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Abstract

In this work, phosphorous recovery as hydroxyapatite(R&a)sOH(s)=Hap) from alkaline
phosphate concentrates (0.25 to 1 §@-/L) using calcium chloride (6 g /L) in a batch
reactor was evaluated. Ca(ll) solutions was continuously fed (0.1-0.3 mL/min) up to reaching
a Ca/P ratio of ~1.67 (5/3) to promote Hap formation. Hap powders were characterized by
structural form (using X-ray diffraction (XRD), laser light scattering (LS) and Fourier
transform infrared spectroscopy (FTIR)); textural form (using Field Emission Scanning
Electron Microscopy with Energy Dispersive System (FE-SEM/EDS) and Brunauer-Emmett-
Teller (BET)) and thermally (using Thermogravimetric Analysis (TGA)/Differential Thermal
Analysis (DTA)). When pH was kept constant in alkaline values (from 8 to 11.5), Hap
precipitation efficiency was improved. At pH 11.5, higher phosphorous precipitation rate was

registered compared to that obtained for pH 8 and 10, but lower degree of crystallinity was
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observed in the Hap powders. The increase of the total pitt@@sphate concentration lead to
the formation of Hap powders with higher degree of crysitlliand crystal diameter, but
also lower mean particle size. As Ca(ll) dosing rateeimeed Hap precipitation rate was

higher, and alsthe mean size and degree of crystallinity of the prepaaetities increased.

Keywords: P(V) recovery; Hap precipitation; batch reactoystatlization; CaG. solid

characterization.
1. Introduction

Phosphorus management has been recently highlighted by the UnitedsNatvironment
Program as one of the main emerging problems to be fadb@ next decades. The use of
phosphorous needs to become more efficient and its recycling widespread, since the
demand for phosphorus is increasing and the available phosphorous reswersearce. For
instance, the excessive phosphorus content in wastewaters beaathoved for controlling
eutrophication and maintaining a sustainable environment forefugenerations. Several
physical, biological and chemical processes include adsorptionexohange, chemical
precipitation/coagulation, crystallization and membrane fiitind reverse osmosis for the
removal and / or recovery of dissolved phosphates(P(V)) in watéwastewaters have been

investigatedl,2,3].

Different research efforts during the last decade, hastegrthat phosphorus recovery at low
levels (e.g. 2-10 mg/L), from domestic and urban waste w&emnot economically feasible,
using conventional removal processes (coagulation, chemicapipagon, adsorption, ion-
exchange) 2,4,5]. However, the introduction of new processes using P-sadestivbents
(e.g. metal oxides sorbents or metal oxide impregnated ion ryelrasins) will provide
concentrated effluents of phosphate (e.g. from 0.1 to 2 g.24PQypically at alkaline pH

values (9 to 12) due to the requirements of the regenerationusiep 2 to 5% NaOH
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solutions [6]. The alkaline P(V)-brines are suitable candidates to rectihe phosphate
content as (calcium, magnesium, ammonium)—phosphate by-products agiilg K2g(ll),
NH;" brines generated in many industrial effluents, especiallyrocesses using membrane

desalination technologies or using low-cost raw materials3].

In alkaline solutions, calcium phosphates (Ca-P) are highlylestminerals[9] however
involve the crystallization of many metastable precursor pha&esorphous calcium
phosphate (ACP, Ca/P(1.5), {ROy)..nH,0), dicalcium phosphate dihydrate (DCPD,
Ca/P(1), CaHP©2H,O, brushite), B-whitlockite @-TCP, Ca/P(1.5),p-Ca(POy),) and
octacalcium phosphate (OCP, Ca/P(1.33}3Hz@0,)s.5H,0). All of them are frequently
precipitated at low pH values. Hydroxyapatite (Hap) (Ca/Pj1.6%(PO,);OH) is the less
soluble phase, preferentially formed in neutral to basic solutigh$1]. Hap, is a compound
with a variable composition existing over Ca/P molar ratiosifl.67 for stoichiometric up to
~1.5 for fully calcium-deficient Hapl2], and sometimes even outside this rarigg. Direct
precipitation of Hap has only been observed for low reactant®otratons, that is, slightly
supersaturated or under saturated agueous solutions with respemiecursor phase4,15].
Thermodynamically, Hap is postulated to control the*P€@ncentration in many natural and
industrial aqueous streams; however, the remaining P(V) coatient appear to be

controlled for lengthy periods by meta-stable ph&ses

Hap synthesis by a precipitation route stands out because ohjiic#lly, low cost, and easy
application in industrial productiori6,17], although other methods are also usedte@nt
procedures and starting salts have been used as source of ph@pvigtand Ca(ll) ions.
Boskey and Posnét5], Lagno et al[10], and more recently Du et &i.8] formed Hap by
adding a CaGlsolution of (pH 7.4-7.6) to a solution of MO, (pH 10-11), or vice versa at

