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Abstract:

Lately Hydroxyapatite has gained a lot of reseantérest and intense focus due to its
structural as well as compositional similarity b@ tomponents of human bone mineral.
The conversion of calcium-rich precursors to hygapatite could lead to the

development of a new sustainable alternative wialaable environmental and socio-
economically impact. Still, current approachesetatots of challenges in terms of
synthesis parameters compatible to a reproduciblger for calcium phosphates

(hydroxyapatite included) synthesis. The optimmatiof Rathje synthesis route and
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characterization of biogenic derived calcium phadged from dolomitic marble and
Mytilus galloprovincialis seashells, constitutes the main goals of this ystdde
synthesized materials were characterized using FSEM coupled with EDS, and X-
ray diffraction at all synthesis stages. Precurs@®e also subjected to thermal analysis
and differential scanning calorimetry for thermednisformations investigations and
dissociation temperature setting. This study suggdst acid quantity and magnetic
stirring are the key-factors for Ca/P molar ratdjuatment, hence for the amount of
naturally-derived hydroxyapatite. This researcto alsntributes to the development of
new strategies for further optimization of the cersion procedure and removal of
residual components.

Keywords. Dolomitic marble andMytilus galloprovincialis seashell; hydroxyapatite
chemical precipitation; Ca/P molar ratio; hydroxgtte phase-proportion; bi-phasic
calcium phosphate

1. INTRODUCTION

Very recently different kinds of functional and &isable materials are being explored
for their usage in a number of applications randirmgm biomedical, automotive to
aerospace[l] [2,3] [4-6]. Especially in the figilbiomedical, the ongoing tendencies
in the clinico-surgical field are directed towaritie development and promotion of a
rising generation of ceramic biomaterials solelylidated for bone restoration. These
materials could constitute a hasty and completatisol for size-varied bone defects,
especially for the extensive ones. Current repayatechniques include allografts,
autografts, metallic, ceramic and synthetic polymmaterials, each one of them facing
specific drawbacks [7] [8] [9-12]. In terms of dalm phosphates (CaPs) (Ca/P = 0.5-
2.0), the most suitable one is stoichiometric hyglapatite (HA) (Ca/P =1.67), similar
to natural apatite through its excellent biocomiphbity, compressive strength and
bioactivity. A more socio-economically engagingeatiative targets the synthesis of
new biomimetic substituents derived from widesprbamjenic resources (e.g. mussel
shell wastes from food industry) that are highlpadale of bone-cavity breeding [13].
The possibility of an environmentally-friendly ewghtion of marine resources to
biological CaPs has emerged with the developmeatawralline derived-HA synthesis
method in 1974[14] [15]. For the high demand of d@ubstitute materials, current



replacements are being made by investigating anatteral wastes: marine skeletons,
different types of seashells, eggshells or seaingchs precursors for biogenic HA
synthesis[16] [17] [13]. Each of the mentioned mats is a polymorphic form of
calcium carbonate (CaGJ Chemical conversion of CaG@ CaPs can be carried out
by: hydrothermal, mecano-chemical, sol-gel or giaiion techniques, based on two
possibilities: (i) direct treatment of CaCOwith phosphor-based reagents (e.g.
phosphoric acid, HPQO,), but the reaction involves temperatures of 150220and
setting times up to 6h qfii) indirect route by thermal dissociation of Cafiéto
calcium oxide (CaO) and its further treatment withosphoric acid. Most of the
reported indirect routes based on natural resouacesardly reproducible because of
the incomplete synthesis parameters. Optimum desoe temperature of CaG®as
not been exactly determined and in literature heenkreported to be in the range of
600-1200°C[18][19]. The maximum/optimum reagent rgiles used for the HA
synthesis have also not been fully disclosed. Mageagiven the widespread of CagO
sources, their environment can also influence thigai chemical composition and
therefore the synthesized CaPs’ phase proportittho#gh the indirect route was
developed by Rathje in 1939 for pure reagents [20%, study proposes a convenient
adaptation for dolomitic marble arMytilus galloprovincialis seashells conversion to
CaPs. Marble processing stands as a new alterrfatitiee extension of natural CagO

— based materials range used for CaPs synthesis.

