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Abstract

Scopul tezei de doctorat a urmadrit sintetizarea prin nanoemulsie a materialelor inovative si
caracterizarea hidroxiapatitei carbonatate si a derivatilor sdi metalici utilizate ca substante
consolidante ale pietrelor artificiale si a obiectelor de patrimoniu cultural.

Hidroxiapatita carbonatata (CHAp) si Me-CHAp (Me=Ag, Sr, Ba, Zn, si K) s-au
caracterizat prin urmatoarele metode de investigatie analiticd specifice materialelor aplicate in
conservare/restaurare: spectroscopie in infrarosu cu transformata Fourier (FT-IR), spectroscopie
Raman, difractie de raze X (XRD), microscopie electronicd cu baleiaj cuplatd cu spectroscopie
dispersiva cu raze X (SEM-EDS), microscopie electronicd cu transmisie (TEM), imprastierca
dinamica a luminii (DLS), analiza termogravimetrica (TGA/DTGQG). S-au preparat 5 derivati metalici
ai hidroxiapatitei carbonatate prezentand dimensiuni si morfologii precise, structurd hexagonala de
tip AB, un grad ridicat de cristalinitate si o dimensiune a cristalitei mult mai redusa, in comparatie

cu hidroxiapatita comerciala.

Pietrele artificiale cu o compozitie similara cu probele istorice au fost obtinute si tratate prin
diferite metode cu hidroxiapatita carbonatata; probele de piatra au fost apoi analizate pentru a studia
eficacitatea agentilor de consolidare anorganici prin diferite tehnici: teste colorimetrice, testul de
absorbtia apei, teste de umiditate, absorbtia picaturii de apa, capilaritatea, testul inghet-dezghet,
testul de cristalizare a sarurilor, testul de rezistentd la compresiune, testul de determinare a
continutului de sulfati, porozitate, analiza termogravimetrica, unghiul de contact, testul de exfoliere,
microscopie optica si SEM. Pentru toate esantioanele model tratate cu CHAp si Me-CHAp s-a
imbunatatit rezistenta la compresiune si hidrofobicitatea comparativ cu martorul. De asemenea,
esantioanele tratate au fost mai rezistente la Imbadtranirea artificiald inghet-dezghet si cristalizarea

sarurilor.

Pe baza rezultatelor obtinute pe pietrele artificiale tratate, au fost selectate substantele de
consolidare si metoda de aplicare corespunzatoare, iar eficacitatea lor a fost testatd pe esantioane
istorice colectate de la Castelul Corvinilor - Turnul Pustiu, Hunedoara. Probele CHAp, Ag-CHAp si
Sr-CHAp care au fost aplicate prin pensulare, nu afecteaza parametrii de culoare. Din studiile
efectuate se poate concluziona, ca derivatii metalici ai CHAp au aratat cea mai buna eficientd de

consolidare.



l. Partea teoretica
1. Introducere

Bunurile culturale care apartin patrimoniului cultural au o valoare inestimabild, deoarece
constituie indicatorii evolutiei tehnice, culturale, sociale, economice si spirituale ale umanitatii,
fiind principala mostenire pe care o avem de la strdmosii nostrii si este datoria noastra sa o pastram
intr-o stare buna si asumata, fara a fi afectat caracterul original al perioadei in care au fost construite

si sd o transmitem mai departe generatiilor viitoare in starea lor autentica.

Conservarea si restaurarea patrimoniului cultural este un domeniu provocator, adesea
dificil de abordat datoritd numeroaselor particularitati si necesitati si in ciuda cresterii numarului de
cercetari elaborate in ceea ce priveste patrimoniul cultural, cele mai multe dintre produsele
disponibile si utilizate in mod obisnuit si metodologiile au fost imprumutate din alte domenii si sunt
adesea adaptate tindnd cont de cerintele specifice si esentiale de conservare, cum ar fi eficacitatea,

compatibilitatea si durabilitatea.

Restaurarea desemneaza procedurile de tratament, care sunt destinate sa readucad bunurile

culturale intr-o stare cunoscuta sau asumata, adesea prin adaugarea de materiale.

Conservarea reprezintd preocuparea de baza a cercetarilor actuale care insumeaza intreaga
activitate de descoperire si aplicare a celor mai adecvate metode pentru protejarea obiectelor de
patrimoniu cultural de actiunea factorilor daundtori din naturd sau de deteriordrile produse de

oameni.

Conservarea obiectelor de patrimoniu cultural include urmatoarele etape: examinarea,
documentarea, tratamentul si ingrijirea preventiva. Stabilizarea reprezinta procedurile de tratament

care sunt destinate sd mentind integritatea bunurilor culturale pentru a minimiza deteriorarea.

Consolidantul reprezintd un produs care aplicat pe o suprafatd degradata sau fragild are
rolul de a imbunatatii rezistenta mecanica a bunurilor culturale pentru a minimiza deteriorarea, 1i
prelungeste durata de viata fard sa 1i modifice culoarea si aspectul. Consolidantul este necesar sa
satisfaca diferite criterii esentiale de conservare: eficacitate, reversibilitate, compatibilitate,

durabilitate.

Materialele de piatrd cu caracter mineral-anorganic, datorita proprietatilor lor hidrofile,
sunt deteriorate prin atacul acid (cauzat de ploi si umiditate), cristalizarea ciclica a sarurilor
solubile, lumind si interventiile omenesti neprofesionale [3]. Prin urmare, este necesar si se
dezvolte materiale (micro si nano) compatibile cu piatra naturald si artificiala [4] pentru utilizarea

lor in restaurarea/conservarea obiectelor de patrimoniu cultural.



In ultimele decenii s-a acordat o atentie deosebitd protejarii obiectelor care apatin
patrimoniului cultural cu scopul de a identifica cele mai adecvate metode de aplicare a materialelor

si a studia eficienta tratamentelor de consolidare.

In ultimul timp hidroxiapatita este unul dintre materiale cele mai intens studiate, datorita
proprietatilor deosebite pe care le prezintd si multiplelor sale aplicatii in diverse domenii de
utilizare. In aceastd lucrare s-a urmairit obtinerea materialelor pe bazi de hidroxiapatiti pentru
aplicatii in domeniul conservarii si restaurdrii obiectelor de patrimoniu cultural. Hidroxiapatita si
fosfatii de calciu au fost initial propusi ca o noua clasa de materiale pentru consolidarea si protectia
pietrelor carbonatate (marmura, calcar) [5-7] si ulterior au fost studiati pentru conservarea

substraturilor suplimentare, incluzand gresie, pietre sulfatate, beton, picturi murale si hartie [8].

Luand in considerare importanta conservarii $i restaurdrii patrimoniului cultural, se
contureaza necesitatea sintetizarii si caracterizarii unor materiale inovative din clasa apatitelor, care

sa fie aplicate pe probele model cu scopul de a testa eficienta agentului de consolidare.

Studiile efectuate, care au stat la baza elaborarii prezentei teze de doctorat, au avut in
vedere sinteza si caracterizarea de materiale din clasa hidroxiapatitelor carbonatate, substituite cu
variati ioni metalici, obtinerea pietrelor artificiale, tratarea acestora cu diferite tipuri de
hidropxiapatite carbonatate obtinute in laborator si testarea probelor tratate prin diferite tehnici de
investigatie cu scopul de a studia eficienta agentului de consolidare pe baza de hidroxiapatita
carbonatatd asupra probelor model. Materialele astfel obtinute pot avea potentiale aplicatii in

domeniul conservarii si restaurdrii obiectelor cu valoare culturald s1 istorica.

In concluzie, tema studiatd reprezintd un subiect de cercetare actual, de o important
semnificativa, atat la nivel national, cat si international. Aprofundarea acestei teme de cercetare
poate genera noi solutii inovative si tehnici, care sa respecte principiile de restaurare impuse de

normativele actuale.

1.1. Scopul si obiectivele tezei de doctorat

Scopul tezei de doctorat cu titlul "Materiale inovative si tehnici utilizate in conservarea si
restaurarea obiectelor de patrimoniu” 1l reprezintd sinteza si caracterizarea de materiale inovative
din clasa hidroxiapatitelor carbonatate, substituite cu diferiti ioni metalici prin tehnica
nanoemulsiei, care prezintd proprietati performante si utilizarea acestor agenti de consolidare cu

scopul de a testa eficienta acestor produse asupra pietrelor.



Teza a urmadrit, de asemenea, obtinerea pietrelor artificiale cu o compozitie asemanatoare cu
cele ale probelor istorice, tratarea acestora prin diferite metode cu diverse tipuri de hidroxiapatite
carbonatate si testarea probelor prin variate tehnici de investigatie cu scopul de a studia eficienta
agentului de consolidare pe bazd de hidroxiapatitd carbonatatd asupra probelor model si de
asemenea un studiu de caz pe esantioanele prelevate de la Turnul Pustiu-Castelul Corvinilor.

Obiectivul general al tezei il constituie dezvoltarea de noi agenti consolidanti anorganici,
testarea performantei lor pe probele model de piatra si ulterior pentru utilizarea acestor materiale in
practica de conservare si restaurare a pieselor de patrimoniu cultural.

Principalele obiective specifice ale acestei teze sunt:

0 Evaluarea tipurilor de distrugeri ale suprafetelor pieselor de patrimoniu cultural

cauzate de factori interni si externi.

0 Un studiu al literaturii de specialitate referitor la tipurile de materiale utilizate n

practica de conservare si restaurare a pieselor de patrimoniu cultural, precum si principalele

tehnici analitice de investigare.

0 Obtinerea hidroxiapatitei carbonatate (CHAp) si a hidroxiapatitei carbonatate

modificate cu diferiti ioni metalici (Me-CHAp, unde Me=Ag, Sr, Ba, Zn, si K) prin metoda

nanoemulsiei.

0 Caracterizarea CHAp si a Me-CHADp sintetizate in laborator prin urmatoarele metode

de investigatie analitica specifice materialelor aplicate in conservare/restaurare:

spectroscopie n infrarosu cu transformata Fourier (FT-IR), spectroscopie Raman, difractie
de raze X (XRD), microscopie electronica cu baleiaj cuplata cu spectroscopie dispersiva cu

raze X (SEM-EDS), microscopie electronica cu transmisie (TEM), imprastierea dinamica a

luminii (DLS), analiza termogravimetrica (TGA/DTG).

0 Obtinerea probelor de piatrd artificiala cu o compozitie asemandtoare cu cele ale

probelor istorice.

0 Tratarea pietrelor artificiale cu diferite tipuri de hidroxiapatite carbonatate si

aplicarea agentului de consolidare prin 3 metode: imersare, pensulare, pulverizare la trei

concentratii diferite: 0,1 g/, 0,25 g/l 51 0,5 g/I.

o Investigarea acestor produse inainte si dupa tratare, prin variate tehnici de

caracterizare, cu scopul de a studia eficacitatea agentului consolidant asupra pietrelor: teste

colorimetrice, testul de absorbtia apei, teste de umiditate, absorbtia picaturii de apa,
capilaritatea, testul Inghet - dezghet, testul de cristalizare a sarurilor, testul de rezistenta la
compresiune, testul de determinare a continutului de sulfati, porozitate, analiza

termogravimetricd, unghiul de contact, testul de exfoliere, microscopie optica si SEM.
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¢ Un studiu de caz care cuprinde: un scurt istoric al Castelului Corvinilor si al Turnului
Pustiu, alegerea consolidantilor pe baza de hidroxiapatita carbonatata si aplicarea acestora
prin metoda pensularii pe probelor prelevate de la Turnul Pustiu - Castelul Corvinilor,
Hunedoara si investigarea acestor produse inainte si dupd tratare cu scopul de a studia
eficacitatea materialelor inovative asupra probelor istorice.

o Concluziile generale si originale, contributiile proprii, perspective de cercetare,
precum si diseminarea rezultatelor prin publicare de articole si participarea la conferinte

nationale si internationale.

1.2. Structura tezei de doctorat

Teza de doctorat cu titlul “Materiale inovative si tehnici utilizate in conservarea si
restaurarea obiectelor de patrimoniu” este structurata in 9 capitole dupa cum urmeaza:

Capitolul 1 cuprinde o scurta introducere in care sunt prezentate aspecte generale referitoare
la conservarea si restaurarea patrimoniului cultural. De asemenea, n cadrul acestui capitol sunt
prezentate obiectivul general si specific, precum si structura tezei de doctorat.

Tn Capitolul 2 sunt incluse tipurile de distrugeri ale suprafetelor pieselor de patrimoniu
cultural cauzate de factori interni si externi. Principalii factori sunt: oxigenul atmosferic, poluantii
atmosferici, lumina, temperatura si umiditatea si alti factori.

n Capitolul 3 sunt prezentate date din literatura de specialitate in ceea ce priveste tipurile de
materiale utilizate in practica de conservare si restaurare a pieselor de patrimoniu cultural, metodele
de sinteza, precum si principalele tehnici analitice de investigare.

Tn Capitolul 4 sunt cuprinse contributiile originale referitoare la sinteza materialelor pe baza
de hidroxiapatita carbonatata si a hidroxiapatitei carbonatate substituite cu diferiti ioni metalici
(Me-CHAp, unde Me=Ag, Sr, Ba, Zn, si K) prin metoda nanoemulsiei, care prezintd o serie de
avantaje: costuri relativ reduse, simplitate in realizare, temperaturd de reactie redusd, reactivi usor
solubili in apa, al caror pH poate fi ajustat pentru a mentine bazicitatea mediului de reactie.

Tn Capitolul 5 sunt descrise principalele tehnici de investigare a materialelor din clasa
hidroxiapatitei carbonatate si metodele de caracterizare ale probelor model tratate cu diferite tipuri
de hidroxiapatite carbonatate.

In Capitolul 6 sunt prezentate caracterizarea materialelor din clasa hidroxiapatitei
carbonatate si a CHAp substituite cu diferiti ioni metalici obtinute prin metoda nanoemulsiei prin
urmatoarele tehnici de investigatie analiticd specifice materialelor aplicate in conservare/restaurare:

spectroscopie n infrarosu cu transformata Fourier (FT-IR), spectroscopie Raman, difractie de raze
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X (XRD), microscopie electronica cu baleiaj cuplata cu spectroscopie dispersiva cu raze X (SEM-
EDS), microscopie electronica cu transmisie (TEM), imprastierea dinamica a luminii (DLS), analiza
termogravimetrica (TGA/DTGQG).

Capitolul 7 cuprinde: obtinerea probelor model, tratarea pietrelor artificiale cu diferite tipuri
de hidroxiapatite carbonatate sintetizate si aplicarea agentului de consolidare prin 3 metode:
imersare, pensulare, pulverizare la trei concentratii diferite: 0,1 g/, 0,25 g/l si 0,5 g/l, precum si
caracterizarea pietrelor artificiale tratate, cu scopul de a testa eficienta agentului de consolidare
asupra probelor model. Pietrele artificiale tratate cu diferite tipuri de hidroxiapatite carbonatate s-au
caracterizat prin urmatoarele tehnici: teste colorimetrice, testul de absorbtia apei, teste de umiditate,
absorbtia picaturii de apa, capilaritatea, testul inghet - dezghet, testul de cristalizare a sarurilor,
testul de rezistentda la compresiune, testul de determinare a continutului de sulfati, porozitate,
analiza termogravimetrica, unghiul de contact, testul de exfoliere, microscopie optica si SEM.

De asemenea in acest capitol este prezentat un studiu de caz care este structurat in 3 parti
dupa cum urmeaza: un scurt istoric al castelului Corvinilor si al Turnului Pustiu, alegerea tipului de
consolidant si a metodei de tratare si investigarea probelor istorice. In cadrul acestui studiu de caz
cercetarea s-a axat pe aplicarea consolidantilor pe baza de hidroxiapatitd carbonatatd prin metoda
pensularii pe probele provenind de la Turnul Pustiu - Castelul Corvinilor, Hunedoara, caracterizarea
si testarea eficientei acestuia. Probele de la castelul Corvinilor — Turnul Pustiu (DT-martor) si cele
tratate cu diferite tipuri de materialelor din clasa hidroxiapatitei carbonatate au fost investigate prin
urmatoarele tehnici: Spectroscopie in infrarosu cu transformata Fourier, teste colorimetrice, testul de
absorbtia apei, determinarea continutului de sulfati, analiza termogravimetricd, analiza elementara
EDS, microscopia electronica de scanare, determinarea rugozitatii suprafetei, testul de carbonatare
si testul de exfoliere.

Capitolul 8 al prezentei teze de doctorat include concluziile generale, contributiile proprii,
perspective de cercetare care au rezultat in urma cercetdrilor efectuate, precum si lista principalelor
articole ISI, non-ISI, capitole de carte publicate, participarea la conferinte nationale si
internationale, cereri de brevet depuse la OSIM si premiile, medaliile, distinctiile obtinute prin
proces de selectie.

Tn finalul tezei de doctorat In Capitolul 9 sunt incluse referintele bibliografice care au fost

consultate pe parcursul elaborarii tezei.
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3.1.6. Hidroxiapatita carbonatata

Hidroxiapatita carbonatatd este un material versatil datoritd stabilitatii chimice si
cristalinitatii sale. Formula chimica a CHAp este Cajo(PO4)sx(CO3)x(OH)2 [169], si indica faptul ca
celula este formata din trei unitati: fosfor, carbonat si calciu. In functie de modul de substitutie al
ionului carbonat, CHAp se poate clasifica n trei tipuri:

- n structura hidroxiapatitei ionul COs* este schimbat cu ionul OH si i se atribuie o

substitutie de tip A;

- cand ionii CO5% sunt inlocuiti de PO43', i se confera o substitutie de carbonat de tip B;
- in cazul in care substitutia de carbonat este de tip AB, sunt inlocuiti ambii ioni de PO,” si

OH[170].