25°C for a Ca/P ratio varied between 1.0 and 1.67.
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Koutsoukos et all19] also studied the precipitation of Hap at 37°C. Recently,r€astal.
[17] prepared Hap in a batch reactor by neutralization betaesaturated Ca(OR3¥olution
with orthophosphoric acid solution, using several mixing Ca/P mdiasrénamely, 1, 1.33

and 1.67) at 37°C and a agitation speed of 270 rpm.

Continuous Stirred-Tank Reactor (CSTR), Plug Flow Reactor YBR& Batch Reactors (BR)
have been set up to study phosphate crystallization. Somectemsashave demonstrated that
BR have the advantage of providing extreme flexibility of openaand at the same time
being physically simple, since all the treatment operations. flow equalization,
precipitation reactions and solids settling) take place insore tank. Castro et ak0] also
studied the continuous flow precipitation of Hap performednmeao oscillatory flow reactor

at laboratory and pilot-scale at 37°C, at a molar rati® ©a/l.33.

Phosphorous recovery is a topic of great concern nowadays and étamtation has been
reported as a suitable process to recover phosphate inthi&Rthe integration of different
technologies (sorption/ion exchange-precipitation) in a wastervieeatment scheme can
provide an alternative solution for phosphorous recovery. In viewadf e main objective
of this work was to assess the recovery of phosphate P(V) dikatine brines by using
Ca(ll) solution to precipitate Hap under different experimentnditions in a BR. The
alkaline brines were obtained from a P(V) concentration prdomsswaste water using iron-
oxide impregnated ion-exchange resins. The Hap precipitation praessgvaluated as a
function of pH, as well as the Ca(ll) dosing rate, theisgrispeed and phosphate initial
concentration. The Hap precipitates obtained under these opecatiditions were properly
characterized through the degree of crystallinity, thetakrydiameter, the particle size

distribution and the thermal analysis.

2. Materialsand Methods
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2.1 Experimental set-up and procedures

The precipitation of phosphate from aqueous solutions was perfomaetlvo liters lab-scale
batch reactor made of glass as can be seEmjine 1 Agitation in the reactor was provided
by a mechanical stirrer (IKA RW 20 and Heidolph RZR) andstiveing speed was ranged
from 50 to 250 rpm. pH was monitored in-line by using a pH potentemi€rison pH 28).
When pH was 0.1 units above or below the set point, strong a€itiiM) or strong base
(NaOH 1M) were dosed using a peristaltic pump (Master femsacle drive). Experiments
batch tests were carried out mixing a volume of pR(®] solution (with an initial phosphate
concentration between 0.25 to 1.QPg PO}~ /L) with a CaC} solution (6.0 g Ca(ll)/L)
added at a flow rate (@ between 0.1 and 0.3 ml/min (by means of a perisgaltnp Gilson
Minipuls 3). The reaction time was ranged between 6 andoR4ds depending on the initial
phosphate concentration, the flow rate and in order to reabh aht of the test a molar ratio
Ca/P of 1.67, suitable for Hap precipitation. Experimentgewperformed at room
temperature. Three different types of experiments wefenpeed: i) experiments to study the
influence of pH (at 8, 10 and 11.5) at constant initial phosptmteentration (1.0 g P-RD
/L), calcium dosing rate (0.1 mL/min) and stirring sp€&&sD rpm); ii) experiments to study
the influence of the total initial phosphate(P(V)) concentratibg5, 0.375, 0.5 and 1.0 g/L)
at constant pH (11.5), calcium dosing rate (0.1 ml/min) andtiing speed (250 rpm), iii)
experiments to study the influence of the stirring speed 180, 150 and 250 rpm) and
calcium dosing rate (at 0.1, 0.2 and 0.3 ml/min) at cohgtéh(11.5) and total initial

phosphate concentration (1.0 B3 ~/L).