In order to achieve reproducible results, in thisrky we have reported an
exhaustive analysis and characterization for etagh &f the synthesigi) raw materials
(marble and seashellfii) CaO intermediate powders afidéi) end products resulted
after PO, reaction. This characterization has been aimedhi®HA's stoichiometry
control, particles’ shape and dimension variatipawders™ specific agglomeration
prevention and removal of potentially cytotoxic quunds. Since morphological and
structural characteristics of intermediate andlfpr@aducts (i.e. HA phase proportion)
are dependent on the synthesis parameters, thearobsdetermines the influence of
three major factors(a) cooling parameters(b) HsPO, quantity and(c) magnetic

stirring.



2. MATERIALSAND METHODS

2.1 Samples preparation

Ceramic materials were procured from two types afural precursors: white
autochthonous dolomitic marble (§dhita, Romania) andviytilus galloprovincialis
mussel shells (Marea NedagRomania). Marble slabs were cut into dimensidnksox
20 cm and the seashells were washed and scrubbeshrid particles removal. CaO
powder was obtained as a result of precursorsinedion Eqg. 1) in an electric oven at
1300°C, for 6 h, followed by air coolingriQ. 1). Subsequently, the samples were stored
in sterile Petri dishes and exposed to atmosplaérior 6 months. CaO transformation
to HA was conducted according to Rathje methBd. 2& 3), optimized as shown in
Fig. 2: (a) H3PO, quantity was initially calculated based on chengtaichiometry and
gradually increased to 50%f) magnetic stirring was conducted at 25°C for 2h @hd
HsPO, was drop-wise added at a rate of 1 mil/min. Accaydio stoichiometric
calculations, for 2g of CaO, 200 ml of distilled temand 1.33 ml of PO, (95%
solution, Sigma-Aldrich) was added. Samples webeled based on 42O, quantity
(e.g. 1 = stoichiometric quantity — 100%, 1.5 = %b8 calculated kPO, quantity) and
the precursor used (M — marble, S — seashell). a4 was stoichiometrically
prepared but in the absence of magnetic stirfiraple 1). Subsequently, the obtained
solutions were filtered and dried in a two-stepcess:(i) for 24h at room temperature
(RT) and(ii) in electric oven with air atmosphere, at 120°C,Zd% h and then slowly
cooled in the oven for 2h down to 40°€id. 2 & 3). Samples were stored in Petri

dishes and immediately sealed in the desiccatdr silica gel.

2.2 Physico-chemical techniques for phased precursor and product characterization
Morpho-compositional characteristics were deterghinesing scanning electron
microscopy (SEM) (Philips XI 30 ESEM TMP) that isupled with energy-dispersive
spectroscopy (EDS) (EDAX Sapphire spectrometer)SEDalysis was performed in
five different areas. Thermal transformations olv renaterials were investigated by
simultaneous differential scanning calorimetry (DS@ermal gravimetric analysis
(TGA) on a TA instrument (SDT Q600) in a temperatsange of 25 — 1500°C at a
10°C/min heating rate. The device chamber was puvgéh 20ml/min Ar flow rate.
The pH values were recorded, after the completibrsymthesis, with a pH-meter
(Hanna Instruments — HI 254).



Crystallographic structure was evaluated by X-rdfyattion (XRD) with a Panalytical
diffractometer, equipped with Cu,K\ = 1.5418 A) radiation, at an accelerating voltage
of 30kV and intensity of 25 mA. The scattered isignwas scanned in thé 2ange of
15-70°, with a step size of 0.02° and dwell time 4. The presence and the
arrangement of functional groups were analyzeddayier Transform Infrared (FT-IR)
spectroscopy, with a Bruker Tensor 27 (ATR diamandex) spectrometer. The spectra
were recorded in the 400-4000 ¢nange, at a resolution of 4 ¢nand an average of 32

consecutive scans/ sample.

3. RESULTS AND DISCUSSION

The dissociation reaction of calcium carbonatelde®n reported as follows (Eq. 1) [21]
[22] :

CaCO, — Ca0 + CO, (Eq.1)

The setting reaction between Ca (OHgnd HPO, develops exothermically with the
controlled release of phosphate anions in the waterthree stages (reactants
dissolution, new phase nucleation and the cryztlbn of the reaction products).
Mixing these two solutions can lead to the preatpi of different calcium phosphates
phases, depending on the reagent quantity and khefpghe resulting solution (Eq.