Structura plani a COs* si legdtura mai slaba Intre Ca?* si CO4” decit legatura Ca?* cu POS*
prezintd multe schimbari 1n caracteristicile apatitei, scade lungimea axiald a, creste lungimea axiald
c [171], rezistenta mecanica se imbunatateste si se modifica solubilitatea apatitei.

In figura 2 este prezentatd structura cristalografica a hidroxiapatitei carbonatate de tip A, B
si AB. Hidroxiapatita carbonatata de tip AB este cea mai stabila structura comparativ cu tipurile A

si B [179].

Figura 2: Structura cristalografica a hidroxiapatitei carbonatate (a) tip A, (b) tip B si (¢) tip
AB [179]
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Il. Partea experimentala
4. Sinteza de materiale din clasa hidroxiapatitei carbonatate

Selectarea metodei adecvate de sintezd pentru CHAp joacd un rol important in obtinerea
materialelor care pot fi utilizate pentru aplicatii in domeniul conservarii si restaurdrii obiectelor de
patrimoniu cultural. In cele ce urmeaza este descrisi metoda de sintezi a hidroxiapatitei carbonatate
si a CHAp substituitd cu diferiti ioni metalici prin tehnica nanoemulsiei, cu scopul de a obtine
materiale cu proprietati performante, care sa fie utilizate ca agenti de consolidare pentru materialele

pe baza de piatra.
4.1. Sinteza hidroxiapatitei carbonatate (CHAp)

Pentru prepararea hidroxiapatitei carbonatate s-a selectat metoda nanoemulsiei adaptata
dupa Zhou si colaboratorii [124]. Spre deosebire de alte metode de sinteza ale HAp, obtinerea
hidroxiapatitei carbonatate prin tehnica nanoemulsiei, prezintd o serie de avantaje: costuri relativ
reduse, simplitate 1n realizare, temperatura de reactie redusa, reactivi usor solubili in apa, al caror
pH poate fi ajustat pentru a mentine bazicitatea mediului de reactie. Procesul de sintezd pentru

obtinerea CHAp prin metoda nonoemulsiei este ilustrat in figura 3.

Ca (NO:); 4H,0 (NH.);HPO, +NH,HCO;
+ Acetona + Apa (pH=11)

Nanoprecipitare

Filtrare

Spalare

Uscare prin inghetare

Calcinare

CHAp

Figura 3: Procesul de sinteza pentru obtinerea CHAp
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In figura 5 sunt prezentate imaginile ale CHAp sintetizate in laborator inainte si dupa
calcinare.

(@
Figura 5: (a) CHAp inainte de calcinare; (b) CHAp dupa calcinare

4.2. Sinteza hidroxiapatitei carbonatate modificata cu diferiti ioni metalici

Una dintre metodele de imbunatatire a proprietatilor mecanice ale hidroxiapatitei
carbonatate este doparea acesteia cu cantitati mici de ioni de concentratii (1-5%), care influenteaza
semnificativ proprietitile produsului final. In plus, substitutia cu ioni metalici influenteaza si
celelalte proprietati ale CHAp, nu numai pe cele mecanice, Insd si solubilitatea si stabilitatea
termicd. In figura 6 este prezentat procesul de sintezi pentru obtinerea CHAp si a hidroxiapatitei

carbonatate modificata cu diferiti ioni metalici Me - CHAp (Me = Ag, Sr, Ba, Zn, K).

[ Ca (NO;); 4H,0

+ Acetona (NH4):HPO4 +NH;sHCO3

+ Apa (pH= 11)

Nanoprecipitare

Filtrare

Uscare prin inghetare

Me-CHAp

Figura 6: Procesul de sinteza pentru obtinerea CHAp si a Me - CHAp (Me = Ag, Sr, Ba, Zn, K)
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Tn figura 7 sunt prezentate imagini ale probelor de Ag - CHAp sintetizate in laborator Tnainte

si dupa calcinare.

®)

Figura 7: (a) Ag-CHAp Tnainte de calcinare; (b) Ag-CHAp dupa calcinare

5. Tehnici experimentale de investigare

Structura, dimensiunea si morfologia materialelor pe bazd de hidroxiapatita carbonatatd
sintetizate prin metoda nanoemulsiei obtinute in cadrul acestei teze de doctorat au fost investigate
prin difractie de raza X (XRD), microscopie electronicd cu transmisie (TEM) si microscopia

electronica cu baleiaj (SEM).

5.1. Tehnici de investigare a materialelor din clasa hidroxiapatitei carbonatate
5.1.1. Spectroscopie in infrarosu cu transformata Fourier (FT-IR)

Spectroscopie 1n infrarosu cu transformata Fourier este o tehnicd de investigare
nedistructivd. Rezultatele experimentale obtinute prin FT-IR permit: identificarea compusilor
organici sau anorganici; identificarea grupdrilor functionale; determinarea compozitiei moleculare a

suprafetei; determinarea orientdrii moleculare.

Spectroscopia cu infrarosu transformatd de Fourier (FT-IR) a fost inregistratd cu un
spectrometru Vertex 80 (Bruker Optik GMBH, Germania) in intervalul 4000 - 400 cm™, echipat cu
accesoriu DRIFT.

5.1.3. Difractie de raze X (XRD)
Difractia de raze X este principala metoda de caracterizare utilizatd pentru studiul structurii
cristaline a materialelor. XRD este o metoda nedistructiva de analiza ce ofera informatii cantitative

privind structura cristalina, compozitia, dimensiunea cristalitelor sau forma acestora etc.

Diagramele de difractie cu raze X (XRD) au fost inregistrate cu un difractometru de raze X

Rigaku Ultima IV (Rigaku, Tokyo, Japonia), utilizind o radiatie CuKa (A=1,54A), echipat cu
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software pentru comandi, control, respectiv achizitie si conversie date. Tn acest experiment,
tensiunea de acceleratie a radiatiei generatorului a fost stabilitd la 45 kV, iar curentul de emisie la
200 mA. Difractogramele au fost inregistrate in geometrie paraleld a fasciculului 20 = 5° - 90°

continuu la o ratd de scanare de 4 °/min.

5.1.4. Microscopie electronica cu baleiaj cuplata cu spectroscopie dispersivi cu raze X (SEM-
EDS)

Cu ajutorul microscopiei electronice cu baleiaj (SEM) materialele se pot caracteriza la scara
micro si nanometricd. Prin intermediul acestei tehnici se obtin informatii cu privire la morfologia si
compozitia elementard a pulberilor. Microscopia electronicd cu baleiaj cuplatd cu spectroscopie
dispersiva cu raze X (SEM-EDS) a fost efectuatd cu ajutorul unui microscop SU-70 (Hitachi,
Japonia), folosit pentru caracterizarea micro- si nanomateriale, analiza calitativa si cantitativa a

probelor si respectiv compozitia structurii pentru o suprafata de proba.

5.2. Metode de caracterizare a probelor model tratate cu hidroxiapatite carbonatate

Pietrele artificiale tratate cu diferite tipuri de hidroxiapatite carbonatate se caracterizeaza
prin urmatoarele tehnici: teste colorimetrice, testul de absorbtia apei, teste de umiditate, absorbtia
picdturii de apa, capilaritatea, testul Inghet-dezghet, testul de cristalizare a sarurilor, porozitate,
testul de rezistentd la compresiune, testul de determinare a continutului de sulfati, analiza

termogravimetricd, unghiul de contact, testul de exfoliere, microscopie optica si SEM.

5.2.1. Teste colorimetrice

Parametrii cromatici pentru pietrele artificiale tratate cu diferite tipuri de hidroxiapatite
carbonatate au fost Inregistrati cu un colorimetru Konica Minolta CR-410 (Japonia). Dupa
calibrarea aparatului, s-au efectuat 3 determinari atat pentru control, cat si pentru probele tratate cu

fiecare tip de CHAp si s-a facut media acestora.

Schimbarile de culoare intre probele netratate si tratate au fost evaluate prin masurarea
parametrilor cromatici CIE 1976 L* a* b* si apoi diferentele totale de culoare AE"y au fost calculate
folosind ecuatia (1) [224, 225]:

AE*, = (ALy® + Aaj® + Ab;*)Y/? 1)

unde: ALy* este diferenta de luminozitate si reprezintd modificarea intensitdtii luminii in punctul

respectiv al pietrelor artificiale tratate, in comparatie cu valoarea martorului:

AL*, = |L, piatri tratatd — L, ‘martor| (2)
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Aay* este deviatia cromaticd a coordonatelor a (culoare rosie si verde) in punctul respectiv al pietrei

tratate, in comparatie cu valoarea martorului:
Aa*, = |ay*piatra tratatda — a, martor| 3)

si Aby* este deviatia cromaticd a coordonatelor b (galben si albastru) al pietrelor tratate, in

comparatie cu valoarea martorului:

Ab*, = |by"piatra tratatd — b, ‘martor| (4)

5.2.2. Testul de absorbtie a apei

Masurarea absorbtiei apei este o metoda simpld, utila in laborator pentru a caracteriza
materialele de constructie poroase, pentru a evalua gradul de deteriorare si a monitoriza eficienta
tratamentelor de conservare. Absorbtia apei prin imersare totald reprezinta cantitatea de apa
absorbita de material prin imersare 1n apa distilata, la temperatura si presiunea camerei, exprimata

ca procent din masa uscata de proba.

Testele de absorbtie a apei s-au realizat prin metoda imersarii totale in apa si s-au efectuat
pentru martor si pietrele artificiale tratate cu diferite sortimente de hidroxiapatite carbonatate,
conform STAS 6200/12-73. Determinarea a constat in aducerea probei la masa constantd prin
uscarea acesteia in etuva la temperatura de 40 °C, timp de 8 ore. Se riceste proba la temperatura
camerel $i apoi se cantdreste (W1). Se imerseaza probele in apa distilatd timp de 24 de ore. Se scoate

proba din apa distilata, se sterge si se cantdreste (W3). Absorbtia apei se calculeaza conform ecuatiei

(5):

Absorbtie apa = [(W, — W;)/W;] * 100, (% ) (5)

5.2.6. Testul de inghet - dezghet
Testul artificial inghet-dezghet se utilizeazd pentru a verifica rezistenta materialului la

inghet. Determinarea comportamentului la testul de inghet-dezghet s-a facut pe parcursul a 20 de

cicluri si s-a efectuat conform STAS 6200/15 83.

Probele se usucd in etuvd la temperatura de 105 = 5 °C, timp de 1 ora, pand la masa
constantd (mj), se imerseazd in apa distilatd timp de 15 minute la temperatura camerei si se
cantaresc (my). Probele se introduc in congelator si se mentin timp de 3 h la temperatura de -18 + 5

°C, apoi se dezgheata 1 ord in apa distilatd, finalizand un ciclu de inghet-dezghet. Dupa ultimul
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ciclu, esantioanele au fost reexaminate si cantarite (ms), observandu-se detasari, exfolieri, fisuri etc.
Se repeta procesul de inghet - dezghet, in aceleasi conditii, pana la realizarea a 20 de cicluri.
Pierderile de masa in timpul procesului de inghet-dezghet sunt exprimate ca si coeficient de

gelivitate (Lg) si se calculeaza conform ecuatiei (9):
% pg = (mz —msz/m;) * 100 ©)
unde:

M- masa initiald a probei, determinatd dupa uscarea la 105 °C pand la masa constantd si inaintea
saturdrii cu apa distilata, in grame;
M, - masa probei saturate cu apa, determinata inaintea primului ciclu inghet-dezghet, in grame;

M3 - masa probei dezghetate, determinatd dupa ultimul ciclu de inghet-dezghet, in grame.

5.2.7. Testul de cristalizare a sarurilor

Testul de cristalizare a sarurilor s-a efectuat conform procedeului adaptat dupa [227].
Probele au fost uscate in etuva la 60° C si dupa aceea au fost cantarite (minjtar). Pentru testul de
cristalizare a sarurilor s-au utilizat 2 saruri: sulfat de sodiu decahidrat (Na;SO4-10 H,0) si clorura
de sodiu (NaCl), iar din fiecare tip de sare s-au preparat cate 3 solutii de concentratii diferite 5 %,
12 % si respectiv 25 %. Probele se imerseazd in solutiile preparate pe parcursul a 2 saptdmani (14
cicluri) la temperatura camerei si se fac poze zilnic pentru a se urmari procesul de cristalizare a
sarurilor. Dupa 2 saptamani se scot probele, se usuca la 60° C, timp de 24 ore si se cantaresc (Minar).

Determinarea continutului de saruri cristalizate notatd DWL se calculeaza utilizand ecuatia (10):

DWL (%) = 2Linal Tinitial , 40 (10)

Minitial

5.2.8. Porozitatea

Determindrile de porozitate au fost efectuate pe un aparat Quntachrome NOVA 2200e
(Quantachrome), izotermele de adsorbtie/desorbtie a azotului au fost Inregistrate la 77 K in
intervalul relativ de presiune p/po=0,005 - 1,0. Prelucrarea datelor a fost efectuatd utilizand
software-ul NovaWin versiunea 11.03 si eroarea de misuritoare a instrumentului este = 5%. Inainte
de masuratorile de adsorbtie, probele au fost degazate 4 ore la 300 ° C sub vid in atmosfera de azot.
Aria suprafetei specifice a fost calculatd cu ajutorul ecuatiei standard Brunauer-Emmet-Teller
(BET), iar distributia marimii porilor si volumul au fost determinate pe baza modelului Barrett-

Joyner-Halenda (BJH).
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5.2.9. Testul de rezistenta la compresiune

Testul de rezistentd la compresiune s-a facut cu un ciocan de incercare Silver Schmidt
Hammer Proceq, tip L cu energie de impact 0,735 Nm, in conformitate cu ASTM C805. Intervalul
de testare a rezistentei cu ciocanul Silver Schmidt este de la 10-100 N/mm?. S-au efectuat 10
masuratori pentru fiecare proba, iar Inregistrarile s-au facut la o distantd minima de testare de 25
mm intre fiecare doud puncte de testare si o distantd minima de margine de 25 mm. Ciocanul a fost
pozitionat la 90 ° in jos, iar valoarea numarului de recul (Q) este calculatd ca medie a citirilor cu
scopul de a gdsi o relatie intre duritatea suprafetei si rezistentd la compresiune cu o eroare
acceptabild. S-au folosit masuratorile numarului de recul si apoi s-a determinat rezistenta la
compresiune conform ASTM C805. Rezistenta la compresiune s-a calculat utilizand ecuatiei (11) si

este masuratd in MPa:
Rezistenta la compresiune = 2,77 % ¢(0.048XQ) (11)

unde: 2,77- reprezintd constanta aparatului;,

Q- numar de recul

6. Investigarea materialelor din clasa hidroxiapatitei carbonatate

6.1. Spectroscopie in infrarosu cu transformata Fourier (FT-IR)

Pentru a compara hidoxiapatitele carbonatate sintetizate am folosit HAp comerciala (Acros
Organics). In cazul compusilor hidroxiapatitei carbonatate principalele grupari functionale

identificate din spectrul FT-IR sunt gruparile carbonat, hidroxil si fosfat.

In figura 11 sunt prezentate spectrele FT-IR pentru probele de HAp comerciali, CHAp si
Me-CHAp (Me=Ag, Sr, Ba, Zn, K) sintetizate.
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Figura 11: Spectrele FT-IR pentru probele de HAp comerciala, CHAp si Me-CHAp (Me= Ag, Sr,
Ba, Zn, K) sintetizate

Benzile caracteristice hidroxiapatitei carbonatate si a derivatilor sai metalici sunt in
conformitate cu datele din literatura de specialitate [141]. Modul de substitutie a gruparii carbonat
de tip A, B si AB se poate identifica cu ajutorul spectroscopiei FT-IR, banda corespunzatoare de la
602 cm™ este atribuita vibratiei v4 a grupei fosfat [231]. Apatitele carbonatate din tip B prezinti
benzile care provin din vibratii de intindere a ionilor CO3* la circa 1415 si 1450 cm %, iar in cazul
hidroxipatitei de tip AB se observi o bandi suplimentara la 1515 cm ™. Banda de la 1550 cm ™ este

caracteristica atat pentru apatitele de tip B, cat si pentru cele de tip A [181].

Spectrele FT-IR al hidroxiapatitelor carbonatate obtinute prin metoda microemulsiei (figura
11) au pus in evidenta existenta urmatoarele benzi de absorbtie caracteristice: la 590-610 cm™* si
1000 cm* pentru POs*, banda de la 870 cm™ este atribuita pentru COs> care inlocuieste pozitiile
fosfat in reteaua hidroxiapatitei si la 1467-1412 cm™ pentru COs*, in timp ce pentru HAp
comerciala, principalele benzi de vibratie caracteristice grupdrilor fosfat au fost observate la 470
cm™, 562 cm™ i 600 cm™.

Spectrele FT-IR au confirmat faptul ca, s-au obtinut CHAp si apatite carbonatate substituite

cu diferiti ioni metalici de tip AB in toate sintezele efectuate prin metoda nanoemulsiei.
6.3. Difractie de raze X (XRD)

In figura 14 sunt prezentate difractogramele XRD pentru probele de CHAp si Me-CHAp
(Me=Ag, Sr, Ba, Zn, K) sintetizate.
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Figura 14: Difractogramele XRD pentru probele de CHAp si Me-CHAp (Me= Ag, Sr, Ba, Zn, K)
sintetizate

Din difractogramele XRD (figura 14) se poate observa cd nu exista diferente de structura
intre proba de CHAp pura si esantioanele de Me-CHAp (Me= Ag, Sr, Ba, Zn, K), in concluzie
introducerea de ioni substituenti In sistemul hidroxiapatitei carbonatate nu produce schimbari in
structura acesteia. Picurile corespunzitoare ionilor de Ag', Sr**, Ba*, zn*" si K' datorita
concentratiei scazute in care acestia au fost introdusi (5% molar) in structura hidroxiapatitei

carbonatate nu sunt evidentiate In aceste difractograme.

