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ABSTRACT

We have studied the influence of residence time in a humid atmosphere on the synthesis of apatitic phosphate
calcium. The initial atomic ratio of calcium to phosphorus Ca/P is constant and equal to 1.00 + 0.01. The XRD
analysis has shown the formation of a poorly crystalline calcium phosphate with an apatitic structure. Beyond 48
hours only the hydroxyapatite phase was found. For cons, atreatment of amixture during the residencetimethat is
lessthan 48 hoursled to the formation of amixture of hydroxyapatite and calcium carbonate (calcite). Similarly, the
infrared absorption spectroscopy for short residence times ranging from 2h to 8h still shows the presence of bands
duetoions CO.* specific calcite that decrease by increasing theresidence time. Beyond aresidencetime of 48 hours
therewas atotal disappearance of these band and chemical analysisby the atomic showsthat theratio Ca/P remains

practically constant and equal to 1.60+ 0.01.

INTRODUCTION

The calcium orthophosphatesarethe minera part
inthehuman hard ti ssues (boneof teeth)¥. So, the syn-
thesis, the structureand thereactivity of thischemical
element havereceived of many basic studies. Also, these
phosphates are presented in form of the apatite.

The apatitesare afamily of compoundsisomor-
phous chemical formulaME10 (XO,).Y,whereMe
representsadivalent cation (Ca*, Sr, Ba?*, Pb?*...),
XO4 ananiontrivalent (PO,*,VO,*,AsO*..) andY
amonovaent anion (OH-, Br, Cl-,...).

Thelr structureis characterized by theexistence of
tunnelswherearelocated the Y-ions. The presence of
thesetunnelsprovidesaremarkablemobility totheions
they contain and allows easy substitutionswithin the
network!?.

Thesubgtitution of trivalent ions X O4* by divalent
ions such as CO3%, HPO4? isalso possible. There-
balancing of chargestakes placethanksto thecreation
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of gaps Hethenleadstoadeficient in thegpatite, poorly
crydalized, smilar tothosefoundinthecadfiedtissue
of bonesand teeth. The gpatitesthusobtained havethe
followingformuld®:
Ca,,,,0,(PO,) ¢, (HPO,),(OH) ., 0, 0=x<2

Various methods have been developed for the
synthesis of cal cium phosphates. Two main types of
reactionsof preparation aregenerdly used, thereactions
in agueous phase (wet) and solid phasereactions(in
dry).

Thewet process can bedividedinto hydrothermal
precipitation and hydrolysis of other calcium
phosphates.

Thehydrotherma method wasused for thefirst time
inthedevelopment of hydroxyapatitefrom naturd cadte
aragonitevariety!,

Currently the hydrothermal processisusedinthe
industrial synthes sof apatitic calcium phosphate. This
treatment isin most casesto betreated under steamin
aclosed chamber, areactant mixtureat atemperature
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between 100 °C and 500 °C and a pressure of water
vapor from 0.5 to 17 MPa. This treatment can take
place in the autoclave to handle according to two
methods:

- Themixing of thereactantsistotally immersedin
theagueousmedium sothat itisin contact withwater in
liquidform. Thisfirst processleadsto the preparation
of apatite by hydrothermal treatment at temperatures
between 160 °C and 200 °C in solution of a mixture of
CaCO, and CaHPO, 2H.0 in agueous basic (pH =
10).

- Themixing of the reactantsis deposited above
theliquid medium sothat itisin contact with water vepor
produced under theeffect of temperature. Thissynthesis
method was used to prepare the hydroxyapatite from
marine algae, wich are characterized by itshigh rate
(80%) of calcium carbonate CaCO3 and the presence
of aphosphate salt!®.

However, the physico-chemical properties of
calcium phosphatesmainly depend on their molar ratio
Ca/ P, whichinturnisdirectly related to the chosen
operating conditionsduring the synthesis.

Thus, weseemed interesting to study thesynthesis
of calcium phosphates by hydrothermal method using
powder mixtures of calcium salt and phosphate salt,
but in other experimentd conditionsin order to promote
theformation of aphosphate non-stoichiometriccacium
apatite. Thebehaviour of themixture of reagentswas
followed over timein an autoclave at atemperature
below 100 °C (80 °C) and in a saturated water vapor
(100% humidity)e,

MATERIALSAND METHODS

Thecalcium sat and phosphate sdt that weusedin
this study are the calcite (CaCO3, Prolabo) and the
sdt of di-ammonium hydrogen phosphate (NH,)H,PO,
(Prolabo). Aninitial mixture of powdered calciumto
phosphoruswich hasan atomicratio Ca/Pequa to 1.00
+0.01 was homogenized by grinding and then placed
inan autoclave under ahumid atmosphere.