Figure 1.

Batch reactor aqueous samples were taken along the expsramnerfiltered through 0.45 um

filter. The total concentrations of the Ca(ll) and P(\@revmeasured by lon Chromatography
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using an lonex Liquid Chromatography (ICS-1000). The accuracy ah#asurements was

higher than 95%.

After the conclusion of the experiments, the precipitatelids of the batch reactor were
filtered, washed with water several times and dried=&0YC during 24h. The samples were
metalized with gold and then were examined using a JEOL 3#® Emission Scanning
Electron Microscopy with Energy Dispersive System (FE-SHDNS). Samples were also
analyzed by Fourier transform infrared spectroscopy (FTtRhe range 4000cf 500cmt,

(JASCO, FT/IR-4100).
2.1.1 Particlesize analysis

Particle size distribution of the Ca-P powder precipitates analyzed by laser light
scattering (LS) with a Coulter diffract particle sizeagmer (LS 13 320 Laser Diffraction
Particle Size Analyzer Instrument, Beckman Coulter). $ize crystal distribution range
(CSD) detected was from 0.04 to 2000 um. The particleesipeessed as both volume and
number distributions, allows to detect the presence of aggremyadesiso to assess the size of
the majority of the particles, respectively. Partiokesre analyzed as obtained directly from

the batch reactor without any thermal treatment and granuicrseparation.
2.1.2 Thermogravimetric Analysis (TGA) and Differential Thermal Analysis(DTA)

Thermogravimetric analyses were carried out in a Mett®@A/SDTA 851e thermo balance.
Dried samples with an approximate mass of 8 mg were diegidetween 30 and 800 °C at a
heating rate of 10 °C/min in N(100 cni/min measured in normal conditions) atmosphere.

The precision of reported temperatures was estimatesl +@ BC.

2.1.3BET analysis
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The specific surface areaggp) of the powders was measured using multipoint Brunauer-
Emmett-Teller (BET) method at low temperature using Microice Flow Sorb 11 2300. The
equivalent particle diameter &) was calculated from the measured surface arga)(S

values by using Eq. [P1].

6

1)

dget =
PSBET

wherep is the theoretical density of Hap (3.167 gfrm

2.1.4 X-ray diffraction (XRD) analysis

The phase purity and crystallinity of the Hap powder wereyaadlby X-ray diffraction with
A CuKo radiation = 1.54056 A)) at a scanning rate time of 19.2 and 57.6 §) atagle of
0.015° and & in range of 4-60°. The average crystallite size long eetion of Hap powder

was calculated from (002) reflection in XRD pattern, using@ne equation (Eq. 222]:

= KA
_-BCOSH

2)

wheret (nm) is crystallite size, K is the shape factor (I0.9),) is the wavelength of the X-
ray @ = 0,15406 nm for Cu radiation),p is the full width at half- maximum (FWHM) (rad)

of the peak along (002) direction afts the Bragg's diffraction angle.

The crystallinity degree (Xc) was determined using Eq. 3

Xc= (0.24/8)3.100% A3)

The solids in powder form were identified by standard Joint rGitiee en Powder
Diffraction Standards (JCPDS) file and it was matched Wwibtkwder Diffraction File (PDF)

no. 00-009-0432 for Hap.

2.2 Hap precipitation: definition of the experimental conditions
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Precipitation processes were designed using the HYDRA-M&EDWdode[23]. Measured
P(V) and Ca(ll) concentrations were compared when necesgarhose predicted by using
HYDRA-MEDUSA code. The effect of ionic strength on single salubility and formation

of pure precipitates was taken into account in the calculathangeous species and mineral
phases of the CagENaH,POs-H,O system considered on the calculations are detailed in

Table 1
Table 1.