In tabelul 3 se prezinta rezultatele puritatii fazei si dimensiunea medie a cristalitului, care au
fost calculate utilizand picurile corespunzatoare planului (0 0 2) pentru cel mai intens varf al CHAp

pentru toate probele investigate prin XRD cu ajutorul ecuatia Scherrer (14):
L= (K *A)/(B * cosH) (14)
L - dimensiunea cristalitului;
K - constanta Scherrer (0.9);
M - este lungimea de undi a radiatiei CuKa (1.54 A);
B - latimea picului la jumatatea intensitatii maxime (in radiani), din programul aparatului;
0 - unghiul Bragg, din programul aparatului.

Tabelul 3: Caracterizarea XRD a CHAp pura si substituitd cu diferiti ioni metalici
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Proba 200°) | 20(rad) | B (°) B(rad) | LA) [ L (hm)
HAp comerciala | 2581 | 04505 | 0,186 | 0,003246 | 426,99 | 42,70
CHAp 25.80 | 0,4503 | 0,3460 |0,006039 | 229,50 | 22,95
Ag-CHAp 26,41 | 04609 | 04273 [0,007458 | 18584 | 18,58
Sr-CHAp 25,78 | 0,4499 | 0,3349 | 0,005845 | 237,14 | 23,71
Ba-CHAp 25,84 | 04510 | 0,3350 | 0,005847 | 237,14 | 23,71
K-CHAp 2582 | 04506 | 0,3454 |0,006028 | 229,50 | 22,95
Zn-CHAp 25,84 | 04510 | 0,3271 | 0,005709 | 242,77 | 24,27

Se poate observa ca toate probele pe baza de CHAp si Me-CHAp, care au fost preparate prin
metoda nanoemulsiei (tabel 3), corespund standardului de referinta JCPDS (09-432) pentru
hidroxiapatita carbonatata sinteticd. Din tabelul 3 se evidentiaza ca toate probele de hidroxiapatita
carbonatatd si derivatii sai metalici prezintd o dimensiune a cristalitei mult mai redusd, in
comparatie cu hidroxiapatita comerciald. Pentru proba Ag-CHAp s-a inregistrat cea mai mica
valoare, avand o dimensiune a cristalitei de 18,58 nm. O posibila explicatie ar putea fi ca aceste
modificarile care apar pot fi atribuite substitutiei metalului in reteaua HAp [234], conducand la
reducerea dimensiunii cristalitelor si la cresterea parametrilor de retea.

In tabelul 4 sunt prezentati parametii de retea a si ¢ pentru hidroxiapatita carbonatati si
CHAp substituita cu diferiti ioni metalici sintetizata.

Tabelul 4: Parametrii de retea a and ¢ pentru hidroxiapatita carbonatata sintetizata

Proba a (A) c(A) Raport c/a Raza ionica (A)

CHAp 9,431(8) 6,891(14) 0,7307 0,99
Ag-CHAp 9,26(9) 6,93) 0,7451 1,26
Sr-CHAp 9,4191(5) 6,8800(4) 0,7304 1,12
Ba-CHAp 9,421 6.885 0,7308 1,35
K-CHAp 9,4321 6,9 0,7315 1,38
Zn-CHAp 9,40 6,8437 0,7281 0,74

Dupa cum se poate remarca din tabelul 4, parametrii de retea a si ¢ au crescut odatd cu
cresterea razei ionice a ionilor metalici. Substituirea Ca (0,99 A) cu Sr (1,12 A), Ag (1,26 A), Ba
(1,35 A) si K (1,38 A) in reteaua CHAp ar putea fi o cauzi a cresterii parametrilor de retea a si c.
Modificarile In parametrii celulei pot presupune cd toate metalele substituite cu calciu in reteaua
CHAp corespund cu cresterea parametrilor de retea, cu exceptia Zn (0,74 A), care are o razi ionici

mai mica decat Ca. Conform rezultatelor din tabelul 4, toate probele de Me-CHAp au cristalinitate
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mai micd decat hidroxiapatita purd. Inlocuirea strontiului sau a argintului, indici o crestere a
parametrilor de retea, fapt ce poate fi atribuit razei ionice superioare a Sr (1,12 A) si respectiv a Ag
(1,26 A), comparativ cu Ca?* [235]. Mai mult decat atat, includerea metalelor cu o razi ionica mai
mare in comparatie cu Ca* in stuctura hidroxiapatitei a determinat extinderea parametrilor de retea

in principal de-a lungul axei ¢ si un posibil motiv ar putea fi cresterea volumului celular [155, 236].

6.4. Microscopie electronica cu baleiaj cuplata cu spectroscopie dispersiva cu raze X (SEM-
EDS)

Tn figura 15 sunt prezentate imaginile SEM pentru CHAp sintetizata ti se poate observa ci
pulberea prezinta o tendintd de aglomerare. Forma nanoparticulelor este neuniforma si se poate

remarca faptul ca particulele au forme si dimensiuni diferite.

Figura 15: Imaginile SEM petru CHAp sintetizata

In figura 16 este prezentat spectrul EDS al hidroxiapatitei carbonatate sintetizati in laborator

prin metoda nanoemulsiei.
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Element Element wt.% Atom % Atom %

Line wi.% Error Error
C K 552+ 007 9.68 0.12
0 K 4730 £ 026 62.29 0.34
Na K 246 = 0.03 2.26 0.02
P K 14.59 £ 010 9.93 0.07
Ca K 3043 = 042 15.84 0.06

100.00

100.00

Total

Figura 16: Spectrul EDS pentru CHAp sintetizata

Dupad cum se poate remarca din figura 16, spectrul EDS al CHAp sintetizatd confirma

prezenta elementelor componente ale hidroxiapatitei (calciu (Ca), fosfor (P) si oxigen (O)).

7. Tip de suprafata investigata: piatra artificiald preparata in laborator si piese fara valoare
de patrimoniu

7.1. Obtinerea pietrelor artificiale

Pietrele artificiale obtinute in laborator in forma de cub au o dimensiune de 40x40x40 mm si

sunt prezentate in figurile 22-23.

Figura 22: Pietre artificiale Tnainte de uscare Figura 23: Pietre artificiale dupi uscare
7.2. Tratarea pietrelor artificiale cu hidroxiapatite carbonatate

Pietrele artificiale preparate in laborator, avand o dimensiune de 40x40x40 mm, s-au tratat
cu CHAp si cu diferite materiale pe baza de hidroxiapatita carbonatata: Ag-CHAp, Sr-CHAp, Ba-
CHAp, Zn-CHAp si K-CHAp.

S-au preparat cate 3 solutii de 3 concentratii diferite: 0,1 g/1; 0,25 g/l si 0,5 g/, din fiecare
tip de CHAp si Me-CHAp sintetizate in laborator, care se ultrasoneazd 60 de minute la temperatura

de 40 °C. Dupa aceea se trateaza pietrele artificiale cu fiecare solutie de CHAp prin 3 metode
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diferite: imersare (I), pensulare (P) si pulverizare (S). Metoda de imersare consta in suspendarea
probelor in solutiile preparate de CHAp timp de 20 de minute. Atat procedura de pensulare, cat si
cea de pulverizare constau in aplicarea solutiilor de hidroxiapatita carbonatata de 3 ori pe fiecare
fatd a esantionului. Pietrele artificiale tratate cu diferiti agenti de consolidare pe bazd de
hidroxiapatita se usuca si se caracterizeaza.

In aceasta lucrare s-a studiat influenta urmatorilor parametrii asupra probelor model: tipul de
hidroxiapatitd carbonatata folosita, concentratia de CHAp si Me-CHAp utilizatd si metoda de

aplicare a agentului consolidant.

7.3. Caracterizarea pietrelor artificiale tratate

Pietrele artificiale tratate cu diferite tipuri de hidroxiapatite carbonatate se caracterizeaza
prin urmatoarele tehnici: teste colorimetrice, testul de absorbtia apei, teste de umiditate, absorbtia
picaturii de apa, capilaritatea, testul inghet-dezghet, testul de cristalizare a sarurilor, testul de
rezistentd la compresiune, testul de determinare a continutului de sulfati, porozitate, analiza

termogravimetrica, unghiul de contact, testul de exfoliere, microscopie opticd si SEM.

7.3.1. Teste colorimetrice

Testele colorimetrice reprezinta o tehnicd de investigare nedistructiva, care oferd informatii
importante despre variatia parametrilor cromatici inainte si dupd aplicarea tratamentului de
consolidare. Masuratorile de culoare s-au efectuat pentru a evalua compatibilitatea estetica a

substantelor consolidante cu substraturile testate.

In figurile 24 - 26 sunt prezentate rezultatele obtinute pentru testele colorimetrice pentru

martor si pietrele tratate cu solutii de CHAp si Me-CHAp (Me=Ag, Sr, Ba, Zn, K) de diferite

concentratii.
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Figura 24: Teste colorimetrice pentru martor si pentru pietrele tratate cu solutii de CHAp si Me-

CHAp (Me= Ag, Sr, Ba, Zn, K) de concentratie 0,1 g/l

25



20 -  Abx ™ AEx

15 -

10 -

5 1% 932215232929 LTEL LY
o o Qo o o o Q o o o o
IR R T E R P E R EEEEE:
s T ES RIS E B BT
SRR eYRENGURYYS GG

2HS 55888858

Figura 25: Teste colorimetrice pentru martor si pentru pietrele tratate cu solutii de CHAp si Me-
CHAp (Me= Ag, Sr, Ba, Zn, K) de concentratie 0,25 g/l
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Figura 26: Teste colorimetrice pentru martor si pentru pietrele tratate cu solutii de CHAp si Me-

CHAp (Me= Ag, Sr, Ba, Zn, K) de concentratie 0,5 g/

In concluzie, dupa cum se poate observa din figurile 24 - 26, toate pietrele care au fost
tratate cu hidroxiapatitd carbonatata si cu derivatii sai metalici la diferite concentratii si care au fost

aplicati prin 3 metode, nu influenteaza culoa

rea probelor, deoarece in urma testelor colorimetrice, diferenta totald de culoare raportata la
martor (AE")), a prezentat valori mici cuprinse in intervalul de 3 - 5, ceea ce este in conformitate cu
indicatorii de compatibilitate disponibili in literatura de specialitate [254-256].

in cazul deviatiei cromatice a coordonatelor b, cele mai bune rezultate s-au obtinut in cazul
probei Sr-CHAp-P, care la toate cele 3 concentratii utilizate indiferent de metoda de aplicare:

imersare, pensulare, pulverizare prezintd valori ale Ab*x=0,21; 0,2 si 0,06 la concentratia de 0,1 g/l,

0,25 g/l respectiv 0,5 g/l.
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7.3.2. Testul de absorbtie a apei
Rezultatele privind capacitatea de absorbtie a apei pentru probele tratate cu diferite tipuri de

hidroxiapatite carbonatate la diferite concentratii prin trei metode sunt prezentate in figura 27.

30 - m0,1g/l m0,25g/l m0,5g/l

N
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Absorbtia apei (%)
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Figura 27: Testul de absorbtie a apei pentru martor si pentru pietrele tratate cu solutii de CHAp si

Me-CHAp (Me= Ag, Sr, Ba, Zn, K) de diferite concentratii

Rezultatele obtinute in urma testului de absorbtie a apei, dupa cum se poate remarca din
figura 27 indica faptul cd, in comparatie cu martorul care are o absorbtie de 21,92 %, toate pietrele
tratate cu solutii de diferite concentratii de CHAp si Ag-CHAp, Sr-CHAp, Ba-CHAp, Zn-CHAp, K-
CHAp prezintd valori ale absorbtiei apei mai scazute, exceptie fiacand proba CHAp-P de
concentratie 0,1 g/l (absorbtie 24,01 %), ceea ce demonstreza eficacitatea agentului de consolidare
testat pe baza de hidroxiapatitd carbonatata.

Capacitatea de absorbtie a apei scazuta determind valori mai ridicate ale proprietatilor
mecanice, ceea ce demonstreaza o durabilitate mai mare a pietrelor tratate cu diferite sortimente de
hidroxiapatite carbonatate si conduce la diminuarea vulnerabilitétii la actiunea ciclurilor de inghet-

dezghet si de cristalizare a sarurilor.

7.3.6. Testul de inghet - dezghet
Rezultatele obtinute n cadrul testului inghet - dezghet pentru martor si esantioanele model
tratate cu diferite tipuri de hidroxiapatite carbonatate sunt prezentate n tabelul 8 .
Tabelul 8: Testul inghet - dezghet pentru pietrele tratate cu CHAp si Me-CHAp (Me=Ag, Sr, Ba,

Zn, K) prin pensulare la concentratia de 0,25 g/

27



Proba/Nr. de
cicluri

Martor

CHAp-P

Ag-CHAp-P

Sr-CHAp-P

Ba-CHAp-P

Zn-CHAp-P

K-CHAp-P

Ciclul 1

Ciclul 15

Ciclul 20
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In figura 34 este prezentat coeficientul de gelivitate pentru martor si pentru pietrele tratate
cu solutii de CHAp si Me-CHAp (Me=Ag, Sr, Ba, Zn, K) de diferite concentratii prin 3 metode:

imersare, pensulare, pulverizare.

m0,1g/l m0,25g/l m0,5g/

10 -

Coeficientul de gelivitate (%)

N
1
Martor
CHAp-l
CHAp-P
CHAp-S
Ag-CHAp-I
Ag-CHAp-P
Ag-CHAp-!
Sr-CHAp-I
Sr-CHAp-P
Sr-CHAp-S
Ba-CHAp-I
Ba-CHAp-P
Ba-CHAp-S
Zn-CHAp-I
Zn-CHAp-S
K-CHAp-I
K-CHAp-P
K-CHAp-5

Zn-CHAp-P

Figura 34: Coeficientul de gelivitate pentru martor si pentru pietrele tratate cu solutii de CHAp si
Me-CHAp (Me= Ag, Sr, Ba, Zn, K) de diferite concentratii

Dupa cum se poate observa din figura 34, in cazul martorului si a pietrelor tratate cu CHAp
si Me-CHAp, cu cét valoarea coeficientului de gelivitate este mai mare, cu atat viteza de degradare

este mai mare si, in concluzie, agentul consolidant prezintd o capacitate de protectie mai mica.

Cel mai bun rezultat s-a Inregistrat pentru proba Sr-CHAp-P la concentratia de 0,1 g/l cu

ug=1,43%, ceea ce demonstrezd faptul ca metoda de aplicare prin pensulare este eficientd si
consolidantul prezinta o capacitate de protectie mare.

Pentru esantioanele care au fost aplicate prin pulverizare cele mai performante rezultate s-au

obtinut in cazul Sr-CHAp-S la concentratia de 0,5 g/l avand valoarea gelivitatii de 2,59%.

7.3.7. Testul de cristalizare a sarurilor
In tabelele 11-14 sunt prezentate rezultatele testelor de cristalizare a sarurilor pentru martor
si pietrele tratate cu CHAp, Ag-CHAp si Sr-CHAp prin pensulare, la concentratia 0,25 g/1.
Principalele procese fizice de degradare ale materialelor poroase sunt legate de testul de
cristalizarea sarurilor. Cristalizarea sarurilor prin evaporarea apei In apropierea stratului superficial
este frecvent insotitd de cresterea in volum care genereaza tensiuni interne, modificari cromatice,

dislocari, fisuri, detasari si dezintegrari ale materialului.
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Tinand cont de aspectul vizual al probelor tratate cu diverse hidroxiapatite carbonatate prin
pensulare la concentratia de 0,25 g/I, in corelatie cu valorile masei pierdute in urma testului de

cristalizare a sarurilor, din tabelele 11-14 se pot trage urmatoarele concluzii:

- Atunci cand testele de cristalizare a sarurilor s-au efectuat pe probele de piatrd utilizand
solutia de concentratie 5% NaS04-10H20 si 5% NaCl nu s-au observat modificari ale structurii nici
dupa ultimul ciclu;

- Testele de cristalizare a sarurilor au aratat ca, folosind aceeasi concentratie de sare de 12%,
Na,SO4-10H,0, prezinta un comportament agresiv ridicat la pietre, deoarece determina o reducere a

coeziunii materialelor poroase in comparatie cu NaCl;

- Probele tratate cu diferite tipuri de hidroxiapatita carbonatata in prezenta Na,S04-10H,0 de
concentratie 12% dupa ultimul ciclu al testului de cristalizare al sarii, se poate observa ca proba
tratatd cu CHAp prezintd dislocarea materialului si are cea mai mare pierdere in greutate, aceasta
fiind de -13,3138 g; proba cu Ag-CHAp a prezentat cea mai mare rezistenta la cristalizarea sarii; si

la proba cu Sr-CHAp se observa crapaturi mici;

- In cazul tratarii probelor atat cu NapSO4-10 H,0, céat si cu NaCl de concentratie 25% se

poate remarca faptul ca majoritatea pietrelor s-au dezintegrat.
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Tabelul 11:

Testul de cristalizare a sarurilor pentru martor

Martor

5 % NapS04-10
H,O

12 % NGQSO4'1O
H,O

25 % NayS0,4-10
H.0

5 % NaCl

12 % NaCl

25 % NaCl

Primul ciclu

31

Ultimul ciclu

DWL

-0,4010

-0,2022

-11,6156

-2,1385

-2,3197

7,4982




Tabelul 12: Testul de cristalizare a sarurilor pentru probele tratate cu 0,25 g/l CHAp

CHAp Primul ciclu Ultimul ciclu DWL
5 % Na,S0,4-10 -0,3968
H.0
12 % Na,S0,4-10 -13,3138
H.0
25 % NapS04-10 -1,7769
H,0
5 % NaCl -2,3852
12% NaCl -0,9684
25 % NaCl 5,1219
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Tabelul 13: Testul de cristalizare a sarurilor pentru probele tratate cu 0,25 g/l Ag-CHAp

Ag-CHAp Primul ciclu Ultimul ciclu DWL
5 % Na,S0,4-10 o ’ -0,1492
H.0
12% Na,S04-10 0,1975
H.0
25 % NapS04-10 -4,7490
H,0
5 % NaCl -2,9875
12 % NacCl 0,8087
25 % NaCl 8,5427
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Tabelul 14: Testul de cristalizare a sarurilor pentru probele tratate cu 0,25 g/l Sr-CHAp

Sr-CHAp Primul ciclu Ultimul ciclu DWL
5 9% Na,S04-10 0,1253
H.0
12 % NapS04-10 0,9155
H.0
25 % NapS04-10 -7,0639
H,0
a . -
B . h
25 % NaCl . 15,2424
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7.3.8. Testul de rezistenta la compresiune

Masurarea proprietdtilor mecanice ale probelor model netratate si tratate cu fiecare dintre

cele 6 tipuri de hidroxiapatite carbonatate obtinute in laborator, care au fost aplicate prin imersare,

rezultatele sunt prezentate in figura 35.
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Figura 35: Rezistenta mecanica pentru martor si pentru pietrele tratate cu solutii de diferite

concentratii de CHAp si Me-CHAp (Me=Ag, Sr, Ba, Zn, K)

Dupa cum se poate remarca din figura 35 toate probele model tratate cu CHAp si Me-CHAp
indiferent de concentratia solutiei de consolidant, de tipul de hidroxiapatitd carbonatatd folosita si
de metoda de aplicare prezinta valori ale rezistentei la compresiune mai mari decat martorul, care
sunt in corelatie cu numarul de recul crescut (figura 36 a), ceea ce demonstreaza eficacitatea

agentului de consolidare.