Thedeviceusad to sudy thebehavior inhumid mix-
tures of saltsand cal cium phosphate (Figure-1) con-
sistsof areactor placedinachamber at 80 °C (100%
humidity). Thereactor containswater to saturatethe
atmosphere. 27.36 + 0.01 mg of the powder was
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spread in watch glassesin the reactor and stored for
timesranging from hoursto days.
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Figure 1: Experimental device

After fixing of theresidencetime, the sampleswere
removed from the chamber and dried for 1 hour at the
temperature of the study. This precaution wastaken to
prevent further devel opment of the product dueto the
presence of water adsorbed on the surface. Then the
sampleswerewashed on asintered glasstwicewith
distilled water and threetimeswith asolution of water-
ethanol (50/50 by volume) and dried in an ovenfor 4
hours. The productsrecovered from these conditions
werecalcined at 900 ° C in air for two hours. To moni-
tor changes over time, the samples recovered after
washing were characterized by X-ray diffraction usng
adiffractometer “XPERT-PRO” (Cobalt=1,54439 A).
Thecaryddliteszewasestimated fromthewidth of XRD
lines according to SHERRER formuld™. The charac-
terization by infrared absorption spectroscopy was per-
formed in the interval 400 cm* - 4000 cm?, with a
Bruker spectrometer. By IR analysis, gpproximately 1
mg of powder was carefully ground with 200 mg of
potassium bromide KBr powder in amortar agatat.
Transparent pelletswere obtained under apressure of
15 mbar.

Examinationshy eectron microscopy (SEM) of the
recovered powders after washing powders were per-
formed onamicroscopethat allowshigh-resol ution ob-
servation and, equipped with a complete X-ray mi-
croanalysis (EDX-EDAX detector), it can give the
chemica composition of the samplewith adetection
limitupto Bore.

The cal cium and phosphateionswere determined
on samplesrecovered after washing, by chemical andy-
gs.

Thecaciumwasassayed inreturn. Thecomplexing
agentisEDTA inthepresence of ammonia Theexcess
of EDTA usedisthen determined by asolution of ZnCl.,.

Thephosphateis present inthesolid form of group
studied HPO,*and PO,*. It was determined by colo-
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rimetry at 460 nm. The principle of thismethod isto
measure the optical density of the yellow complex
molybdovanadate phosphorusin acid medium.

Theionsof hydrogen-HPO,* were assayed after
treatment of samples at 600 ° C during 20 minutes.
During of thisheating HPO > ionscondenseto give py-
rophosphate P,O,*ionsaccording to:
2HPO,*P,0.*+H,0

Theorthophosphateionsfrom heated materid were
measured after acid hydrolysisat 100 ° C during 1
hour. The amount of phosphorusin theform of ion-
HPO,* was obtained by the difference between the
amounts of phosphorus determined before and after
hydrolysig8.

RESULTS

Thestudy of behavior under amoist atmosphere of
powder mixturesinitia withatomicratio Ca/ Pequd to
1.00+0.01 was monitored as a function of time rang-
ing from 2daysto 21days.

Analysisby infrared spectr oscopy

Theinfrared absorption spectraof mixturestreated
inahumid atmosphere asafunction of residencetime
at 80 °C are shown in Figure 2. These spectra show
well-defined bandsthat can be easily identified from
their wave numbers.

In short residencetimesranging from 2 hoursto 8
hours, there was awaysthe presence of bandsdueto
ions CO,* specific calcitelocated at 712 cm* at 1420
cm® and 1480 cm-49, Also, It appearsnext to those of
calcitebandslocated at 474 cm?, 571 cm?, 602 cm'?,
960 cm 1, 1046 cmt and 1088 cmt and 875 cm char-
acterigtics of groups 1 PO,* and HPO,* inanon sto-
ichiometric apatite'?. Thetotal disappearance of the
bands of calciteisobserved for aresidencetimeof 48
hours. Beyond thistime, theinfrared absorption spec-
traaresimilar to those of calcium phosphate apatite
deficient caciumions.

Indeed, the spectrareved also that the decreasein
residence time decreased the intensity of the bands
HPO,*ionsand agradual increase of bands character-
istic of OH-ionslocated at 3560 cnr* and 630 cn2.

These observations show that, depending onresi-
dencetime, an evolution of theinitial powder mixtures
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inahumid atmosphere, to amore steochiometric apa-
tite

Moreover, theinfrared absorption spectrum of the
treated sampleinahumid atmospherefor 21 days, then
calcined at 900 °C (Figure 2 (e)) shows the presence
of bands, respectively, characteristics of groupsPO,*
and OH-in hydroxyapatite cd ¢ um phosphate, and those
located at 985 cm* featuresion PO, trical cium phos-
phate 119,
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Figure?2: Infrared absor ption spectra of samplestreatedina
humid atmosphereasafunction of resdencetime: (a) 2hours,
(b) 8hours, (c) 48 hours, (d) 21 days, (€) and 21 daysat 900 °C

Analysisby X-ray diffraction

The X-ray diagrams of samplesrecovered after
treatment in the conditions described above, theatomic
ratio of calciumto phosphorus Ca/P equd totheinitia
1.00+0.01 are shown in Figure 3.