Ca(ll) and phosphate ions could forms different Ca-P mineralephées.g.Ca(H,P0,),,
Ca3(P0,), (s), Ca,H(PO,); (s), Cas(P0,);0H (s),CaHPO,.2H,0 (s) depending of the aqueous
phase composition and the concentrations of the specie involixedspecies distribution
diagram as a function of pH simulating the conditions ofpiteeipitation assays in three
scenarios are shown kgure 2 a, b and, czespectively: a) excess of P(V) over Ca(ll) (molar
ratio of 200) simulating the initial step of the precipaatiassays; b) an slightly excess of
P(V) over Ca(ll) (molar ratio of 10) simulating the cormalis approaching to the
stoichiometric molar ratio, and c¢) an excess of Caigr P(V) (molar ratio 0.5) simulating
the final steps of the precipitation trials. As it can deen the pH and the levels of
concentration of both calcium and phosphate, are influencingytieoas chemistry and then
the precipitation of Ca-P minerals. For a mixture of 10 WMMPQ> with 50 pM of C&*
(Figure 2a)the excess aP0;~ andH,PO0, ions promotes the formation of complexes as
CaPQ and CaHPQO, and it is expected the partial precipitation og(@&y)2s) above pH 8.

The increase of pH above pH 10 favors the formation of the comaBxX)” in solution.

The reduction of the excess of P(V) to Ca(ll) for 10 miNP@®,> and 1 mM of Ca(ll)(Figure

2b) and 20 mM of Ca(ll)Figure 2c) is traduced in the precipitation of ERO,)3OH(S))



190 from pH values above 6 for a Ca/P ratio of 1.67 and above $ofotions with an excess of

191  Ca(ll). This is also accompanied by a reductiontthd, PO; andCaHP 0, molar fractions.
192 Figure 2.

193 3. Resultsand Discussion

194 3.1 Effect of pH in Hap precipitation

195  The influence of the pH in the precipitation of P(V) along ¢éxperiment for two experiments
196 one at constant pH at 11.5 and other with an initial pH solutid®.&t (variable pH) as well

197  as the evolution of calcium concentration along the experimeiown in~igures 3a and 3b

198 The evolution of pH along the experiment, showr-igure 3¢ follows three differentiate
199  stages. After the initial additions of calcium (up to 0.8 i@a(ll)) the pH of solution is kept
200 constant between 10.5 to 10.7 taking benefit of the buffeacitypof the initial solution
201 (HPO,%/H,PQ,). The evolution of the total P(V) concentration shows an strong tieduc
202  (30% of the initial concentration) as a function of the additioCafll) (3.6 mmol/L) and
203 then it is stabilized around after 240 min, corresponding toatitdtion of 5.4 mmol/l of
204  Ca(ll). As it is shown ir-igure 2athe predominant P(V) species in solution between pH 10
205 and 12 iLaPO, . Under this conditions it has been postulated a shift oautiace charge of
206 the mineral leading to the precipitation of amorphous calciumpptads|24], Ca; (P0O,), or

207  B-whitlockite (8 — Ca3(P0,),) [25] as it is described by Eq. 4.
208 3CaP0; + H* - Ca3(P0,); () + HPO;™ 4)
209 Figure 3.

210 Although potentially such phase can be formed it was not ddtedtehe end of the

211  precipitation test and only Hap, was detected by XRD aisalys
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The addition of Ca(ll) is traduced into slightly decreaseP¢{¥) concentration as it is
observed in-igure 2h) and an increase of the total Ca(ll) concentration in isol&s can be
seen inFigure 3a Subsequently the pH decreased with a S-shape form duertmtiaion of
the HPO;~ concentration by formation of Hapi(jure 3¢. After this abroad change the pH of
the solution diminished slowly as it is reached M3e?0, / HPO;~ buffer (pKa2 = 7.2).
During this second stage, pH decreased from 10 to 7.4 and phospisa®V) were present
in solution mainly asCaHPQ, (seeFigure 23) and the precipitation of Ca-P could be

described by reaction Eq. 5.
SCGHPO4 (aq) + HZO < Ca5(PO4)3(OH)(S) + 2 HPO4_ + 4H* (5)

The addition of Ca(ll) is traduced in a small decrease otlpiihg the last stage indicating
the growing of formed Hap. Although an excess of Ca(ll) wdded the removal of

phosphate from solution only reached a 50%.