Rezultatele obtinute pentru raportul dintre rezistenta la compresiune si indicele de recul
pentru martor si probele tratate cu solutii de diferite concentratii de CHAp si Me-CHAp (Me=Ag,
Sr, Ba, Zn, K) care au fost aplicate prin 3 metode: imersare, pensulare si pulverizare sunt prezentate

in figura 36 a.
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Figura 36 a: Relatia dintre rezistenta la compresiune si indicele de recul pentru martor si pentru

probele tratate cu CHAp si Me-CHAp (Me= Ag, Sr, Ba, Zn, K) reprezentare exponentiala

Relatia exponentiald intre numarul mediu de recul si rezistenta la compresiune a fost
stabilitd folosind metoda celor mai mici patrate. Dupad cum se poate remarca din figurile 36 a,
modelul exponential s-a dovedit a fi cel mai bun cu un coeficient de regresie de 1, obtinut pentru
toate tipurile si concentratiile de consolidant, ceea ce indica acceptabilitatea modelului exponential

pentru a estima rezistenta la compresiune a pietrelor model.

7.3.10. Porozitatea

Porozitatea si distributia in functie de dimensiunea porilor sunt factori foarte importanti care
controleaza absorbtia si transportul fluidelor intr-un material de piatra. Rezultatele obtinute pentru
martor $i pietrele tratate cu diferite tipuri de hidroxiapatite carbonatate, in ceea ce priveste diametrul
porilor, aria suprafetei si volumul porilor sunt prezentate in figurile 37 si 38. Porozitatea pietrelor

este datd de prezenta porilor dar si a fisurilor/microfisurilor.

u Aria suprafetei (m2/g) m Diametrul porilor (nm)
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Figura 37: Aria suprafetei specifice si diametrul porilor pentru martor si pentru pietrele tratate cu

CHADp si Me-CHAp la concentratia de 0,25 g/I prin pensulare si pulverizare
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Figura 38: Volumul porilor pentru martor si pentru pietrele tratate cu CHAp si Me-CHAp la

concentratia de 0,25 g/l prin pensulare si pulverizare

Rezultatele obtinute demonstreazd cd esantioanele tratate cu CHAp si Me-CHAp la
concentratia de 0,25 g/l prin pensulare si pulverizare prezinta valori ale suprafetei specifice destul

de mici (<6 m%g), asa cum se poate remarca din figura 37.

Dupa cum se poate observa din figura 38, volumul porilor determinat prin porozitate este
similar pentru martor si pentru pietrele tratate cu CHAp si Me-CHAp (Me= Ag, Sr, Ba, Zn, K) la
concentratia de 0,25 g/l prin pensulare si pulverizare si este cuprins in intervalul 0,007 - 0,01 cc/g.
Aria suprafetei specifice si diametrul porilor, dupa cum se poate remarca din figura 37 sunt diferite
si depind de tipul de agent de consolidare utilizat si de procedeul de aplicare folosit. Pentru probele
model tratate prin pulverizare, CHAp prezintd cea mai mare suprafata specifica de 5,841 m?/g,
urmati de Ba-CHAp avand o valoare 5,638 m?/g, iar esantioanele aplicate prin pensulare cu Ag-

CHAp prezinta cea mai ridicata suprafata specificd de 5,345 m?/g.

In ceea ce priveste diametrul porilor, valorile cele mai scazute s-au inregistrat pentru probele
aplicate prin tehnica pulverizarii, cea mai mica valoare este pentru Sr-CHAp cu 2,955 nm, urmata
de Ba-CHAp cu 3,303 nm. In concluzie, omogenitatea stratului aplicat pe suprafata pietrei este

importanta si este influentatd de procedeul de tratament utilizat.
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7.5. Studiu de caz

7.5.1. Scurt istoric al Castelului Corvinilor si al Turnului Pustiu

Figura 44: Castelul Corvinilor [279]

Castelul Corvinilor cunoscut si sub denumirea de Castelul Hunyadi este situat in partea sud-

vestica a Transilvaniei, in centrul judetului Hunedoara, Romania, in partea sud-vestica a orasului si

este una dintre cele mai mari si grandioase cladiri din Europa de Est (Figura 44). Din punct de

vedere geografic Castelul Corvinilor este situat pe ultimele ramnificatii estice ale muntilor Poiana

Rusca, o grupare apartinand Carpatilor Occidentali [280, 281].

Castelul Hunyadi a fost construit in secolul al XV-lea pe locul unei vechi cetati de piatra

[279] de loan Hunyadi Sigismund, regele Ungariei, care a modificat-o intr-o cladire militara.

Castelul Corvinilor se caracterizeaza prin stilul gotico-renascentist si prezinta 8 turnuri:

>

YV V V V V V V

Turnul Buzdugan (Turnul pictat)

Turnul Neboisa

Turnul nou de poarta

Turnul Capistrano (Turnul paharnicului)
Turnul Tobosarilor

Turnul vechi de poarta

Turnul Alb

Turnul Pustiu (Turnul crinului).

Turnul Capistrano, Turnul Pustiu, Turnul Tobosarilor si Turnul Buzdugan sunt turnuri cu un

aspect circular si au fost construite dupa anul 1440. Turnul vechi de poartad si Turnul nou de poarta

sunt turnuri avand o geometrie deptunghiulara, fiind situate Tn partea de nord-vest si sud-est a

castelului Corvinilor. Turnul Neboisa, care in limba sarba Tnseamna ”Nu va temeti” a fost realizat in
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secolul al XV-lea, format din 5 niveluri de aparare si Turnul Alb, avand o forma semicirculara a

fost construit in secolul al XVIl-lea prezentand 3 niveluri de aparare [282].

Turnul Pustiu cunoscut si sub denumirea de Turnul Crinului, figura 45, este prevazut cu 2
niveluri de aparare, diametrul sau fiind de 6 m. Asemanator cu Turnul Capistrano, primul nivel
cuprinde spatii pentru tragere, bine pastrate, iar etajul este prevdzut cu guri de pacurd, aspectul
actual fiind datorat interventiilor apartinand ultimei restaurari din secolul XX.

Ansamblul, in ceea ce priveste structura prezintd un conglomerat de cladiri cu volume si
regim de iniltime diferentiate, dar fird a avea legituri structurale corespunzitoare intre ele. Intre
secolele XIV - XVIII au fost construite zidurile fortificatei in sase etape istorice diferite, prezentand
stiluri arhitecturale caracteristice epocilor respective. La realizarea construirii cetatii si ulterior a
Castelului Corvinilor materialul de baza utilizat a fost piatra naturald din calcar dolomitic. In
secolul XIV, a avut loc prima faza de executie a cetatii si s-au folosit blocuri de piatra, care au
provenit din rau si care au fost amplasate direct pe stanca. Ca material de constructie a fost selectat
calcarul avand la baza doua argumente importante: existenta carierelor de exploatare calcaroase in
apropiere si faptul ca aceste calcare sunt rocile cele mai intrebuintate in constructii de fortificatie,

deoarece intrunesc toate calitatile cerute de tehnica de realizare a acestora [284].

Figura 45: Turnul Pustiu

Tn exploatare s-a urmarit ca piatra brutd si fie cAt mai curatd, sa fie tare, compact, si si
adere bine la mortar. Din secolul al XVI-lea, pentru constructia castelului Corvinilor s-a intrebuintat
caramida [279], iar dupa 1960, cimentul a fost folosit pentru unele proceduri de restaurare la Turnul
Pustiu. Cercetarile fizico-mecanice pentru determinarea durabilitatii rocilor in functie de clima si
anii de exploatare aratd ca in cazul calcarelor compacte, primele semne de degradare ale acestora
apar pana la 150 de ani, iar degradarea totald are loc pana la 450 de ani. Fata de aceste valori limita
prezentate, in cazul ansamblului de la Hunedoara se evidentiaza o durata de exploatare la unele

constructii mult mai indelungatd de 555 de ani, raportatd la presupusele inceputuri ale cetatii,
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stabilite n literatura de specialitate in preajma secolului al XIV-lea. Obtinerea unei asemenea durate
prelungite s-a putut realiza numai prin crearea si respectarea unor conditii favorabile privind
exploatarea in timp a constructiilor realizate fatd de conditiile climatice nefavorabile (ape
meteorice, inghet, dezghet, vant etc.), se arata in expertiza tehnica. Astfel, alegerea materialelor de
buna calitate, lucrarile efectuate corect de mesterii si arhitectii medievali si grija de care s-a bucurat

castelul Corvinilor in lungi perioade au prelungit durata de viatd a monumentului istoric.
Tn vederea conservarii si restaurarii ansamblului arhitectural, de o mare valoare istorica,
Castelul Corvinilor, este necesara realizarea unui studiu arheometric complex referitor la

materialele utilizate in aceste turnuri, degradarea lor si tehnicile pentru construirea acestui

monument [39, 238, 285].

7.5.2. Alegerea tipului de consolidant si a metodei de tratare

In urma rezultatelor obtinute pe probele model au fost selectati 3 agenti consolidanti pe baza
de hidroxiapatitd carbonatatda (CHAp, Ag-CHAp si Sr-CHAp), care au fost aplicati pe probele
istorice prelevate de la Turnul Pustiu, castelul Corvinilor.

Tn figura 46 sunt ilustrate probele de la castelul Corvinilor — Turnul Pustiu (DT) tratate cu
CHAp, Ag-CHAp si Sr-CHAp.

DT-Martor

DT-CHAp

DT-Ag-CHAp

DT-Sr-CHAp

Figura 46: Probele de la castelul Corvinilor — Turnul Pustiu tratate cu CHAp, Ag-CHAp si Sr-
CHAp

7.5.3. Investigarea probelor de la Turnul Pustiu
Probele de la castelul Corvinilor — Turnul Pustiu (DT-martor) si cele tratate cu diferite tipuri
de hidroxiapatite carbonatate au fost investigate prin urmdtoarele tehnici: FT-IR, teste

colorimetrice, testul de absorbtia apei, determinarea continutului de sulfati, analiza
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termogravimetrica, analiza elementara EDS, WDXRF, SEM, determinarea rugozitatii suprafetei,

testul de carbonatare si testul de exfoliere.

7.5.3.1. Spectroscopie in infrarosu cu transformata Fourier (FT-IR)

&
&
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DT face 1
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Figura 47: Spectru FT-IR pentru Turnul Pustiu comparativ cu calcitul si dolomitul

Structura molecularda pentru probele prelevate de la Turnul Pustiu a fost determinata,
folosind spectroscopia cu infrarosu, care este o metodd analiticd nedistructiva utilizatd Tn mod
frecvent pentru identificarea mineralelor de cuart, argila si feldspat. Spectrul IR a fost inregistrat in
domeniul cuprins intre 4000 - 400 cm™ pentru a identifica benzile caracteristice acestor compusi. in
acest caz, analiza FT-IR confirma principalele grupari functionale: carbonat, hidroxil si fosfati.
Dupa cum se poate remarca din figura 47, probele colectate de la Turnul Pustiu prezintd benzi

specifice atét calcitului, cat si dolomitului la 877 cm™ si 730 em™.

7.5.3.2. Teste colorimetrice
In figura 48 este evidentiata diferenta de culoare dintre parametrii cromatici ai probelor de la

Turnul Pustiu tratate si martor.

DT-CHAp DT-Ag-CHAp DT-S-CHAp

Figura 48: Diferenta de culoare dintre parametrii cromatici ai probelor de la Turnul Pustiu tratate si
martor
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Din punct de vedere cromatic, o etapa decisiva in evaluarea tratamentelor de conservare o
reprezintd limita parametrului AE*, care a fost selectatd pentru a distinge intre tratamentele
acceptabile si inacceptabile. In general, numai in cazul in care AE* <5, consolidantul este folosit in

domeniul conservarii [195].

Dupa cum se poate remarca din figura 48, pentru toate cele trei probe istorice, diferenta de
culoare dintre parametrii cromatici ai probelor de la Turnul Pustiu tratate cu agent consolidant pe

baza de CHAp si martor s-au obtinut valori ale parametrului AE* mai mici de 5.

Valorile obtinute In cazul deviatiei cromatice a coordonatelor b* pentru esantioanele de la
Turnul Pustiu tratate cu hidroxiapatite carbonatate, au demonstrat ca produsele de consolidare au

Ab*<3, care reprezinta valoarea corespunzatoare pentru o culoare stabila a suprafetei [225].

In concluzie, produsul de consolidare pe bazi de hidroxiapatitd carbonatatd utilizat pentru
tratarea esantionului DT nu afecteazd in mod semnificativ parametrii de culoare ai pietrei dupa

tratament si prezinta un risc de incompatibilitate mediu.

7.5.3.3. Testul de absorbtie a apei
In tabelul 22 sunt prezentate rezultatele obtinute la testul de absorbtie a apei pentru
esantioanele provenite de la Turnul Pustiu si cele tratate cu diferite tipuri de hidroxiapatite

carbonatate.

Tabelul 22: Testul de absorbtie a apei pentru probele de la DT netratate si tratate cu diferite tipuri
de hidroxiapatite carbonatate

Proba Absorbtia
apei, %
DT 13,4304
DT-CHAp 16,0617
DT-Ag-CHAp 13,7955
DT-Sr-CHAp 12,5797

Din tabelul 22 se poate remarca faptul ca proba de la Turnul Pustiu tratatd cu hidroxiapatita
carbonatatd substituitd cu strontiu prin pensulare prezinta o absorbtie de apd mai scdzuta decat
martorul, ceea ce demonstreaza ca tratamentul cu substante consolidante face probele istorice mai

compacte si mai putin permeabile la apa.
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7.5.3.6. Caracterizarea geologica

Studiul mineralogic - petrografic pentru probelor colectate din acest monument istoric s-a
realizat pe sectiuni subtiri cu ajutorul unui microscop polarizant. Castelul Corvinilor este situat n
dolomitele cristaline paleozoice carpatice si pe o harta geologica simplificata se afla si alte tipuri de
roci metamorfice cum ar fi: sisturi de mica, cuartite, gneise si sisturi grafitice [288, 289].

Din punct de vedere mineralogic, compozitia Turnului Pustiu contine feldspat plagioclas,
dolomit, cuart, muscovit, biotit, apatit, epidot, clinolit, mica, similar cu datele din literatura de
specialitate [290, 291]. In figura 50 este ilustratd o bucati micd de la Turnul Pustiu care a pus in

evidenta partial compozitia.

Figura 50: Imaginea microscopica polarizanta a esantionului prelevat de la Turnul Pustiu
Din punct de vedere mineralogic, compozitia probelor provenind din acest monument istoric
(Turnul Pustiu) a fost demonstratd cu ajutorul tehnicilor de investigatie WDXRF si EDS, iar

rezultatele obtinute sunt prezentate in tabelul 24 si figura 51.