Analysisby X-ray diffraction|leadstothe samere-
sultsasprevioudy revea ed by infrared spectroscopy.
After 2 hours, onedetectsamixture of calciteand apa-
titeinapoorly crystalized*-13, Calcitewasidentified
by the presence of particular diffractionlineatitsd, , =
3.035A.

Whentheresidencetimeincreases, theagpdtitic phase
becomesdominant ; the crystallization of the apétiteis
getting better and the stripes (002), (211), (112) and
(300) aemorerefined®?. Thecrysdliteszewascacu-
lated from thewidth at half height of theline (002) of
gpatiteisreported in TABLE 1. Itisfound that thecrys-
talitesizeincreasesfrom 626.24 A to 852.88 A after
21days

Moreover, the X -ray diagram of the product hav-
ing stayed 21 then calcined at 900 ° C shows the lines
corresponding to two phases: the cal cium phosphate
hydroxyapatite? and phosphatetricalcique-p (214),
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TABLE 1: Crygtallitesizeasafunction of residencetime.

Time 2 hours 8 hours 48 hours 21 Days
Crystallitesizesin A 626,24 633,46 816,44 852,88

s calcite
w apatite
- TCP

I5 2‘0 2‘5 3‘0 3‘5 4‘0 4‘5 5‘0
Figure3: Diagram of X-ray diffraction of samplespr ocessed
inahumid atmosphereasafunction of resdencetime: (a) 2h,
(b) 8hours, (c) 48 hours, (d) 21 daysand (e) 21 daysto 900 °C

Scanning electr on micr oscopy

Figure4: Snapshotsobtained by scanning electron micros-
copy of themixtureof initial atomicratio Ca/P =1.00+ 0.01
after treatment for 21 daysat 80°C.

The photographs obtai ned by scanning e ectron mi-
croscopy haverevea ed the presence of aphase con-
sisting of acluster of needles.

Sudy by chemical analysis

To determinethechemica compaosition of products
obtained, thelevelsof calciumionsand ortho-phosphate
weredetermined on samplesrecovered after different
residencetimesand after their washing (TABLE 2).

We notethat the Ca/Pratio of initial mixturesin-
creasesby length of stay fromthevaueof 1.00+0.01
to 1.71 + 0.01 after 8 hours. As was revealed by IR
and XRD, thisincreaseismainly dueto thesimulta-
neous presence of two phases calcite and non
steochiometric apatite. Moreover, beyond 48 hours,
the CalPratio remainspracticdly constant and equd to
1.60+0.01 after 21days.

Theobservationsmade by different analytica tech-
niques haveallowed usto distingui sh theformation of
an gpatite. The X-ray diffraction and infrared absorp-
tion spectroscopy indicate that these phosphates have
aapatitic structure. On the other hand, the latter tech-
nique revealsthe presence of PO,*ionsand OH"ions,
and theexistence of ion-HPO,* bel onging to the apa-
titephase.

Inaddition, chemica andyssof e ementsshow that
beyond 48 hours, the apatitic calcium phosphates
formed are made only of Ce?*, PO,*, HPO,* and OH-
. The chemical formulas of apatite obtained were es-
tablished from the chemica analysisand arereported
iINTABLE 3.

TABLE 3: The chemical formula of apatites synthesized in a
humid atmospher eat different residence times.

Chemical formula
Cag 47 (PO4)s547 (HPO4)o53 (OH) 1,47
Cag 50 (PO4)s,50 (HPO4)041 (OH) 1,50
Cags1 (PO4)s61 (HPO4)o39 (OH) 1,61
Cag 66 (PO4)s,66 (HPO4)o,34 (OH)1 66

Time
48 hours
3 days
7 days
21 days

INTERPRETATIONSAND DISCUSSION

We haveprepared theinitia powder mixtures be-
tween the saltsof calcium carbonate CaCO, and am-
monium dihydrogen phosphate [(NH,) H2PO,] that
have an atomicratio Ca/P constant and equal to 1.00+

TABLE 2: Changesin atomicratiosof thesamplesbeforeand after reaction.