2&3)[18] . A gradual gelation of the aqueous salntihas been observed until the
mixing is performed with difficulty. This point cagsponds to the gel crystallization
stage around unreacted CaO particles[19] [20]

CaO + HO — Ca (OH), (Eq.2)

10Ca (OH), + 6HsPO, — Cayo (PQy)s(OH) » +18H,0 (Eq.3)

Gradual increment in the 3RO, quantity results in the precipitation of more acidi
compounds apart from HA. The most known one is lotes(DCPD) formed as a
primary or secondary product after precipitatioonir calcium and phosphor-based
solutions with moderate or neutral acidity. DCPRasisidered a HA precursor and can
remain stable, re-precipitate or dissolve duringtisgsis. The anhydrous form of
brushite — monetite (DCPA) — can precipitate inhleig acidic conditions (low pH
values) from the synthesis outset [23]or is forrasa result of further processing stages



[24]. In the human body, only DCPD has been foumthe non-collagen organic matter
and is considered the "reservoir" of phosphatediwal ions that are prerequisite for

subsequent mineralization[25].

3.1 Biogenic resources characterization

Fig. 3 shows the comparative morpho-structural charatiesi of raw precursors. The
morphological analysis highlight€d a layered and compact structure in both cases and
(i) the particular arrangement of calcite and aragolaitnellae oriented perpendicular
inside the mussel shells[26]. From the compositiopaint of view, the major
characteristic components (Ca, C and O) and atsmdrof Mg in the case of marble
were identified. Materials may contain, additiogathriable quantities of Na and/or Si
given their environment, but here these were urderdetection limit of the EDS
device. The XRD patterns of raw materials are coatpeely presented irFig. 3A.
They indicated the pure CaG@hase by peaks with the maximum intensity at=2
~29.5°, 47-48° (marble — calcite, ICDD: 01-086-2B88Ad ~27°, 32.5°, 43° (seashells —
aragonite, ICDD: 00-005-0453). For marble, chamstie CaMg(CQ). (ICDD: 00-
036-0426) peaks were also identified at 37° an8°42his confirms the presence of Mg
on EDS analysis[27] . The comparative FT-IR speat@ shown irFig. 3B. The IR
absorption data also complement the XRD resultg. ditaracteristic vibrational bands
of CaCQ were identified atv, andvs; asymmetric bending (~870 ¢hand ~1460 ci
respectively),v4 symmetric bending (~700 ¢th andv, symmetric stretching (~2360
cm™* and 2900 crit) modes of the C§ molecule. Further, the vibrational mode of
environmentally-derived water molecules could bensat ~3600 cih The results of
thermal analysis TGA/DSC are presentedFig. 4. Since the variable content of
additional elements (e.g. Na, Si) could influenice tissociation temperature, thermal
analysis was performed between 25 - 1400°C for raptete decomposition of both
precursors. Correlative to morpho-compositionalppréies Fig.3), results highlighted
the characteristic thermal phenomena of phased noeasition (irreversible
transformations): 1) dolomite—calcite~calcium oxide (marble) and 2)
aragonite»calcite—~calcium oxide (seashells). At around 75°C, on tt&CDcurve of
marble sample, a characteristic peak for the enmentally-absorbed water



evaporation was identified. Dolomite decompositiora more thermally stable phase
(calcite) was an endothermic process (HF~ -1.25)Wilgch took place at T=307°C,
with a weight loss of 1.91%. Similar decompositiof seashells (endothermic
conversion of aragonite to calcite) happened at0V=3 (HF~ - 0.75 WI/g), with a
weight loss of 2.17%. Dissociation reactions prdeee up to 838°C and 899°C
respectively. For seashells, the characteristics&an (bell-shaped) peak indicated a
fine crystalline structure; contrary, to marble g&n The characteristic split peak
suggested the presence of larger crystals in theriais structure. These reactions were
accompanied by a major thermal event:,@3s reached a 42% of the sample mass.
The remaining CaO mass was preserved up to a tatoperof 1400°C. Hence, the
established dissociation temperature was lower thanone of pure CaGQOninerals
(963°C).