Tabelul 24: Rezultatele WDXRF pentru esantioanele de la Turnului Pustiu netratate si tratate cu
CHAp, Ag-CHAp si Sr-CHAp

Component DT DT+CHAp | DT+Ag-CHAp | DT+Sr-CHAp
Rezultat (masa %)
Na,O 3,724 1,7682 1,9661 -
MgO 9,3872 7,9097 7,4038 7,7009
Al,O4 6,617 5,5471 6,3187 4,945
SiO; 26,1669 21,2177 21,9194 16,1732
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P,0s 0,7986 0,1504 0,3241 0,5373
SO;3 8,898 11,7943 0,9783 1,7084
Cl 0,4298 0,3983 1,1004 0,7842
K,0 1,9875 1,6287 2,2576 1,9142
CaO 37,2245 | 44,0349 51,365 61,0121
Fe;03 3,517 2,2969 4,3919 3,3747
Rb,0 - 0,0462 - -
SrO - - - 0,061
Zr0, 0,032 0,1669 0,0677 0,0485
Ag,0 - - 1.1904 -
ZnO 0,0326 - - -
Nb2Os - - - 0,0392
N.A. 0,0904 0,1288 0,0887 -

Dupa cum se poate remarca din tabelul 24, in cazul probele prelevate de la Turnul Pustiu
atat martorul (DT), cat si esantioanele tratate cu hidroxiapatite carbonatate prezinta cantitati
predominante din urmatorii oxizi CaO, SiO,, MgO, Al,Os, iar in ceea ce priveste componentul SOs,
DT si DT+CHAp au 8,898 % respectiv 11,7943 %, iar in probele DT+Ag-CHAp si DT+Sr-CHAp

se gasesc procente reduse. Oxizii de Fe;O3, Na;O, K,O sunt in cantitati reduse si fazele minore sunt

constituite din P,Os, CI, ZrO..
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Figura 51: Analiza EDS pentru esantionului DT
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8. Concluzii generale, contributii originale, perspective si lista lucrarilor publicate
8.1. Concluzii generale

v Alegerea HAp ca material care asigurd protectia si consolidarea pietrelor carbonatate s-a
bazat pe solubilitatea sa scazutd, viteza lenta de dizolvare, structura de cristal si parametrii de retea
similari cu ai calcitului, fiind puternic lipitd de substraturile calcaroase, un dezavantaj al
consolidantilor comerciali.

v In ultimul timp, nanomaterialele au fost aplicate in restaurarea si intretinerea bunurilor cu
valoare culturald, cu scopul de a Tmbunatati tratamentele de consolidare si de protectie ale

obiectelor de piatra.
8.2. Contributii originale

In cadrul tezei de doctorat cu titlu: ”Materiale inovative si tehnici utilizate in conservarea si
restaurarea obiectelor de patrimoniu”, au fost aduse urmatoarele contributii originale:
v O sinteza a datelor din literatura de specialitate referitoare la tipurile de materiale utilizate in
practica de conservare si restaurare a pieselor de patrimoniu cultural, precum si principalele tehnici
analitice de investigare.
v Pentru sinteza CHAp si a Me-CHAp, avand dimensiuni si morfologii controlate, s-a optat
pentru ruta nanoemulsiei care permite manipularea structurii la nivel molecular, reactia se
realizeaza la temperatura scazutd, nanoemulsiile sunt stabile din punct de vedere cinetic, datorita
dimensiunilor mici ale picaturilor, este o procedura simpla, costuri relativ reduse, reactivi usor
solubili in apa, al caror pH poate fi ajustat pentru a mentine bazicitatea mediului de reactie.
v CHAp s-a obtinut prin tehnica nanoemulsiei, utilizdind ca precursori (NH4),HPOy,
NH4HCO;, Ca(NOs),-4H,0, la raportul molar Ca?*: PO,>: COs*= 1,67. Reactia a avut loc la
temperatura camerei, produsul final s-a calcinat timp de 4 ore la temperatura de 900° C, asigurandu-
se astfel, un grad ridicat de cristalinitate.
v Prin modificarea CHAp cu ioni metalici de concentratie 5% molar raportat la ioni de calciu,
se obtin hidroxiapatite substituite care prezintd proprietdti mecanice, solubilitate si stabilitate
termicd imbunatatite.
v S-au preparat 5 derivati metalici ai hidroxiapatitei carbonatate Ag-CHAp, Sr-CHAp, Ba-
CHAp, Zn-CHAp si K-CHAp.
v CHADp si hidroxiapatitele carbonatate substituite cu diferiti ioni metalici s-au caracterizat
prin urmadtoarele tehnici de investigare: spectroscopie in infrarosu cu transformata Fourier,

spectroscopie Raman, difractia de raze X, microscopia electronica de scanare cu spectroscopie de
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dispersie energeticd, microscopie electronica cu transmisie, imprastierea dinamica a luminii si
analiza termogravimetrica.

v Din analiza XRD se poate observa ca toate probele pe bazd de CHAp si Me-CHAp,
corespund standardului de referinta JCPDS (09-432) pentru hidroxiapatita carbonatata sintetica.

v Toate probele de hidroxiapatita carbonatata si derivatii sai metalici prezintd o dimensiune a
cristalitei mult mai redusa, in comparatie cu hidroxiapatita comerciala.

v Introducerea de ioni substituenti in sistemul hidroxiapatitei carbonatate nu produce
schimbatri in structura CHAp asa cum se poate observa din difractogramele XRD unde s-au observat
structuri asemandtoare pentru CHAp si Me-CHAp.

v Rezultatele obtinute din analiza XRD au demonstrat ca atait CHAp, cat si Me-CHAp (Me=
Ag, Sr, Ba, Zn, K) prezintd o structura hexagonald cu parametrii de retea caracteristici
hidroxiapatitei carbonatate sintetice.

v Spectrul EDS al CHAp sintetizatd confirmd prezenta elementelor componente ale
hidroxiapatitei: calciu, fosfor si oxigen.

v S-au obtinut 1n laborator pietre artificiale (din gips, nisip si apd), care au fost tratate cu 3
solutii de concentratii diferite 0,1 g/1; 0,25 g/1 51 0,5 g/l de CHAp si Me-CHAp.

v Aplicarea consolidantilor pe baza de hidroxiapatitd carbonatatd si a derivatilor metalici ai
acesteia (Ag-CHAp, Sr-CHAp, Ba-CHAp, Zn-CHAp si K-CHAp) pe pietrele artificiale s-a efectuat
prin 3 metode diferite: imersare, pensulare si pulverizare.

v Pietrele artificiale tratate cu diferite tipuri de hidroxiapatite carbonatate s-au caracterizat prin
urmatoarele tehnici: teste colorimetrice, testul de absorbtia apei, teste de umiditate, absorbtia
picaturii de apd, capilaritatea, testul inghet-dezghet, testul de cristalizare a sarurilor, testul de
rezistentd la compresiune, testul de determinare a continutului de sulfati, porozitate, analiza
termogravimetrica, unghiul de contact, testul de exfoliere, microscopie opticd si SEM.

v Din analiza colorimetricd realizatd pe pietrele tratate cu hidroxiapatitd carbonatatd si cu
derivatii sai metalici la diferite concentratii aplicati prin 3 metode, s-a putut concluziona ca acesti
consolidanti nu influenteaza culoarea probelor, diferenta totald de culoare raportata la martor (AE")
prezentand valori cuprinse intre 3 si 5.

v Tn scopul testarii rezistentei la degradarea datorati factorilor interni si externi a materialelor
de restaurare si conservare, asupra probelor de piatrd s-au efectuat proceduri de imbatranire
artificiald specifice: testul inghet-dezghet si cristalizarea sarurilor.

v In timpul testului de inghet-dezghet, in cazul pietrelor artificiale au putut fi observate

urmatoarele tipuri de modificari: alterare cromaticd, microfisuri (pot apdrea din cauza stresului
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mecanic provocat de cristalizarea ghetii In interiorul porilor), fisuri, eflorescente, pierderea
coeziunii, detasari si dezintegrari.

v Cu cat valoarea coeficientului de gelivitate este mai mare pentru pietrele tratate cu CHAp si
Me-CHADp, cu atat viteza de degradare este mai mare si, in concluzie, agentul consolidant prezinta o
capacitatea de protectie mai mica.

v Probele tratate cu derivati metalici ai CHAp prezinta o scddere a coeficientului de gelivitate
(1g) comparativ cu martorul, ceea ce determind cresterea rezistentei la inghet a pietrelor artificiale.
v Probele care au fost tratate prin pensulare prezinta cele mai mici valori ale coeficientului de
gelivitate cu exceptia CHAp-P si Zn-CHAp-P.

v Cele mai bune rezultate s-au inregistrat pentru probele tratate cu Sr-CHAp aplicat prin
pensulare la concentratia de 0,1 g/l cu ug=1,43 % si la concentratia de 0,5 g/l avand valoarea
gelivitatii de 2,59 %.

v Cristalizarea sarurilor prin evaporarea apei in apropierea stratului superficial este frecvent
insotitd de cresterea in volum care genereaza tensiuni interne similare celor din inghet - dezghet,
modificari cromatice, dislocari, fisuri, detasari si dezintegrari ale materialului.

v Testele de cristalizare a sarurilor au ardtat cd, folosind aceeasi concentratie de sare de 12%,
Na,SO,4-10H,0, prezintd un comportament agresiv ridicat la pietre, deoarece determina o reducere a
coeziunii materialelor poroase in comparatie cu NaCl.

v Proba tratatd cu Ag-CHAp a prezentat cea mai mare rezistentd la cristalizarea sarii si la
proba cu Sr-CHAp se observa crapaturi mici.

v Toate probele model tratate cu CHAp si Me-CHAp indiferent de concentratia solutiei de
consolidant, de tipul de hidroxiapatitd carbonatatd folosita si de metoda de aplicare prezintd valori
ale rezistentei la compresiune mai mari decat martorul.

v Eficienta tratamentului de consolidare este influentatd de urmatorii factori: metoda de
aplicare a agentului de consolidare, concentratia solutiei, cantitatea de produs absorbitd, numarul de
aplicdri, intervalul de timp dintre prima si ultima aplicare, tipul de piatra pe care este aplicat
tratamentul, conditiile ambientale Tnainte, in timpul si dupd aplicarea tratamentului.

v Tn cadrul studiului de caz, s-a realizat un scurt istoric al Castelului Corvinilor si al Turnului
Pustiu, Hunedoara.

v In urma rezultatelor obtinute pe probele artificiale au fost selectati 3 agenti consolidanti pe
bazd de hidroxiapatitd carbonatatda (CHAp, Ag-CHAp si Sr-CHAp), care au fost aplicati prin
pensulare pe probele istorice prelevate de la Turnul Pustiu, castelul Corvinilor.

v Probele de la castelul Corvinilor — Turnul Pustiu (DT-martor) si cele tratate cu diferite tipuri

de hidroxiapatite carbonatate au fost investigate prin urmatoarele tehnici: FT-IR, teste
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colorimetrice, testul de absorbtia apei, determinarea continutului de sulfati, analiza
termogravimetrica, analiza elementara EDS, WDXRF, SEM, determinarea rugozitdtii suprafetei,
testul de carbonatare si testul de exfoliere.

v Produsul de consolidare pe baza de hidroxiapatitd carbonatatd utilizat pentru tratarea
esantionului DT nu afecteaza in mod semnificativ parametrii de culoare ai pietrei dupd tratament si
prezintd un risc de incompatibilitate mediu.

v In urma studiilor efectuate atét pe pietrele artificiale, cat si pe probele istorice prelevate de la
Turnul Pustiu, castelul Corvinilor, care au fost tratate cu CHAp si derivatii metalici ai
hidroxiapatitei carbonatate, materialele pe baza de Ag-CHAp si Sr-CHAp au demonstrat cea mai

buna eficienta de consolidare.

8.3. Perspective de cercetare

> Una dintre perspectivele de cercetare constd in sinteza de hidroxiapatite carbonatate
substituite si cu alti ioni metalici (de exemplu Mg®"), caracterizarea acestora, aplicarea agentului

consolidant pe probele model, investigarea acestora si studiul eficientei consolidantului.

> Cea de-a doua perspectiva este sinteza si caracterizarea de hidroxiapatite dublu substituite
(Sr-Zn-CHAp, Mg-Zn-CHAp, Mg-Sr-CHAp, Mg-Ba-CHAp), tratarea probelor model cu

hidroxiapatite dublu substituite si studiul eficientei agentului de consolidare asupra probelor model.
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Abstract

The aim of the PhD thesis aimed to synthesize by nanoemulsion and characterize the
obtained carbonated hydroxyapatite and its metallic derivatives as innovative materials used as
consolidants of artificial stones and cultural heritage objects.

The synthesized carbonated hydroxyapatite (CHAp) and Me-CHAp (Me = Ag, Sr, Ba, Zn,
and K) were characterized by the following methods of analytical investigation specific to materials
applied in conservation / restoration: Fourier transform infrared spectroscopy (FT -IR), Raman
spectroscopy, X-ray diffraction (XRD), scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDS), transmission electron microscopy (TEM), dynamic light scattering
(DLS), thermogravimetric analysis (TGA/DTG). The five metallic derivatives of carbonated
hydroxyapatite presented precise dimensions and morphologies, a hexagonal AB-structure, high
degree of crystallinity and much smaller crystallite size, compared to commercial hydroxyapatite

were obtained.

Artificial stones with a composition similar to those of historical samples were obtained and
treated by different methods with the carbonated hydroxyapatite; the stone samples were then
analysed in order to study the effectiveness of the inorganic consolidating agents by various
investigative techniques: colorimetric tests, water absorption test, humidity tests, water drop
absorption, capillarity, freeze-thaw test, salts crystallization test, compressive strength test,
sulphates content test, porosity, thermogravimetric analysis, contact angle, peeling test, optical
microscopy and SEM. The compressive strength and water repellence was improved compared to
control for all the model samples treated with CHAp and Me-CHAp. Also, the treated samples were
more resistant to artificial aging by freeze-thaw and salt crystallization.

Based on the results achieved on the treated artificial stone, the proper consolidants and
method of application were selected and their effectiveness was tested on historical samples
collected from Corvins’ Castle - Deserted Tower, Hunedoara. CHAp, Ag-CHAp and Sr-CHAp
were applied by brushing without affecting the colour parameters of samples. The metallic
derivatives of CHAp showed the best consolidation efficiency as can be concluded from the studies
performed.



l. Theoretical part
1. Introduction

Cultural goods that belong to cultural heritage have an inestimable value because they are
indicators of the technical, cultural, social, economic and spiritual evolution of humanity, being the
main heritage we have from our ancestors and it’s our duty to keep it in good condition and
assumed, without affecting the original character of the period in which they were built and to pass

it on to future generations in their authentic state.

Conservation and restoration of cultural heritage is a challenging area, often difficult to
address due to the many particularities and needs. Despite the growing number of researches on
cultural heritage, most of the available products and commonly used and methodologies have been
borrowed from other areas and are often adapted to specific and essential conservation
requirements, such as efficacy, compatibility and sustainability.

Restoration designates treatment procedures which are intended to restore cultural goods to
a known or assumed state, often by adding materials.

Conservation represents the main concern of current researches which sums up the entire
activity of designing and application of the most appropriate methods for protecting cultural
heritage objects against the action of harmful factors from nature or from damage caused by

humans.

The conservation of cultural heritage objects includes the following stages: examination,
documentation, treatment and preventive care. Stabilization represents the treatment procedures that

are designed to maintain the integrity of cultural goods to minimize the damage.

The consolidant is a product that, applied on a degraded or fragile surface, improves the
mechanical strength of cultural goods to minimize damage, in order to prolong its life without
changing its colour and appearance. The consolidant also needs to meet various essential

conservation criteria: efficacy, reversibility, compatibility, durability.

Mineral-inorganic stone materials, due to their hydrophilic properties, are damaged by acid
attack (caused by rain and moisture), cyclic crystallization of soluble salts, light and unprofessional
human interventions [3]. Therefore, it is necessary to develop (micro- and nano-) materials
compatible with natural and artificial stone [4] for their use in the restoration / conservation of

cultural heritage objects.



In the last decades, a special attention has been paid to the protection of objects belonging
to the cultural heritage in order to identify the most appropriate methods of applying materials and

to study the effectiveness of consolidation treatments.

Hydroxyapatite is one of the most intensively studied materials due to its special properties
and its multiple applications in various fields. In this paper, the obtaining materials based
hydroxyapatite for applications in the field of conservation and restoration of cultural heritage
objects was followed. Hydroxyapatite and calcium phosphates were initially proposed as a new
class of materials for consolidation and protection of carbonated stones (marble, limestone) [5-7]
and subsequently these materials were studied for the preservation of additional substrates,

including sandstone, sulphate stones, concrete, murals and paper [8].

Taking into account the importance of conservation and restoration of cultural heritage, it
may be outlined the need to synthesize and characterize innovative materials from the apatite class

which can be applied to model samples in order to test the effectiveness of the consolidating agent.

PhD studies considered the synthesis and characterization of carbonated hydroxyapatites
substituted with various metallic ions. The efficacy of the carbonated hydroxyapatite-based
consolidating agent was tested on model stone samples. The obtained materials can show potential

applications in the field of conservation and restoration of objects of cultural and historical value.

In conclusion, this PhD represents an actual research topic of significant importance, both
nationally and internationally. Deepening this research topic can generate new innovative and

technical solutions, which respect the principles of restoration imposed by current regulations.

1.1. Aim and objectives of the PhD thesis

The aim of the PhD thesis entitled "Innovative materials and techniques used in
conservation and restoration of heritage objects" consisted in the synthesis and characterization of
innovative materials as carbonated hydroxyapatites substituted with various metallic ions by the
nanoemulsion technique, with performance properties and then the use of these agents with testing
their consolidation efficiency for stones.

The thesis also aimed to obtain artificial stones with similar composition to those of
historical samples, to treat them by various methods with different types of synthetized carbonated
hydroxyapatite and to study their effectiveness as consolidating agent on model stone samples;
finally a case study on samples taken from the Deserted Tower - Corvins’ Castle will be achieved.



The general objective of the thesis was the development of new inorganic consolidants,
their performance testing on model stone samples and later the use of these materials in the practice
of conservation and restoration of cultural heritage.