Time 0 hours 2hours 4 hours 8 hours 24 hours 48 3days 7days 21
hours days
CalP 1,00 2,42 1,72 1,71 1.58 1.58 1.59 1.60 1.60
0 2-
A)HE)O“ / 6,05 10,49 13,20 9,32 8,80 6,70 6,37 5,63
t
IR (N(|:_|a§:|_(|) 3':0 ApatitetCaCO; Apatite+tCaCO; ApatitetCaCO; Apatite+tCaCO; Apatite Apatite Apatite Apatite
4)F12F Uy
DRX (Nclz—|a§:|—(|) 3':0 ApatitetCaCO; Apatite+tCaCO; ApatitetCaCO; Apatite+tCaCO; Apatite Apatite Apatite Apatite
4)M2F Uy
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0.01. Thebehavior inahumid atmospherewas studied
to clarify theinfluence of residencetimeon the prod-
ucts obtai ned.

Thestudy by X-ray diffraction andinfrared absorp-
tion spectroscopy at different residencetimes exceed-
ing 48 hours has given asameresult. It show thefor-
mation of apoorly crystalline calcium phosphateand a
gpatitedtructure. The spectraof samplesrecovered have
revea ed the presence of bands characteristic groups
PO,* and HPO,* in anon-stoi chiometric apatite!™*4.
Theseresultsreflect that in atmosphere saturated with
water vapor, an evolution of theinitial mixturestothe
deficient apatite of calciumions. Inaddition, the state
of crystalizationimproveswhenthetreatment timein-
creases. Also, it should be noted that the presence of
calciteinthe samplestreated for residencetimesless
than 48 shows that the reaction between CaCO, and
(NH,) H_PO, inahumid atmosphere depends prima-
rily ontheresidencetime.

By chemical analysis, the concentrations of Ca*,
PO,*>and HPO,* were determined and the atomicra-
tio Ca/lPwascdculated. Thestudy of changesinaomic
ratios showed usthat the atomicratio Ca/P phosphate
remai nsconstant without Sgnificant change, despitethe
increased length of stay.

Inaddition, thevariation ratesof HPO,> ionsshows
aprogressively decrease when the processing time of
theinitia mixtureinahumid amosphereincreases.

Thisvariation in therate of ion HPO,> is cer-
tainly dueto the balance that to be established be-
tween the reagents. Indeed, in infrared absorption
spectroscopy, therewas an increase the intensity of
the bands associated with OH- ions. Thus, as has
been repeatedly shown!*, it ispossibleto admit that
the OH- ions observed from the hydrolysis
intercrystalline phosphate ionsin the formation of
apatite cameasresult of :

H,PO, +H,0 &HPO,> +H 0"
HPO,* +H,0 ¢ PO +H_ 0"
PO, +H,0¢>HPO 2+ OH-

Similarly thechemicd andysisreved sasignificant
lossof ionsCO* and NH,* of theinitial mixture. This
loss of ions accompanied by the disappearance of
H_PO, ions, is performed, most likely, according to
thefollowing reactions:

CO/+H,PO, > CO,T +HPO 2 +O0OH

—= Fyll Paper
CO.2+HPO, > CO,T+PO+H,0
2NH, +CO2>CO,T+2NH,T+H,0

Inthese conditions, it appearsthat the synthesis of
cal cium phosphate gpatitic structureisdueto hydroly-
sisof thespeciesfoundintheinitia mixture. Thisreac-
tionisprobably favored by the saturated water vapor
andapriori thismedium of exchangecannot bethefilm
that formed on the surface of powdersof the sdlts.

In addition, changesin ca cium phosphates occurs
inmost casesin solution or by amechanism of dissolu-
tion- repreci pitation® 1°16.17 or by atopotactic mecha
ni gn[17-19] .

Conceivably, in our experimenta conditionss, the
important role of adsorbed water filmontheinitial de-
compoasition of mixturesof satsinahumid atmosphere
in apatite. Therefore the reaction mechanism can be
envisaged in two stages: dissolution of someionsof the
initid mixtureto thesurface by theadsorbed water film.
Oncethe saturation conditionisachieved, there may
beanucleation (or germination). Thisstepinthecrys-
tallization processisnecessary to theformation of germs
of sufficient szedlowing subsequent growth. Thenucle-
ation process can occur either homogeneoudy or het-
erogeneoudly inthe presence of foreign particlesthat
act asnucleation sites??2, In our case, themodel of
homogeneous nucl eation was chosen for the single-
phase samplesarerecovered and noforeign phasewas
detected.

CONCLUSION

The method of hydrothermal synthesisasafunc-
tion of residencetimesthat we presented in thiswork
led usto the preparation of acalcium phosphate apetite
that isdeficient in calciumionand hasan acomicratio
equal t0 1.60+ 0, 01 similar to that of the mineral part
of calcified tissues?.

Theresult has showsthat the characterization of
the product treated during 21 daysand then calcined at
900°C, XRD and IR in a humid atmosphere shows an
evolution of initid satsto abiphasic apatiteconsisting
of calcium phosphate hydroxyapatite and tricalcium
phosphate 3.

Also, by chemical analysis, beyond 48 hours, the
CalPratioremanspracticaly constant and equa to 1.60
+ 0.01.
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