On the other hand, in the experiment with constant pH (11.5lxtBe phosphate profile
shows a continuous decrease with the addition of Ca(ll) reachimegnaval of phosphate
higher than 96% (+ 2%)-(gure 3J. At the end of the experiment the precipitated solid was
identified as Hap as described latter. The levels af ©©&(ll) concentration in solution were
below of 20 mmol/L. These values were two orders of madaitigher than those predicted
assuming that the system was equilibrated with Hap, whidicates that the system did not

reach equilibrium.

The evolution of phosphate ((P(V)) concentration and recovery fasciion of calcium

concentration at constant pH values (8, 10 and 11.5) are shovgune B.

Figure4.
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It can be seen~gure 4f) that precipitation /crystallization of Hap can be didda three
well-defined stages for experiments at constant pH of 10 ahdabdl. just two stages for pH
8. In the stage 1 (stage 1), induction period, early nuctetdok place and a reduced amount
of phosphate was removed during the first 30 min (0.36 mmol @3(IMhe maximum P(V)
removal ratios were observed for pH 10 and 11.5 (11 and 6 pectesly). This initial step

in alkaline pH conditions has been described by reactiob B, 17,24]
3Ca2+ + 2HP04_ A d Cag(PO4_)2 () + 2H+ (6)

Han et al.[24] identified at pH 10, the precipitation of an amorphous calgunosphate
(ACP) phase at the initial reaction time and then istaflized into Hap after 2h of reaction.
In the second stage (stage 2), the homogenous nucleation of &lapedc(from 30 to 180
min equivalent to 1.8 mmol Ca(ll)/L). During the nucleatitage, the total concentration of
Ca(ll) remained constant to 0.80 + 0.2 mmol(lDA- and the P(V) removal increased from 2
to 10% for pH 10 and from 5 to 20% for pH 11F50(Ure 9. In the final stage (stage 3),
further homogeneous nucleation bulk precipitation of Hap was obsemtideaching a final
P(V) removal efficiency of 81% and 95%, for pH 10 and 11.5, réiseéc Analysis at the
end of the experiment of solid samples by XRD analysisrmé@ied the presence of Hap.
Values of Ca(ll) concentration measured along the experimgets higher than those
predicting equilibrium with the formation of Hap, indicatingkiaetic control, however at the
end of the experiment under excess of Ca(ll) the measuredarulated values were in

agreement.

At pH 8, the two stages observed were the precipitatiddapf, with a phosphate removal
ratio up to 20%, followed by a homogeneous nucleation stage ofwitapa phosphate
removal ratio up to 78%. This is in agreement with teswdported in literature at pH 7.5 in

which Hap phase was directly observed immediately tratiomawas starte6].

11
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3.2 Influence of initial P(V) concentration

The evolution of total P(V) concentration phosphpatefiles for experiments carried out at
constant pH (11.5+0.2) for initial phosphate corigions of 0.25, 0.375, 0.5 and 1.0 g P-
PO3~/L are shown inFigure 5 The total P(V) concentration decreased with theitaon of

Ca(ll) reaching a final concentration below 0.2 #g0;~/L (limit of quantification for

(P(V)) in this study), which stands for more thah % of P(V) removal as Hap as it was
determined by XRD analysis. Total Ca(ll) concembrad in solutions were below the limit of
quantification, for the lower P(V) concentrationsdabelow 1 mmol/L for the concentrated
experiment (1.0 g/L), indicating a total phosphagmoval (> 99% ) as a Hap with a Ca/P

ratio of 1.67, approximately.

Figure5

The kinetics of precipitation of Hap is importantexplaining the oversaturation of aqueous
phase with respect to initial phosphate and calcagncentration. Consequently, several
empirical equations have been used to describ&itietics of Hap based on driving forces
calculated from disequilibrium19,27]. Inskeep and Silvetooh28] determined the rate
reaction order with respect to solution or surfacea and determined that the rate of Hap at
pH 7.4 to 8.4 could be expressed by Eq. 7 as follow

R = Ky .y (Ca**).y (PO37)S [Ca®*][PO3"] (7)

where R is the rate of Hap precipitation (mol Hags), k is the rate constant {Umol-nf's),

v (Ca%*) and,y (PO3™) are the divalent and trivalent ion activity coeiffints, respectively, s

is the surface area {rfy), and [C&] and [PQ7] are the molar concentrations of ‘€and

PQO; 2 (mol/L).