The main specific objectives of this thesis were:

o The analysis of the destruction types possible for the surfaces of cultural heritage objects
caused by internal and external factors.

o A literature study of the materials types used in the practice of conservation and restoration
of cultural heritage, as well as the main analytical techniques of investigation.

o Synthesis of carbonated hydroxyapatite (CHAp) and carbonated hydroxyapatite modified
with different metallic ions (Me-CHAp, where Me = Ag, Sr, Ba, Zn, and K) by nanoemulsion
method.

o Characterization of CHAp and Me-CHAp by analytical investigation methods specific to
conservation/restoration materials: Fourier transform infrared spectroscopy (FTIR), Raman
spectroscopy, X-ray diffraction (XRD), scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy (TEM), dynamic
light scattering (DLS), thermogravimetric analysis (TGA / DTG).

o Preparation of the artificial stone samples, with similar composition as historical samples.

o Treating the artificial stone samples with different types of synthetized carbonated
hydroxyapatite by applying the consolidating agent (concentration of 0.1 g/l, 0.25 g/l, and 0.5 g/I)
by 3 methods: immersion, brushing and spraying.

o The investigation of these products before and after treatment, through various
characterization techniques, in order to study the effectiveness of the consolidating agent on stones:
colorimetric tests, water absorption test, humidity tests, water drop absorption, capillarity, freeze-
thaw test, salts crystallization test, compressive strength test, sulphates content test, porosity,
thermogravimetric analysis, contact angle, peeling test, optical microscopy and SEM.

o Case study including: a short history of Corvins’ Castle and Deserted Tower, choosing the
consolidant type and applying method, treating by brushing the samples collected from the Deserted
Tower - Corvins’ Castle, Hunedoara and the investigation of these products before and after
treatment in order to study the effectiveness of the innovative materials on historical samples.

o General and original conclusions, own contributions, research perspectives, as well as
dissemination of results through the publication of articles and participation in national and

international conferences.



1.2. Structure of PhD thesis

The PhD thesis entitled "Innovative materials and techniques used in conservation and
restoration of heritage objects" is structured in 9 chapters, as following:

Chapter 1 contains a brief introduction of the general aspects related to the conservation
and restoration of cultural heritage. Also, the general and specific objectives, as well as the structure
of the PhD thesis, are presented in this chapter.

The types of surfaces destruction of cultural heritage objects caused by internal and external
factors are described in Chapter 2. The main factors are: atmospheric oxygen, air pollutants, light,
temperature and humidity and other factors.

Chapter 3 presents the literature data regarding the types of materials used in the practice of
conservation and restoration of cultural heritage, synthesis methods, as well as the main analytical
investigation techniques.

Chapter 4 contains the original contributions related to the synthesis of materials based on
carbonated hydroxyapatite and carbonated hydroxyapatite substituted with different metallic ions
(Me-CHAp, where Me = Ag, Sr, Ba, Zn, and K) by the nanoemulsion method that have several
advantages: it is a simple and relatively low cost procedure, the reaction takes place at a low
temperature, uses reagents readily soluble in water, the pH can be adjusted to maintain the basicity
of the reaction medium.

Chapter 5 describes the main techniques used to investigate the carbonate hydroxyapatite
materials and the model samples treated with different types of CHAp.

The carbonated hydroxyapatite and carbonated hydroxyapatite substituted with different
metallic ions obtained by nanoemulsion were characterized in Chapter 6 by different analytical
specific to conservation / restoration materials: Fourier transform infrared spectroscopy (FT-IR),
Raman spectroscopy, X-ray diffraction (XRD), scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy (TEM), dynamic
light scattering (DLS), thermogravimetric analysis (TGA / DTG).

Chapter 7 includes: the obtaining of model stone samples, treating the artificial stones with
different types of synthesized carbonated hydroxyapatite by applying the consolidating agent using
3 methods: immersion, brushing, spraying at three different concentrations: 0.1 g/, 0.25 g/l, and 0.5
o/l, as well as the characterization of the treated artificial stones, in order to test the effectiveness of
the consolidating agent on the model samples. The artificial stones treated with different types of
carbonated hydroxyapatite were characterized by the following techniques: colorimetric tests, water

absorption test, humidity tests, water drop absorption, capillarity, freeze-thaw test, salts
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crystallization test, compressive strength test, sulphates content test, porosity, thermogravimetric
analysis, contact angle, peeling test, optical microscopy and SEM.

Also this chapter presents a case study structured in 3 parts as following: a brief history of
Corvins’ Castle and the Deserted Tower, choosing the type of consolidant and treatment method,
and investigating the historical samples. In this case study, the research focused on the application
and efficiency testing of carbonate hydroxyapatite consolidants applied by brushing on samples
from the Deserted Tower — Corvins’ Castle, Hunedoara. The samples from Corvin's Castle -
Deserted Tower (DT-control) and those treated with different types of carbonated hydroxyapatite
were investigated by the following techniques: FTIR, colorimetric tests, water absorption test,
sulphates content, thermogravimetric analysis, EDS elemental analysis, wavelength dispersive X-
ray fluorescence spectroscopy (WDXRF), SEM, surface roughness determination, carbonation test
and peeling test.

Chapter 8 of the PhD thesis presents the general conclusions, own contributions, the
research perspectives resulting from the experimental part, as well as the list of main ISI and non-
ISI articles, published book chapters, participations to national and international conferences, OSIM
patent applications, and the awards, medals, distinctions obtained through the selection process.

At the end of the PhD thesis, in Chapter 9, are included the bibliographic references that
were consulted during the elaboration of the thesis.
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3.1.6. Carbonated hydroxyapatite

Carbonated hydroxyapatite is a versatile material due to its chemical stability and
crystallinity. The chemical formula of CHAp is Cajo(PO4)sx(CO3)x(OH), [169], the cell consisting
of three units: phosphorus, carbonate, and calcium. Depending on the carbonate ion substitution
mode, CHAp can be classified into three types:

- COs? is changed with the OH  ion in the structure of CHAp and it is assigned a A-type
substitution;

- when CO3% ions are replaced by PO,* a B-type carbonate substitution is given;

- the case when the carbonate substitution is AB-type, both PO,* and OH™ ions are replaced
[170].

The planar structure of CO3% and the weaker bond between Ca®* and COz%, compared with
the bond between Ca?* with PO,> presents changes in apatite characteristics, decreases the axial
length a, and increases the axial length ¢ [171], mechanical strength improves and the solubility of
apatite changes.

Figure 2 presents the crystallographic structure of carbonated hydroxyapatite A, B and AB-
type. AB-type CHAp is the most stable structure compared to A- and B-types [179].

©Ca
00
eP
CH

Figure 2: The crystallographic structure of carbonated hydroxyapatite (a) type A, (b) type B,
and (c) type AB [179]
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Il. Experimental part
4. Synthesis of materials from the carbonated hydroxyapatite class

Selecting the proper method to synthetize CHAp plays an important role in obtaining the
materials that can be used in the conservation and restoration of cultural heritage objects. Further,
the synthesis method of carbonated hydroxyapatite and CHAp substituted with different metallic
ions by the nanoemulsion technique is described, in order to obtain materials with high-performance

properties, which can be used as reinforcing agents for stone-based materials.
4.1. Carbonated hydroxyapatite synthesis (CHAp)

Carbonated hydroxyapatite was obtained by nanoemulsion method adapted from Zhou et al
[124]. Unlike other methods of synthesis of HAp, carbonated hydroxyapatite obtaining by the
nanoemulsion method could have several advantages: it is a simple and relatively low cost
procedure, the reaction takes place at a low temperature, uses reagents readily soluble in water, the
pH may be adjusted to maintain the basicity of the reaction medium. The synthesis process for

CHAPp obtaining by nanoemulsion method is illustrated in Figure 3.

Ca (NO3), 4H,0 (NH4)2HPO.4 + NH,HCO;
+ Acetone + Water (pH=11)

Nanoprecipitation
Filtration
Washing

Freeze Drying

Calcination

o

Figure 3: The synthesis process for CHAp obtaining




Figure 5 shows the images of CHAp synthesized in the laboratory before and after
calcination.

@ ®)
Figure 5: (a) CHAp before calcination; (b) CHAp after calcination

4.2. Carbonated hydroxyapatite synthesis modified with different metallic ions

One of the methods of improving the mechanical properties of the carbonated
hydroxyapatite is represented by its doping with small amounts of ion concentrations (1-5%), which
significantly influences the properties of the final product. In addition, substitution with metallic
ions also influences the solubility and thermal stability of CHAp, not only the mechanical ones. The
synthesis process for CHAp and carbonated hydroxyapatite modified with different metallic ions
Me - CHAp (Me = Ag, Sr, Ba, Zn, K) obtaining is illustrated in Figure 6.

y Ca(NOs): 4H:0 (NH:):HPO4 +NH:HCOs
Ag' + Acetone + Water (pH= 11)
K{
cu2+
Zn2+

Nanoprecipitation

Filtration

Washing

Freeze Drying

Me-CHAp

Figure 6: The synthesis process for CHAp and Me - CHAp (Me = Ag, Sr, Ba, Zn, K) obtaining
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Figure 7 shows the images of Ag-CHAp samples synthesized in the laboratory before and

after calcination.

®)

Figure 7: (a) Ag-CHAp before calcination; (b) Ag-CHAp after calcination

5. Experimental techniques of investigation

The structure, size and morphology of materials based on carbonated hydroxyapatite
synthesized by the nanoemulsion method obtained in this PhD thesis were investigated by X-ray
diffraction (XRD), transmission electron microscopy (TEM) and scanning electron microscopy
(SEM).

5.1. Investigation techniques of the materials from the carbonated hydroxyapatite class
5.1.1. Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy is a non-destructive investigation technique. The
experimental results obtained by FT-IR allow: the identification of organic or inorganic compounds;
identification of functional groups; determination of the molecular composition of the surface;
determination of molecular orientation. Fourier transform infrared spectroscopy was performed
with single-bounce diamond-attenuated total reflectance (ATR) using a Vertex 80 spectrometer
(Bruker Optik GMBH, Germany), equipped with DRIFT accessory in the range of 4000 - 400 cm™.

5.1.3. X-ray diffraction (XRD)

X-ray diffraction is the main characterization method used to study the crystal structure of
materials. XRD is a non-destructive method of analysis that provides quantitative information on
the crystal structure, composition, size of crystallites or their shape, etc. X-ray diffraction (XRD)
spectrum was recorded with a Rigaku Ultima IV diffractometer (Rigaku, Tokyo, Japan) using a Cu
Ka radiation (A = 1.54 A). In this experiment the accelerating voltage of the generator radiation was
set at 45 kV and the emission current at 200 mA. The diffractogram was performed through the

scanning range 20 = 5° - 90°, at a scan rate of 4°/min.
15



5.1.4. Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS)
By means of scanning electron microscopy (SEM) the materials can be characterized at the
micro and nanometric scale. This technique provides information on the morphology and elemental
composition of the powders. The Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (SEM-EDS) was achieved using a SU-70 (Hitachi, Japan) microscope that can be
used for micro- and nanomaterials qualitative and quantitative analysis and for determining the

composition of a sample surface.
5.2. Methods for characterizing model samples treated with carbonated hydroxyapatite

Artificial stones treated with different types of carbonated hydroxyapatite are characterized
by the following techniques: colorimetric tests, water absorption test, moisture tests, water drop
absorption, capillarity, freeze-thaw test, salts crystallization test, porosity, compressive strength test,
sulphate content determination test, thermogravimetric analysis, contact angle, peeling test, optic

microscopy and SEM.

5.2.1. Colorimetric tests

Chromatic parameters of the treated artificial stones with different types of carbonated
hydroxyapatite with have been recorded with a Konica Minolta CR-410 colorimeter (Japan). After
calibration of the apparatus, three determinations were made for both the control and samples

treated with each type of CHAp and their average was made.

Colour modifications between untreated and untreated samples were expressed following
the CIE L*a*b* systems and the total colour differences AE", was calculated using the following
Equation (1) [224, 225]:

AE*, = (ALY® + Aai? + Ab:H)V/? (1)
where: ALx* is the difference in lightness of the treated stones, in comparison to the control values:
AL*, = |L,"treated stone — L, control| (2)

Aay* is the chromatic deviation of the a coordinate (red and green colour) of the treated stones, in

comparison to the control values:
Aa*, = |ay"treated stone — a,*control| 3

and Aby* is chromatic deviation of the b coordinate (yellow and blue colour) of the treated stones,

in comparison to the control values:

16



Ab*, = |by treated stone — by control| (4)

5.2.2. Water absorption test

Water absorption measurement is a simple method, useful in the laboratory to characterize
porous building materials, to assess the deterioration degree and to monitor the effectiveness of
conservation treatments. Total water absorption represents the amount of water absorbed by the
material by immersion in distilled water, at room temperature and pressure, expressed as a

percentage of the dry mass of the sample.

The water absorption tests were performed by the method of total immersion in water and
were performed for the control and artificial stones treated with different types of carbonated
hydroxyapatite, according to STAS 6200 / 12-73. For the water absorption test, the samples were
dried in an oven la 40 °C for 8 hours and then cooled and weighed (W,). After that, the specimens
were immersed in distillate water at room temperature for 24 hours and weighed (W,). Water

absorption was calculated with Equation (5) and expressed as percentage:
Water absoption = [(W, — W,;)/W;] * 100, (% ) (5)

5.2.6. Freeze-thaw aging test

Freeze-thaw artificial test is used to check the resistance of the material to frost. The
determination of the behaviour in the freeze-thaw test was made during 20 cycles and was
performed according to STAS 6200/15 83.

The samples were first dried in an oven at 105 + 5 °C for 1 hour up to the constant mass
(m1), immersed in distilled water for 15 minutes at room temperature and weighed again (m;). The
samples were frozen for 3 hours at a temperature of -18 + 5 °C then thawed in distilled water for 1
hour, finalizing one freeze-thaw cycle. After the last cycle, the specimens were re-examined and
weighed (m3), noting any detachments, exfoliations, cracks, etc. The lost weight during the freeze—
thaw process is expressed as gelivity coefficient (1g) calculated using Equation (9):

% g = (my —m3z/m,) * 100 ©)

where:
m;- the initial mass of the sample, after drying at 105 °C, in grams;

m, - mass of sample saturated with water, determined before the first freeze—thaw cycle, in grams;

ms - the final mass of weathered sample, after the last cycle, in grams.

17



5.2.7. Salts crystallization test

The salts crystallization test was performed according to the procedure adapted after [227].
The samples were first dried in a hot air oven at 60 °C until constant mass and weighed (Minitiar)-
Two salt solutions: sodium chloride (NaCl) and sodium sulphate decahydrate (Na,SO,4-10H,0) of
5%, 12 %, 25 % concentration were prepare and used for this test. The stone samples were
immersed in each solution and keep for 2 weeks (14 cycles) at room temperature, taking pictures
daily in order to monitor the salts crystallization. After 2 weeks, the samples were dried at 60 °C for
24 hours (Msinar). The dry weight loss (DWL) during the process was calculated based on the initial
mass of the sample and the resulted mass after the weathering cycles of the samples, according to
Equation (10):

DWL (%) = —Lnal”Tinitial , 4 (10)

Minitial

5.2.8. Porosity

For porosity determination, the nitrogen adsorption/desorption isotherms were recorded at
77 K in the relative pressure range p/p, = 0.005 — 1.0 using NOVA2200e Gas Sorption Analyser
(Quantachrome). Data processing was performed using NovaWin version 11.03 software with a
measuring error of the instrument of + 5%. Prior to adsorption measurements, the samples were
degassed for 4 h at 300 °C under vacuum. The specific surface area was determined by the standard
Brunauer—Emmett-Teller (BET) equation, and pore size distribution and volume were obtained by
applying the Barrett—Joyner—Halenda (BJH) model.

5.2.9. Compressive strength test

Mechanical strength was determined, according to ASTM C805, using a Silver Schmidt
Proceq test hammer, type L, with 0.735 Nm impact energy. The strength range of the Silver
Schmidt test hammer is from 10-100 N/mm?. Ten measurements at a minimum spacing of 25 mm
between each two testing points and a minimum edge distance of 25 mm have been recorded for
control and each artificial stone sample. The hammer was positioned at 90° downward, and the
rebound number value is calculated as the average of the readings within this test location, in order
to find a relationship between surface hardness and compressive strength with an acceptable error.

The compressive strength was calculated using the Equation (11) and is measured in MPa:

Compressive strenght = 2,77 * ¢(0.048XQ) (11)

where: 2,77- constant of the apparatus;
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Q - rebound number.

6. Investigation of materials from the carbonated hydroxyapatite class

6.1. Fourier transform infrared spectroscopy (FT-IR)

In order to compare the synthesized carbonated hydroxyapatites, commercial HAp (Acros
Organics) was used. The main functional groups in this case were: carbonate, hydroxyl, and

phosphate groups, identified in the FT-IR spectrum.

Figure 11 shows the FT-IR spectra for commercial HAp, and synthesized CHAp and Me-
CHAp (Me = Ag, Sr, Ba, Zn, K) samples.
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Figure 11: FT-IR spectra for commercial HAp, CHAp and Me-CHAp (Me= Ag, Sr, Ba, Zn, K)

The characteristic bands of carbonated hydroxyapatite and its metallic derivatives are in
accordance with the literature data [141]. The substitution mode of the carbonate group as type A, B
and AB can be identified by FTIR spectroscopy, the corresponding band at 602 cm™ can be
assigned to the v4 vibration of the phosphate group [231]. The B type carbonated apatite presents
bands at about 1415 and 1450 cm ™ that can be attributed to COgZ' stretching vibrations, and in the
case of AB type hydroxyapatite an additional band is observed at 1515 cm ™. The 1550 cm* band is
characteristic for both B and A type apatite [181].
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The FTIR spectra recorded for carbonated hydroxyapatites obtained by the nanoemulsion
method (figure 11) highlighted the presence of the following characteristic absorption bands: at
590-610 cm* and 1000 cm* for POs*, the band at 870 cm ™ is assigned for COs®>" which replaces
the phosphate positions in the hydroxyapatite network and at 1467—1412 cm* for CO3> while the
main vibration bands characteristic of phosphate groups for commercial HAp were observed at 470
cm™?, 562 cm™ and 600 cm™.

The FTIR spectra confirmed that AB type CHAp and carbonated hydroxyapatites
substituted with different metallic ions were obtained by the used method.