3.2 Intermediary calcium oxide powder characterization

Results of SEM-EDS analysis conducted before amer afalcination process-iQ.

1& 5) showed the changes induced by the heat treaimémé microstructure of marble
and seashells. Marble’s morphology started withteactracking of the initial
microstructure Eig. 1), while maintaining a high compactness degfdg. (5, marble
derived CaO). In contrary, the seashells decomposition led the particles
interconnection in form of pores, through fragméontaand aeration of the component
layers Fig. 5, seashell derived CaO). Mechanical tension caused by induced hydration
in atmospheric air for 6 months led to an architexthat was composed of independent
grains in both cases[28]. The fine particles clabpethe form of crystals with variable,
quasi-regular geometries and sizes in the rangeé-1 um (Fig. 5, marble/seashell
derived Ca (OH)). From the compositional standpoint, EDS analgsisionstrated the
presence of the characteristic elements for suntpoand type (Ca, O), for both natural
precursors. The XRD patterns of marble and seastsived CaO powders are
comparatively shown ifrig. 5A. In both cases, a single-phase structure compoked
CaO (ICDD: 01-070-5490) was revealed. This suggastsomplete dissociation of
calcium carbonate at 1300°C. Atmospheric air exposor 6 months led to partially
hydration and therefore to a bi-phasic composiutth the main phase consisting of Ca
(OH) ., (ICDD: 01-084-1271). FT-IR analysis confirmedstiitansformation CaSCa



(OH) » (Fig. 5B): characteristic CaO bands in the 1450-1700" aegion presented
modified shape and intensity[28].

3.3 Physico-chemical characterization of synthesized CaPs

Post synthesis, six powdery samples were obtaified §). The liquid seashell-derived
sample (2-S), resulted after doubling the amountH¢?Q, has been excluded from

subsequent analyzes.

331 SEM/EDSanalysis

The microstructure evolution of dried samples igspnted inFig. 7. A refined
granulation can be easily observed for sampleshsegized in the presence of magnetic
stirring (se€eT able 1) by transition of conglomerate grains with sizesér than 100pum
(sample 0-M) to defined, needle-like ones with siaeound 5@m (samples 1-M and 1-
S). Moreover, in the absence of magnetic stirringstallization, clusters were formed
which led to incomplete conversion of Ca (OiHpas evidenced from XRD analysis in
Fig. 8. At 1.5 x stoichiometric acid quantity, sample®-M and 1.5-S displayed
predominantly lamellar platelets and a small nundfenterposed needle-like particles
with dimensions of less than %0n. For the seashell-derived samples, a proclity t
rounded platelets with a non-uniform size distrimitcould be observed. Further acid
guantity increasing (sample 2-M) led to the conwer®f lamellar platelets into grains
with quasi-rounded complex shapes and varied diloess(decreased by 75%
compared to the previous ones). Agglomeration adlsneedle-like arrangements has
defined a compact structure, with low porosity. Toenparative EDS spectr&ig. 7)
highlighted the characteristic elements for CaPs, (€ and O). The Ca/P molar ratios
values — calculated based on these results — vaewaeen 0.91 - 1.53 and suggest an
incomplete conversion of CaO powder into biogen&. IAs the acid quantity/sample
increases, the Ca/P ratio and pH decrease and Hemdémal products consists also of
acidic calcium phosphates. It should also be ntitatithe calculated Ca/P ratios can be
influenced and slightly shifted by the instrumenpsssible errors. They were
maintained in the normal limits (below 0.1%) thrbogt analyzes[29] . In order to
identify the obtained compounds, the calculated®Gatios were correlated with XRD

results.