281 As it could be seen irigure 5 for each experiment at a given concentration, the Ca(ll)
282  concentration was below 0.05 mmol/L (the detection limitis study) for 0.25 and 0.375 g
283  P- PQ¥L; 0.15 mmol/L for 0.5 g P-PO/L and 0.7 mmol/L for 1.0 g P-ROIL.

284  Additionally the surface area of the precipitated Hap, icheaxperiment, ranged from 67
285 g/m’ up to 90 g/mh as the initial concentration increases. Then, assuming dnhaaich
286 experiment at a given concentration the values pof(Ka?), y(PQ,°), S and [C¥] are

287  constant, the precipitation rate equation could be simplifi¢gtyt 10:

1d[P03 7]

288 R = —( =

) = kv (Ca*).y (PO)S [Ca?*][POF] = K([POFT]  (10)

289 and integrating Eq. 10 between a given t, with [P(V)] &k t=0 for [P(V)} it could be

290 oObtained:

3—
[P04 ] — _ Ift (11)

291 Ln =
[POZ 1o

292 where tistime (s), an#t’s = k.y (Ca**).y (PO37)S [Ca**]

3
293  The evolution of thdn [PO—;_]

P07 ] as a function of timeH(gure § follows a linear dependence
4 10

294  for each [P(V)] concentration. The slopes of these function® weed to calculate the
295  precipitation rate constanks at pH 11.5 {able ). The decrease of P(V) concentration from
296 1.0 to 0.25 P-PQ’ g/L is traduced in an increase of tkie constant up to 2.5 times. It
297 indicates that the rate of Hap precipitation follows the propbsstdbrder rate with respect to

298  Ca?*, PO}, and surface argas,16]

299
300 Table 2.
301 Figure®6.
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3.3 Influence of stirring and Ca(ll) addition rate

Phosphate precipitation experiments under different stirriegdgpin the range 50 rpm up to
250 rpm were carried out. The phosphate concentration evolution ditiowetany significant

influence on the P(V) recovery ratio as it can be seémgimre 7aand indicating the absence
of mass transfer phenomena limitations. The percentage ofr@®Yyery was always above

95+ 3%.

On the other hand, the increase of Ca(ll) dosing additiom @3t mL/min, was traduced in
the increase of the phosphate removal ratio above 99%wré 7 and the phosphate
precipitation rate was slightly higher than for lower dossiagos as was described

previously by Xie et al.29].

Figure7.

3.4 Precipitate Characterization

The nature of the solids and crystals formed were claraetl by XRD (diffraction patterns
are shown in~igure 8and summarized ifiables 3 and YA A single phase Hap powder is
shown inFigure § according to the reference Hap (Se#le 3, was obtained in the different
experiments (e.g. constant and variable pH and also at differgial phosphate
concentration). The strongest peak intensity of the Hap sarap®3 = 31.87 was of the
(211) crystal plan and the other peakét =25.87° corresponds to the (002) crystal plane.
Besides, the other characteristic peaks with less intewsitg of the (112) and (300) crystal

plane.
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It is important to point out that 211 and 002 reflection interssgleowed an increased trend
by increasing solution phosphate concentration as is showmnyine § which indicates that

maturation in Hap crystallinity took place with time.

In fact, the degree of crystallinity or the fraction of tbeystalline phase Xfor the
hydroxyapatites obtained through different initial phosphate contientrean be evaluated

by using equation 3.
Figure8.
Table 3.

Table 4.

Main functional groups of the different powder Hap samplesewsmnfirmed by FTIR
analysis (data not shown). It was detected the presence oftehnistec bands around 600 tm
! corresponding te4 (OPO,P0;~) bending mode. Also the 960 crband was assigned 1
(PO) symmetric stretching and a band in the range 1100-1@00vas assigned to3 (PO,
P03™) antisymmetric stretching mode. The small band around 873 cam be attributed to
the vibrational frequencies of carbonate ionsHs#tO;~ group [30]. Furthermore, the
carbonate peaks in the range 1500-1400 and 868 corresponding to the asymmetric
stretching ¥3 mode) and out of plane bending (mode) vibrations, respectivel$1,32,33]
were identified. Presence of these bands is charaiterisi carbonate Hap of B-type, where
the carbonate ions occupy the phosphate ions[Site34] The formation of carbonate could
be due to the adsorption of atmospheric,@Q0ring the ripening time, due to the highly

alkaline conditions in the solutidi1,33,35]

