO yield from the CSP-sintered
samples that were produced from the moistened starting powder at
room temperature, 100, 120 and 150 °C was 1.2, 1.6, 1.3 and 0.6 wt. %,
respectively.

TG analysis indicated that all samples that retained ACP structure
(including the ones sintered at room temperature, Fig. 1) during the
sintering process lost approximately 1.5 % of their initial mass. This loss
can be attributed to both water and CO- loss, indicating that internal
hydrolysis could play a role in ACP densification process [12,27]. Some
water could also be lost from surface of the ACP particles (loosely bound
water molecules adsorbed on surface of the particles) or/and from the
inter-cluster space of ACP due to the influence of external pressure [2].
In addition, TG analysis indicated that the samples that were trans-
formed to nanocrystalline hydroxyapatite lost less mass than the sam-
ples that retained ACP structure (Fig. 1). This difference can be
attributed to ACP crystallization processes that led to further water loss
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Fig. 7. Bulk, true and relative densities of the CSP-sintered samples produced from the dry (A) and from the moistened starting ACP powder (B).

from ACP structure [2,33,34].

To evaluate how CSP affected ACP densification, bulk and true
density of the CSP-sintered samples were determined. Bulk and true
density values of the CSP-sintered samples that were produced from the
dry ACP powder remained relatively unchanged if sintering was done at
room temperature, 100 or 120 °C (Fig. 7A). The sample sintered at 150
°C had significantly higher bulk, true and the resulting relative density
values compared to the samples sintered at lower temperatures. Relative
density of the samples sintered at room temperature, 100 and 120 °C
was 76.3 (£2.1), 79.7 (+0.9) and 79.6 (+1.3) %, respectively, while
87.8 (£1.3) % for the sample sintered at 150 °C. Bulk and true density
values for the samples that were produced from the moistened ACP
powder at room temperature and 100 °C were similar and not signifi-
cantly different from that of the samples that were produced from the
dry ACP powder at the same temperatures (Fig. 7B). In comparison, bulk
and true density of the samples sintered at 120 and 150 °C were higher
and increased with increased sintering temperature. Still, relative den-
sity for all samples that were produced from the moistened ACP powder
was similar (close to 80 %) because bulk and true density of the samples
sintered at 120 and 150 °C increased almost proportionally.

Increased sintering temperature had little effect on bulk, true and the
resulting relative density values of the samples that retained ACP
structure after the CSP (Fig. 1). It seems likely that the pressure applied
to the sample and dwelling time under the pressure were the main
factors that affected bulk density of these samples. Such low sintering
temperatures could not significantly increase diffusion processes to
substantially improve their densification. Although the presence of
liquid phase can be beneficial for powder particle rearrangement and
compaction, bulk density of the samples that were produced from the
moistened ACP powder and retained ACP structure after the CSP was
comparable to the samples that were produced from the dry ACP powder
at the same temperature [28]. Probably, the hydrated structure of ACP
already performed similar function to transient liquid [10,11]. To our
knowledge, the highest relative density value reported for ACP ceramic
so far was ~45 % [11]. In this study, relative density values of the
samples that after the sintering process retained ACP structure exceeded
75 %. Since nanocrystalline apatite structure is more compact and
contains less water than ACP, true density values of the samples that
were transformed to nanocrystalline apatite phase were higher
compared to the samples that retained ACP structure (Fig. 1) [2].
Because ACP lost structural water during the phase transformation
(Fig. 1 and Fig. 5), contact and interaction between the adjacent calcium
phosphate particles increased that resulted in comparably higher bulk
density values for the samples that transformed to nanocrystalline hy-
droxyapatite phase [35].

To gain insight about the mechanical properties of the samples that
after the CSP retained ACP structure, biaxial flexural strength was
determined for the samples that were produced from the dry starting
ACP powder at room temperature. Biaxial flexural strength of the
respective samples reached 32.3 (+£4.6) MPa. This value exceeds the one
(18.3 (£5) MPa) reported for the low-temperature spark plasma sintered
low-crystalline apatite ceramics that had similar relative density (71 %)
to the characterized samples (76.3 (+2.1) %) [10].
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4. Conclusions

In summary, by applying moderate uniaxial pressure (500 MPa),
ACP could be sintered to a relatively high relative density already at
room temperature. Elevated sintering temperatures (in which ACP phase
remained stable) did not significantly enhance ACP densification. Also,
the presence of transient liquid had no significant effect on ACP densi-
fication. Furthermore, the use of transient liquid led to ACP crystalli-
zation at lower sintering temperatures. During the CSP, ACP lost part of
its water and carbonate content, even when the sintering was done at
room temperature. Possibly, ACP could be sintered to even higher
relative density if sintering would be done under uniaxial pressure
higher than 500 MPa.
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