6.3. X-ray diffraction (XRD)

Figure 14 shows the XRD diffractograms for the CHAp and Me-CHAp (Me = Ag, Sr, Ba,
Zn, K) synthesized samples.
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Figure 14: XRD difractograms for CHAp and Me-CHAp (Me= Ag, Sr, Ba, Zn, K) samples

From the XRD diffractograms (figure 14) it can be seen that there are no structural
differences between the pure CHAp and the Me-CHAp samples (Me = Ag, Sr, Ba, Zn, K). In
conclusion, the introduction of substituent ions into the carbonated hydroxyapatite system does not
produce changes in its structure. The peaks corresponding to Ag+, Sr?*, Ba**, Zn** and K* ions due
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to the low concentration in which they were introduced (5 molar %) into the carbonated
hydroxyapatite structure of does not highlighted in these diffractograms.

Table 3 summarizes the results of the phase purity and the average crystallite sizes
calculated for the most intense peak of CHAp (0 0 2) for all the investigated samples by XRD and
Scherrer Equation (14):

L= (K *A)/(B *cosH) (14)
L - crystallite size;
K - Scherrer constant (0.9);
)\ - X-ray wavelength (1.54 A);
B - peak width at half maximum intensity (in radians), from the apparatus programme;

0 - Bragg angle, from the apparatus programme.

Table 3: XRD characterization of pure and substituted CHAp with different metallic ions

Sample 20 (°) | 26 (rad) B (°) B(rad) | L(A) | L (nm)
Commercial HAp 25,81 0,4505 0,186 | 0,003246 | 426,99 | 42,70
CHAp 25.80 0,4503 0,3460 | 0,006039 | 229,50 | 22,95
Ag-CHAp 26,41 0,4609 0,4273 | 0,007458 | 185,84 | 18,58
Sr-CHAp 25,78 0,4499 0,3349 | 0,005845 | 237,14 | 23,71
Ba-CHAp 25,84 0,4510 0,3350 | 0,005847 | 237,14 | 23,71
K-CHAp 25,82 0,4506 0,3454 | 0,006028 | 229,50 | 22,95
Zn-CHAp 25,84 0,4510 0,3271 | 0,005709 | 242,77 | 24,27

It could be observed that all the samples based on CHAp and Me-CHAp, which were
prepared by the nanoemulsion method, correspond to the JCPDS reference (09-432) standard for
synthetic carbonated hydroxyapatite. Table 3 shows that all samples of carbonated hydroxyapatite
and its metallic derivatives have a much smaller crystallite size compared to commercial
hydroxyapatite. The lowest value for the Ag-CHAp sample was recorded, with a crystallite size of
18.58 nm. A possible explanation could be that these changes that occur due to the reduction in the
crystallite size and increase in the lattice disorder, are attributed to the metallic substitution in the
HAp lattice [234].

The a and ¢ unit cell parameters of all samples are presented in Table 4 for synthesized

carbonated hydroxyapatite and CHAp substituted with different metallic ions.
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Table 4: The lattice parameters a and c for synthesized carbonated hydroxyapatites

Sample a (A) c (A) c/a ratio lonic radius (A)

CHAp 9,431(3) 6,891(14) 0,7307 0,99
Ag-CHAp 9,26(9) 6.903) 0,7451 1,26
Sr-CHAp 9,4191(5) 6,8800(4) 0,7304 1,12
Ba-CHAp 9,421 6.885 0,7308 1,35
K-CHAp 9,4321 6,9 0,7315 1,38
Zn-CHAp 9,40 6,8437 0,7281 0,74

The a and c lattice parameters increased with increasing ionic radium of metallic ions, as can
be seen from Table 4. The substitution of Ca (0.99 A) with Zn (0.74 A), Sr (1.12 A), Ag (1.26 A),
Ba (1.35 A), and K (1.38 A) in CHAp lattice could be a cause of increasing of a and c lattice
parameters. Changes in cell parameters may assume that all the metals substituted for calcium in the
CHAp lattice corresponded with an increase in lattice parameters, except for Zn (0.74 A), which has
a smaller ionic radius than Ca. According to the results in Table 4, all Me-CHAp samples have
lower crystallinity than pure hydroxyapatite. The substitution of strontium and silver, indicating an
increase in the lattice parameters, which can be attributed to the higher ionic radius of Sr (1.12 A)
and Ag (1.26 A), as compared to Ca** [235]. Moreover, the inclusion of the metals with a larger
ionic radius compared to Ca?* in the structure of hydroxyapatite, determined the expansion of the
lattice parameters mainly along the c axis, and a possible reason could be the increase of cell
volume [155, 236].

6.4. Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS)

Figure 15 shows the SEM images for synthesized CHAp and it can be seen that the powder

has a tendency to agglomerate. The shape and sizes of the nanoparticles were.

Figure 15: SEM images for synthesized
CHAp




Figure 16 shows the EDS spectrum of carbonated hydroxyapatite synthesized by the

nanoemulsion method.

50000
Element Element Wwt.% Atom % Atom %
Line wt.% Error Error
g C K 5.5 + 007 9.68 0.12
0 K 47.30 £ 026 62.29 0.34
Na K 2.46 + 003 2.26 0.02
30000 P K 14.59 + 010 9.93 0.07
Ca K 30.13 £ 012 15.84 0.06
20000 100.00 100.00

Figure 16: EDS results for synthesized CHAp

The EDS spectrum of synthesized CHAp confirms the presence of hydroxyapatite

components (calcium (Ca), phosphorus (P) and oxygen (O)), as can be seen from Figure 16.

7. Type of investigated surface: artificial stone prepared in the laboratory and objects without
heritage value

7.1. Obtaining artificial stones
The cube-shaped artificial stones of 40 x 40 x 40 mm were obtained in the laboratory,

Figures 22-23.

Figure 22: Artificial stones before drying Figure 23: Artificial stones after drying
7.2. Treatment of artificial stones with carbonated hydroxyapatite

The artificial stones prepared in the laboratory were treated with CHAp and substituted
carbonated hydroxyapatite: Ag-CHAp, Sr-CHAp, Ba-CHAp, Zn-CHAp and K —-CHAp.
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Three solutions of three different concentrations were prepared: 0.1 g/l; 0.25 g/l and 0.5 g¢/I,
of each type of CHAp and Me-CHAp synthesized in laboratory, which were ultrasounded for 60
minutes at a temperature of 40 °C. After that, the artificial stones are treated with each CHAp
solution by 3 different methods: immersion (), brushing (P) and spraying (S). The immersion
method consists in suspending the samples in the solutions prepared by CHAp for 20 minutes. Both
the brushing and spraying procedures consist of applying carbonated hydroxyapatite solutions 3
times on each face of the sample. Artificial stones treated with various hydroxyapatite-based
consolidating agents were dried and characterized.

The influence of the following parameters on the model samples was studied: the type of
carbonated hydroxyapatite, the concentration of CHAp and Me-CHAp and the method of

application of the consolidating agent.

7.3. Characterization of treated artificial stones

Artificial stones treated with different types of carbonated hydroxyapatite were
characterized by the following techniques: colorimetric tests, water absorption test, humidity tests,
water drop absorption, capillarity, freeze-thaw test, salts crystallization test, compressive strength
test, sulphates content determination test, porosity, thermogravimetric analysis, contact angle,

peeling test, optical microscopy and SEM.

7.3.1. Colorimetric tests

Colorimetric testing is a non-destructive investigation technique that provides important
information about the variation of chromatic parameters before and after the application of
consolidation treatment. Colour measurements were performed to assess the aesthetic compatibility

of the consolidating substances with the tested substrates.

Figures 24 - 26 show the results obtained for colorimetric tests for control and treated stones
with CHAp and Me-CHAp (Me = Sr, Ag, Ba, Zn, K) at different concentrations.
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Figure 24: Colorimetric tests for control and treated stones with CHAp and Me-CHAp (Me = Sr,
Ag, Ba, Zn, K) solutions at 0.1 g/l concentration
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Figure 25: Colorimetric tests for control and treated stones with CHAp and Me-CHAp (Me = Sr,
Ag, Ba, Zn, K) solutions at 0.25 g/l concentration
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Figure 26: Colorimetric tests for control and treated stones with CHAp and Me-CHAp (Me = Sr,
Ag, Ba, Zn, K) solutions at 0.5 g/l concentration
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In conclusion, as can be seen from figures 24-26, all stones treated with the carbonated
hydroxyapatite and with its metallic derivatives at different concentrations, and which were applied
by 3 methods, do not influence the colour of the samples, because the total colour difference
compared to the control (AE"), showed small values in the range of 3 - 5, which is in accordance
with the compatibility indicators available in the literature [254-256].

In the case of the chromatic deviation of the b * coordinates, the best results were obtained
for Sr-CHAp-P sample, which at all 3 concentrations used regardless of the application method
shows values of Ab*, = 0.21; 0,2 and 0,06 at a concentration of 0.1 g/1,0.25¢g/land 0.59 /|

respectively.

7.3.2. Water absorption test
The results on the water absorption capacity for treated samples with different types of

carbonated hydroxyapatite at different concentrations by three methods are shown in Figure 27.
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Figure 27: Water absorption test for control and treated stones with CHAp and Me-CHAp (Me =
Sr, Ag, Ba, Zn, K) at different concentrations

The results obtained from the water absorption test indicate that, compared to the control
sample that presents an absorption of 21.92%, all stone samples treated with solutions of different
concentrations of CHAp and Ag-CHAp, Sr-CHAp, Ba-CHAp, Zn-CHAp, K -CHAp has lower
water absorption, except for the CHAp-P sample of 0.1 g/l concentration (absorption 24.01 %),

which demonstrates the effectiveness of the CHAp- consolidating agent.
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The low water absorption capacity results in higher values of mechanical properties which
demonstrates a greater durability of stones treated with different types of carbonated hydroxyapatite

and leads to reduced vulnerability to the action of freeze-thaw cycles and crystallization of salts.

7.3.6. Freeze—thaw aging test
The results obtained in the freeze-thaw test for the control and the model samples treated

with different types of carbonated hydroxyapatite are presented in table 8.

Table 8: Freeze-thaw test for stones treated with CHAp and Me-CHAp (Me = Ag, Sr, Ba, Zn, K)
by brushing at 0.25 g / | concentration

Sample/ Nr. 1 cycle 15 cycles 20 cycles
of cycles
Control

CHAp-P

Ag-CHAp-P

Sr-CHAp-P
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Ba-CHAp-P

Zn-CHAp-P

K-CHAp-P

Figure 34 shows the gelivity coefficient for the control and for the stones treated with
solutions of CHAp and Me-CHAp (Me = Ag, Sr, Ba, Zn, K) of different concentrations by 3

methods: immersion, brushing, spraying.
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Figure 34: Gelivity coefficient for control and treated stones with CHAp and Me-CHAp (Me = Sr,

Ag, Ba, Zn, K) at different concentrations
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As can be seen from Figure 34, for control and CHAp and Me-CHAp treated stones, the
higher the value of the gelivity coefficient, the higher the rate of degradation and, in conclusion, the

consolidating agent shows a lower protection capacity.

The best result was obtained for the Sr-CHAp-P sample at a concentration of 0.1 g/l with
ng=1.43%, which demonstrates that brushing as application method is effective and the consolidant
has a high protective capacity.

For the samples that were treated by spraying, the best results were obtained in the case of

Sr-CHAp-S at a concentration of 0.5 g/l with a gelivity value of 2.59%.

7.3.7. Salts crystallization test
Tables 11-14 show the results of the salts crystallization tests for control and stones
treated with CHAp, Ag-CHAp and Sr-CHAp by brushing, at 0.25 g/l concentration.

The physical degradation processes of the stones are related to the salts crystallization.
Crystallization is often accompanied by the increase in volume, which generates internal stresses
and can be accompanied by chromatic changes, dislocations, cracks, detachments and
disaggregation of the material.

Considering the visual aspect of the samples treated with various carbonated
hydroxyapatites by brushing at 0.25 g / | concentration, in correlation with the values of loss mass

after the salts crystallization test, the following conclusions can be drawn:

- No modifications of structure were observed when the salt crystallization tests were

performed on stone samples using 5% Na,SO,4-10H,0 and 5% NaClj;

- Salts crystallization tests showed that using the same 12% salt concentration,
Na,SO4-10H,0 presents high aggressive behaviour on stones, because it causes a reduction in the

cohesion of porous materials, compared to NaCl;

- The samples treated with different types of carbonated hydroxyapatite in the presence of
12% Na,S04-10H,0 salt concentration after the last cycle of the test, the following can be
observed: the sample treated with CHAp shows material dislocation and has the greatest weight
loss, this being of -13.3138 g; the sample with Ag-CHAp presented the highest resistance to salt
crystallization; and small cracks are observed at the sample with Sr-CHAp;

- In the case of treating the samples with both Na;S04-10 H,O and NaCl of 25%
concentration it can be noticed that most of the stones disintegrated.
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Table 1: Salts crystallization test for control

Control First cycle Last cycle DWL
5 % Na;S04-10 -0,4010
H,O
12 % Na,S04-10 -0,2022
H,O
25 % Na,S04-10 -11,6156
H,O
5 % NaCl -2,1385
12 % NaCl -2,3197
25 % NaCl 7,4982
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Table 2: Salts crystallization test for 0.25 g/l CHAp treated samples

CHAp

5 % NapS04-10
H,O

12 % Na,S0O,4-10
H,0

25 % NayS04-10
H.0

5 % NaCl

12% NaCl

25 % NaCl

First cycle

31

Last cycle

DWL

-0,3968

-13,3138

-1,7769

-2,3852

-0,9684

5,1219




Table 3: Salts crystallization test for 0.25 g/l Ag-CHAp treated samples

Ag-CHAp

5 % NapS04-10
H,O

12% Na,S0O,4-10
H,0

25 % NayS04-10
H.0

5 % NaCl

12 % NaCl

25 % NaCl

First cycle Last cycle

32

DWL

-0,1492

0,1975

-4,7490

-2,9875

0,8087

8,5427




Table 4: Salts crystallization test for 0.25 g/l Sr-CHAp treated samples

Sr-CHAp

First cycle

5 % NapS04-10
H,O

12 % Na,S0O,4-10
H,0

25 % NapS0,4-10
H.0

5 % NaCl

12% NaCl

25 % NaCl

33

Last cycle

DWL

0,1253

0,9155

-7,0639

-1,2835

-0,5172

15,2424




7.3.8. Compressive strength test
The mechanical properties measurement of the untreated and treated samples with each of

the 6 type of carbonated hydroxyapatite obtained in the laboratory, which by immersion, brushing
and spraying were applied at different concentrations were achieved by testing the compressive

strength and the results are shown in Figure 35.
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Figure 35: Mechanical strength for control and treated stones with CHAp and Me-CHAp (Me = Sr,
Ag, Ba, Zn, K) at different concentrations

As can be seen from Figure 35, all model samples treated with CHAp and Me-CHAp show
higher compressive strength values than the control regardless of the consolidant concentration, the
carbonated hydroxyapatite type used and the method of application. These observations are in
correlation with the number of increased rebound number (Figure 36 a), demonstrating the
effectiveness of the consolidating agent.

The results obtained for the compressive strength versus rebound index relationship for

control and samples treated with CHAp and Me-CHAp (Me = Ag, Sr, Ba, Zn, K), at different

solution concentrations, are shown in Figure 36 a.
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Figure 36 a: The compressive strength versus rebound index relationship for control and samples

treated with CHAp and Me-CHAp (Me= Ag, Sr, Ba, Zn, K) exponential graphical representation

Exponential relationship between average rebound number and compressive strength was
established using the least square method. The exponential model was found to be the better one
with a regression coefficient of 1, obtained for all types and consolidant concentrations, which

indicates the acceptability of the exponential model for predicting compressive strength of model
stones, Figure 36 a.

7.3.10. Porosity

Porosity and pore size distribution are very important factors that control the absorption and
transport of fluids in a stone material. The results obtained for the control and the stones treated
with different types of carbonated hydroxyapatite, in terms of pore diameter, surface area and pore

volume are shown in Figures 37 and 38. The porosity of the stones is given by the presence of
pores, but also cracks / micro-cracks.

u Surface area (m2/g) u Pore diameter (nm)

Q 2 2 5 Q2 5 R 5
0 Q\V‘Q Q&'Q Q/ng Qy' Q‘vﬁ Q?Q Qy’Q QV’Q ,zyg Q?’Q Q\V'Q
Y & &S O CEE
v.q VQ 5 & Q‘b Q'b 1/(\ 1}‘

35



Figure 37: Surface area and pore diameter parameters for control and samples treated with
CHAp and Me-CHAp at 0.25 g/l concentration by brushing and spraying
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Figure 38: Pore volume for control and samples treated with CHAp and Me-CHAp at 0.25 g/l

concentration by brushing and spraying

The results obtained show that the samples treated with CHAp and Me-CHAp at the
concentration of 0.25 g/l by brushing and spraying show quite low specific surface area values (<6
m?/g), as can be seen in Figure 37.

As can be seen in Figure 38, the pore volume is similar for control and for stones treated
with CHAp and Me-CHAp at a concentration of 0.25 g/l by brushing and spraying and is in the
range of 0.007 to 0.01 cc/g. The specific surface area and pore diameter, as can be seen from Figure
37, are different and depend on the type of consolidating agent used and on the application
procedure used. For the model samples treated by spraying, CHAp presents the largest specific
surface area of 5.841 m?/g, followed by Ba-CHAp with a value of 5.638 m?/g, and the highest
specific surface area of 5.345 m%g was recorded for the samples treated with Ag-CHAp by
brushing.