3.3.2 Sructural investigations

The XRD patterns of dried samples have been cortipalsa displayed inFig. 8A.
Among all stoichiometric synthesized samples, ahlg 1-M one (marble derived)
showed a structure with 100% HA (ICDD: 01-089-6438)the absence of magnetic
stirring, sample 0-M evolved to a bi-phasic composiwith HA (93%) coexisting with
unreacted Ca(OH)ICDD: 01-070-6449). In the case of all the otekamples prepared
under non-stoichiometric conditions, results regdal bi-phasic composition consisting
of DCPA (ICDD: 01-071-1759) and a secondary HA ghdse pH dropKig. 7), from
pH=7.2 (sample 1-M) to slightly acidic values (6.8) recorded after increasing the
amount of HPO, favored the precipitation of DCPD and DCPA pha3ése HA phase
proportion progressively decreased in favor of DCG&Afollows: 1.5-M — 34%, 2-M —
21%, 1-S — 25%, 1.5-S — 18% HA. The modificatioechanism of phasic compaosition
could occuri) indirectly — by initially forming the DCPD phasehwh after drying
treatment is fully converted to DCPA ap directly — the precipitation of DCPA is
supported by the initial solution’s high acidity[3G-or marble-derived samples, the
DCPA formation may be linked to the inhibitory effeof Mg on HA growth which
develops through the randomly interactions of(EB&)s clusters (Posners clusters”)
with the agueous medium[31]. The DCPA proportiotaoted by precursors conversion
was in good agreement with its theoretical Ca/lkboréit.0) [59, 60], except for the
sample 1-M wherein the ratio (Ca/P= 1.53) corredgoto a non-stoichiometric HA.
The absence af-/B-TCP phases (generally present@t9-21°) is a good indicator for
the chosen drying temperature (120°C). The FT-IBcsp have been comparatively
presented irrig. 8B for all synthesized samples. In all aspects, tesuk in agreement
to those acquired by XRD. The HA characteristicdzawere identifiedy, symmetric
bending (~560 cif), vi symmetric stretching (~990 ¢thandvs asymmetric stretching
(~1050-1150 cm) modes of orthophosphate functional groups, theational mode of
hydroxyl groups (~725 ciy 3400-3550 ci))[32] and the corresponding HFO
bands positioned at ~900 ¢nand 1400 cil. The intensity amplification of the latter
ones is directly correlated with the DCPA incregsproportion identified by XRD
analysis. The DCPA presence in the materials streds desirable due to its superior
biological properties: DCPA scaffolds registerdugher resorption degree compared to

apatite based cements and osteoconductive prapeaiieve DCPD based ones[30].



Bands positioned at about 2000-2300'care characteristic fovs bending mode of
carbonate molecule and those from the 2900-340bregion for the absorbed water.

4 CONCLUSIONS

The optimized Rathje method proposed in this stadifitated the calcium phosphates
synthesis from dolomitic marble amdiytilus galloprovincialis mussel shell precursors
The calcination temperature together with pH agB® amount are the key parameters
governing the performance of the adapted synthesite for materials derived from
natural resources. A complete dissociation was iples$or both calcium carbonate-
based precursors at 1300°C. The synthesis paraniteored a 100% HA phase
proportion only in stoichiometric conditions withagnetic stirring and using marble
derived powder with a refined microstructure. lasiag the HPO, amount led to the
precipitation of bi-phasic HA/DCPA compounds in batases. Overall, these results
confirm the possibility of extending the naturaggursors range for HA preparation and
also bring forward an alternative synthesis for BCPased cements. Used raw
materials constitute a sustainable and cost-efficeurce for the highly performing
bio-ceramics fabrication, destined for medical agtions. Additional investigations
are required to thoroughly establish the optimum/B@PA ratio for a proper
performance of the bi-phasic CaPs that will be regabin near future.
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Highlights

» Physico-chemical processing of calcium-rich resesircan be achieved by
Rathje method adaptation

* Dolomitic marble and mussel seashells stand asewa grco-sustainable
alternative for biological calcium phosphate-baseshents manufacturing

» Magnetic stirring presence along with the reagemdant and pH control proved

imperative for the final synthesized HA phase prépa
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Table 1. HA synthesis parameters according to adapted Rathje method
1-M 1.5-M 2-M 1-S 15S 2S

Sample 0-M
Ca(OH); [d] 2 2 2 2 2 2 2
g H3PO4[ml] 1.33 1.33 2 2.66 1.33 2 2.66
% Magnetic
8 v v v v v v

stirring [2h]
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Fig.l: Parameters for conversion process of natural Gdéz@ed — materials to CaO, prior to Rathje
method implementation



CaO conversion stages to HA
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Fig.2: Stages and working parameters for CaO convergiobidgenic HA through modified Rathje
method
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Fig.6: Visual aspect of synthesized HA samples throughlifieal Rathje method; photographs were
taken after the final drying treatment
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