Regarding the pore diameter, the lowest values were recorded for the samples applied by
spraying; the lowest value was for Sr-CHAp with 2.955 nm, followed by Ba-CHAp with 3.303 nm.
In conclusion, the homogeneity of the applied layer to the stone surface is important and is
influenced by the treatment procedure used.
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7.5. Case Study

7.5.1. Short history of Corvins’ Castle and Deserted Tower

Figure 44: Corvins’ Castle [279]

Corvins’ Castle, also known as Hunyadi Castle, is located in the south-western part of
Transylvania, in the centre of Hunedoara County, Romania, in the south-western part of the city and
is one of the largest and grandest buildings in Eastern Europe (Figure 44). From a geographical
point of view, the Corvins’ Castle is located on the last eastern ramifications of the Poiana Ruscd

Mountains, a group belonging to the Western Carpathians [280, 281].

Corvins’ Castle (known as Hunyadi Castle) was built in the 15™ century on the site of an old
stone fortress [279] by John Hunyadi Sigismund, King of Hungary, who transformed it into a
military building. Corvins’ Castle is characterized by Gothic-Renaissance style and has 8 towers:

» Buzdugan Tower (Painted Tower)
Neboisa Tower

The new gate tower

Capistrano Tower (Cupbearer's Tower)
Drum Tower

The old gate tower

The White Tower

The Deserted tower.

YV V V V V V V

The Capistrano Tower, the Deserted Tower, the Drum Tower and the Buzdugan Tower are
circular towers and were built after 1440. The Old Gate Tower and the New Gate Tower are towers
with a rectangular geometry, being located in the northwest and southeast of Corvins’ Castle. The

Neboisa Tower, which in Serbian means "Do not be afraid”, was built in the fifteenth century,
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consisting of 5 levels of defence, and the White Tower, with a semi-circular shape, was built in the
seventeenth century with 3 levels of defence [282].

The Deserted Tower, known as Lilly Tower, Figure 45, has two levels of defence and a
diameter of 6 m. Similar to the Capistrano tower, the first level comprises well-kept shooting
spaces, and the floor is provided with fuel holes, the current aspect being due to the interventions

during last restoration of the 20" century.

The assembly, regarding the structure, presents a buildings conglomerate with different
volumes and heights, but without corresponding structural links between them. Between the 14™
and 18" centuries, the walls of the fortification were built in six different historical stages,
presenting architectural styles characteristic of that period of time. The natural stone of dolomitic
limestone was the basic material used for the fortress and later of the Corvins’ Castle. In the first
stage of the execution of the fortress in the 14™ century, stone blocks from the river were used,
positioned directly on the rock. The choice of limestone as a building stone has been admitted by
two main reasons: the existence of limestone quarries nearby, and because these limestones are the

most used rocks in fortification constructions [284].

Figure 45: Deserted Tower

During the operation, the crude stone used for this castle should been as clean as possible,
strong, compact, and adherent to the mortar. From the 16" century, brick have been used for
building the Corvins’ Castle [279], and after 1960, cement has been used for some restoration
procedures at this tower. Physical-mechanical researches achieved to determine the durability of
rocks depending on climate and exploitation time show that in the case of compact limestones, the
first signs of their degradation appear up to 150 years, and total degradation occurs up to 450 years.

Compared to these presented limit values, in the case of the Hunedoara ensemble, there is a much
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longer exploitation life, of 555 years, for some constructions, compared to the supposed beginnings
of the fortress, established in the specialized literature around the 14th century. Obtaining such an
extended duration could be achieved only by creating and complying with favourable conditions for
the timely operation of buildings made against adverse weather conditions (rainwater, frost, thaw,
wind, etc.), as the technical expertise shows. Thus, the choice of good quality materials, the works
carried out correctly by medieval craftsmen and architects and the care enjoyed by the Corvins’

castle for long periods extended the life of the historical monument.
In order to preserve and restore the architectural ensemble, of great historical value,

Corvins’ Castle, it is necessary to carry out a complex archaeometric study on the materials used in

these towers, their degradation and techniques for building this monument [39, 238, 285].

7.5.2. Choice of consolidant type and treatment method

Following the results obtained on the artificial samples, 3 consolidants based on carbonated
hydroxyapatite (CHAp, Ag-CHAp and Sr-CHAp) were selected and applied by brushing on the
historical samples taken from the Deserted Tower, Corvins’ Castle.

The samples collected from Corvins’ Castel - Deserted Tower treated with CHAp, Ag-
CHAp and Sr-CHAp is shown in Figure 46.

DT-Martor

DT-CHAp

DT-Ag-CHAp

DT-Sr-CHAp

Figure 46: Samples from Corvins’ Castel - Deserted Tower treated with CHAp, Ag-CHAp and Sr-
CHAp

7.5.3. Investigation of the Deserted Tower samples

The samples from Corvins’ Castle - Deserted Tower (DT-control) and those treated with
different types of carbonated hydroxyapatite were investigated by the following techniques: FT-IR,
colorimetric tests, water absorption test, sulphates content, thermogravimetric analysis, analysis
elementary EDS, WDXRF, SEM, surface roughness determination, carbonation test and peeling

test.
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7.5.3.1. Fourier transformed infrared spectroscopy (FT-IR)
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Figure 47: FT-IR diagrams for Deserted Tower in comparison with calcite and dolomite

The molecular structure for the samples collected from the Deserted Tower was determined,
using Infrared spectroscopy as this non-destructive method has been frequently used for mineral
identification, such as: quartz, clay, and feldspar. The IR spectrum was performed in the range 4000
- 400 cm™ to identify the characteristic bands of these compounds. In this case, the FT-IR analysis
confirms the main functional groups: carbonate, hydroxyl and phosphates. Calcite and dolomite, as
the main components from the tower stones, have specific bands in the samples collected from the

Deserted Tower, especially at 877 cm™ and 730 cm™, as it is presented in Figure 47.

7.5.3.2. Colorimetric test

Figure 48 shows the colour difference between the chromatic parameters of the samples
from the Deserted Tower treated and control.

DT-CHAp DT-Ag-CHAp DT-St-CHAp

Figure 48: Variation of the chromatic parameters of treated artificial stone samples from the

Deserted Tower
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From a chromatic point of view, a decisive step in the evaluation of conservation treatments
is the limit of the parameter AE*, which was selected to distinguish between acceptable and
unacceptable treatments. In general, only if AE*<5, the consolidant is used in the field of
conservation [195].

As can be seen from Figure 48, after the treatment with CHAp consolidants for all three
historical samples, have a lower value for the total colour difference (AE*), less than 5.

The values obtained in the case of the chromatic deviation of the b* coordinates for the
samples from the Deserted Tower treated with carbonated hydroxyapatite, showed that the
consolidation products have Ab * <3, which represent the proper value for a stable colour of the
surface [225].

In conclusion, the consolidating product based on carbonated hydroxyapatite used to treat
the DT sample does not significantly affect the stone colour parameters after treatment and and

presents an average risk of incompatibility.

7.5.3.3. Water absorption test
Table 22 shows the results obtained in the water absorption test for samples from the

Deserted Tower and those treated with different types of carbonated hydroxyapatite.

Table 22: Water absorption test for untreated DT and treated with different types of carbonated

hydroxyapatite samples

Sample Water absorption, %
DT 13.4304
DT-CHAp 16.0617
DT-Ag-CHAp 13.7955
DT-Sr-CHAp 12.5797

Table 22 shows that the Deserted Tower sample treated with strontium-substituted carbonate
hydroxyapatite by brushing has lower water absorption than the control, which demonstrates that
the treatment with consolidants makes the historical samples more compact and less permeable to

the water.

7.5.3.6. Geological characterization
The mineralogical-petrographic study for the samples collected from this historical

monument was performed on thin sections with the help of a polarized microscope. Corvins’ Castle
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is located in the Carpathian Paleozoic crystalline dolomites and on a simplified geological map
there are other types of metamorphic rocks such as: mica schists, quartzite, gneiss and graphitic
schists [288, 289].

From mineralogical point of view, the composition of the Deserted Tower contains
plagioclase feldspar, dolomite, quartz, muscovite, biotite, apatite, epidote, clinozoisite, micas,
similar to the literature results [290, 291]. Figure 50 shows a small piece from the Deserted Tower

that partially highlighted the composition.

Figure 50: The polarizing microscopy image of the sample collected from Deserted Tower

From mineralogical point of view, the composition of the samples from this historical
monument (Deserted Tower) was demonstrated using WDXRF and EDS investigation techniques,

and the obtained results are presented in table 24 and figure 51.

Table 24: The WDXRF results for untreated and treated with CHAp, Ag-CHAp and Sr-CHAp
Deserted Tower samples

Component DT DT+CHAp | DT+Ag-CHAp | DT+Sr-CHAp
Results (wt %)
Na,O 3,724 1,7682 1,9661 -
MgO 9,3872 7,9097 7,4038 7,7009
Al,O3 6,617 5,5471 6,3187 4,945
SiO, 26,1669 21,2177 21,9194 16,1732
P,Os 0,7986 0,1504 0,3241 0,5373
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SO;3 8,898 11,7943 0,9783 1,7084
Cl 0,4298 0,3983 1,1004 0,7842
K,0 1,9875 1,6287 2,2576 1,9142
CaO 37,2245 | 44,0349 51,365 61,0121
Fe;03 3,517 2,2969 4,3919 3,3747
Rb,0 - 0,0462 - -
SrO - - - 0,061
Zr0, 0,032 0,1669 0,0677 0,0485
Ag,0 - - 1.1904 -
ZnO 0,0326 - - -
Nb2Os - - - 0,0392
N.A. 0,0904 0,1288 0,0887 -

As can be seen from Table 24, in the case of samples taken from the Deserted Tower, both
the control (DT) and the samples treated with carbonated hydroxyapatite show predominant
amounts of the following oxides CaO, SiO,, MgO, Al,O3, and in terms of the component SO3;, DT
and DT+CHAp have 8.898% and 11.7943%, respectively, and in the samples DT+Ag-CHAp and

DT+Sr-CHAp low percentages are found. The oxides of Fe,03, Na,O, K,0 are in small quantities

and the minor phases consist of P,Os, Cl, ZrO,.

wt.%
rr
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Figure 51: EDS spectrum for DT sample




8. General conclusions, original contributions, research perspectives and list of papers
published

8.1. General conclusions

v The selection of HAp as a potential material for the protection and consolidation of
carbonate stones was based on its low solubility and slow dissolution rate, crystal structure and
network parameters similar to calcite, being strongly bonded to calcareous substrates, a
disadvantage of commercial consolidants.

v Lately, nanomaterials have been applied in the restoration and maintenance of cultural

assets, in order to improve the consolidation and protection treatments of stone objects.
8.2. Original contributions

In the PhD thesis entitled: "Innovative materials and techniques used in the conservation and

restoration of heritage objects”, the following original contributions were made:

v A synthesis of the literature data regarding the types of materials used in the practice of
conservation and restoration of cultural heritage objects, as well as the main analytical techniques of
investigation.

v For synthetize CHAp and Me-CHAp with precise dimensions and morphologies, the
nanoemulsion route was selected because it allows the structure control at molecular level, the
reaction is performed at low temperature, nanoemulsions are kinetically stable due to small droplet
size, it is a simple and relatively low cost procedure, uses reagents readily soluble in water, the pH
may be adjusted to maintain the basicity of the reaction medium.

v CHAp was obtained by nanoemulsion using as precursors (NHj);HPO,;, NH4HCOs;,
Ca(NO3),-4H,0, to a molar ratio Ca*":PO,*: COs*= 1,67. The reaction was achieved at room
temperature, the final product being calcinated for 4 hours at 900 °C to ensure a high degree of
crystallinity.

v By modifying CHAp with metallic ions of 5% molar concentration reported to calcium ions,
substituted hydroxyapatites with improved mechanical properties, solubility and thermal stability
are obtained.

v Five metallic derivatives of carbonated hydroxyapatite, Ag-CHAp, Sr-CHAp, Ba-CHAp,
Zn-CHAp si K-CHAp were prepared.

v The obtained CHAp and carbonated hydroxyapatites substituted with different metallic ions

were characterized by: Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray
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diffraction, scanning electron microscopy with energy dispersive X-ray spectroscopy, transmission
electron microscopy, dynamic light scattering, and thermogravimetric analysis.

v From the XRD analysis it could be concluded that CHAp and Me-CHAp correspond to the
reference standard JCPDS (09-432) for synthetic carbonated hydroxyapatite.

v All samples of carbonated hydroxyapatite and its metallic derivatives have a much smaller
crystallite size, compared to commercial hydroxyapatite.

v The introduction of substituent ions in the carbonated hydroxyapatite system does not
produce changes in CHAp structure as can be seen in the XRD diffractograms where similar
structures for CHAp and Me-CHAp were observed.

v The XRD analysis showed that both CHAp and Me-CHAp (Me= Ag, Sr, Ba, Zn, K) present
hexagonal structure with network parameters specific to synthetic carbonated hydroxyapatite.

v The EDS spectrum of synthesized CHAp confirmed the presence of the component elements
of hydroxyapatite: calcium, phosphorus and oxygen.

v Artificial stone samples (from gypsum, sand, and water) were laboratory obtained and
treated with different concentrations of CHAp and Me-CHAp: 0.1 g/l, 0.25 g/I, and 0.5 g/I.

v The carbonate hydroxyapatite and its metallic derivatives (Ag-CHAp, Sr-CHAp, Ba-CHAp,
Zn-CHAp and K-CHAp) were applied as consolidants on artificial stones 3 different methods:
immersion, brushing and spraying.

v Artificial stones treated with different types of carbonated hydroxyapatite were
characterized by the following techniques: colorimetric tests, water absorption test, humidity tests,
water drop absorption, capillarity, freeze-thaw test, salts crystallization test, compressive strength
test, sulphates content determination test, porosity, thermogravimetric analysis, contact angle,
peeling test, optical microscopy and SEM.

v From the colorimetric analysis achieved on the stones treated with carbonated
hydroxyapatite and its metallic derivatives at different concentrations applied by 3 methods it could
be concluded that the consolidants do not influence the colour of the samples, the total colour
difference compared to the control (AE *) presenting values between 3 and 5.

v In order to test the resistance of restoration and conservation materials to the degradation
induced by the internal and external factors, specific artificial aging procedures were performed on
the stone samples: freeze-thaw test and salt crystallization.

v During the freeze-thaw test, the following types of changes could be observed in the case of

artificial stones: chromatic alteration, micro-cracks (may occur due to mechanical stress caused by
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ice crystallization inside the pores), cracks, efflorescence, loss of cohesion, detachment and
disintegration.

v The higher the value of the gelivity coefficient for the stones treated with CHAp and Me-
CHAp, the higher the degradation rate and, in conclusion, the consolidating agent has a lower
protection capacity.

v The samples treated with metallic derivatives of CHAp showed a decrease in the gelivity
coefficient (ng) compared to the control, which determines an increase in frost resistance of artificial
stones.

v The samples that were treated by brushing showed the lowest values of the gelivity
coefficient except CHAp-P and Zn-CHAp-P.

v The best results were recorded for samples treated with Sr-CHAp applied by brushing at a
concentration of 0.1 g/l with pg = 1.43% and at a concentration of 0.5 g/l with a gelivity value of 2.
59%.

v The salts crystallization by water evaporation near the surface layer is often accompanied by
an increase in volume that generates internal stresses similar to those of frost — thaw test, colour
changes, dislocations, cracks, detachments and disintegrations of the material.

v The salt crystallization tests showed that, using the same salt concentration of 12%,
Na,SO4-10H,0 has a high aggressive behaviour in stones compared to NaCl, because it reduces the
cohesion of porous materials.

v The sample treated with Ag-CHAp showed the highest resistance to salt crystallization and
the sample with Sr-CHAp presented small cracks.

v The compressive strength was improved compared to control for all the model samples
treated with CHAp and Me-CHAp, regardless of the concentration of the consolidant solution, the
used CHAp type and the method of application.

v The efficiency of the consolidation treatment was influenced by the following factors: the
application method of the consolidating agent, the concentration of the solution, the amount of
product absorbed, the number of applications, the time interval between the first and last
application, the type of stone on which the treatment is applied, the environmental conditions
before, during and after treatment.

v A short history of the Corvins’ Castle and the Deserted Tower, Hunedoara was made during

the case study.
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v Following the results obtained on the artificial samples, 3 consolidants based on carbonated
hydroxyapatite (CHAp, Ag-CHAp and Sr-CHAp) were selected and applied by brushing on the
historical samples taken from the Deserted Tower, Corvins’ Castle.

v The samples from Corvins’ Castle - Deserted Tower (DT-control) and those treated with
different types of carbonated hydroxyapatite were investigated by the following techniques: FTIR,
colorimetric tests, water absorption test, sulphates content, thermogravimetric analysis, EDS
analysis elemental, WDXRF, SEM, surface roughness determination, carbonation test, and peeling
test.

v The consolidant based on carbonated hydroxyapatite used for treating the DT sample does
not significantly affect the colour parameters of the stone after treatment and presents a medium
risk of incompatibility.

v The materials based on Ag-CHAp and Sr-CHAp showed the best consolidation efficiency as
can be concluded from the studies performed on both artificial stones and historical samples taken
from the Deserted Tower, Corvins’ Castle, treated with CHAp and its metallic derivatives.

8.3. Research perspectives

> One of the research perspectives consists in the synthesis of carbonated hydroxyapatites
substituted with other metallic ions (for example Mg?®*)' their characterization, and application of

the consolidating agent on model samples, their investigation and study of consolidant efficiency.

> The second perspective consists in the synthesis and characterization of double substituted
hydroxyapatites (Sr-Zn-CHAp, Mg-Zn-CHAp, Mg-Sr-CHAp, Mg-Ba-CHAp), the treatment of
model samples with double substituted hydroxyapatites and the study the effectiveness as

consolidating agent on the model samples.
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