3.5 Characterization of the degree of crystallinity, crystal diameter and particle size

distribution
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The Hap crystal diameters (calculated by Eq. 2) showedibgowders prepared are mostly
constituted by nanoparticles as it is summarizeddhle 4 The crystal diameter increased
with decreasing de pH of the crystallization process, nafmaty 22 nm (pH 11.5) to around
30 nm (pH 8). Moreover, the crystal diameter and the degregystallinity were similar for
pH values of 10 and 8 and presented the lower values.Xpeeiment at variable pH reported

similar nanometric powder sizes and crystallinity thandhastained for constant pH at 11.5.

Also, the stirring speed affected the degree of ciystgl with, 83% at 150 rpm, and ranged
between and around 20 to 27 % for 75 and 250 rpm. The increase ©ath) dosing flow-
rate (from 0.1 to 0.3 ml/min) revealed an slight inseeaf both crystal size and crystallinity

degree (from 22 to 27 nm, and from 27 to 50 %, respectively)

For experiments under different phosphate concentrations, theshigegree of crystallinity
(27%) and crystal diameter (22 nm) were obtained when thginmm initial P(V)
concentration was used (1.0 gPP;7/L). These findings can be explained by the process of

particle formation, inducing, nucleation, growth and aggregation.

Figure9.

Additionally, and according tsigure 9 the granulometric analysis of precipitated particles in
volume of particles Higure 93 revealed the formation of aggregates with an average
equivalent diameter around % for variable pH and from 8.8 to 40n for constant pH
(11.5 to 8). From the particle size laser analysis in nuifibenre 90), the crystals obtained
with Hap precipitation with not constant pH ranged in size frdd631to 0.405um and have a
mean equivalent diameter of 0.1, presenting a narrow size distribution curve, similar to
those obtained with constant pH (0.10%). From the particle size distribution in number of

particles, it is observed that powders prepared were mastibtituted by nanoparticles.
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This enormous decrease variation of the average diamefez eggregates and the constant
crystal mean size g with an increase at constant pH, it is attributed to sdegree of
heterogeneous nucleation as well as to an aggregation procégsnanometric scale. This
aggregation process reduces the number of small crysStalsResults also show that the
mean size and the aggregation degree of the precipitatédgsincreased with increasing of
the calcium flowrate dosing. As statedliable 4 Hap particles with a mean sizgd)dof 89
nm were obtained at calcium flowrates of 0.1 and 0.2 ml/nanOB ml/min, g, was 431 nm
and in large aggregates of about 587 um. Therefore, it wasvelsthat as the Ca(ll) dosing
flow-rate was higher, the aggregation phenomenon was more pronottieeet al. [29]
described this behaviour and observed that when Ca(ll) isladgdally, the high local super-
saturation will affect the dehydratation process and it influence ions association and the
nucleation behavior. On the other hand, the increaggaudhber through the increase of the
flowrate contributes to a distribution of supersaturation inrgaetion environment, thereby
leading to uniform distribution of the driving force for the nudmatand growth processes

and give rise to a narrow size distributiGm].

The influence of the initial phosphate concentration on thanmearticle size of Hap
nanoparticles is shown inigure 9(c-d) The results indicate that the mean particle sizg (d
decreased with the increase of the initial P(V) conctotraThe decrease of particle size was
494, 332, 92 and 89 nm for 0.25, 0.375, 0.5 and 1.P@;P/L, respectively. Therefore, for
initial P(V) concentrations above 0.5 gP5 /L, Hap particles with size around 90 nm were
obtained. This it is attributed to the fact that the iaseeof initial P(V) concentration led to a
high supersaturation level, which made nucleation and growthfast, thereby resulting in
the generation of small particles as described previgaslg8]. However, a large amount of

Hap primary nuclei were spontaneously formed when the contientraached a rather high
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value. In this case, the aggregation of Hap primary nwaesi greatly intensified during the

reaction, causing the poly-dispersity of Hap nanoparticlesssiled by Yang et dB7].

From large scale application point of view, the settlingpe®y was accounted by using the
Stokes law. This law describes the dependency of unhinderednatrparticle settling

velocities on the basis of their diameters and densities larderar flow condition.

If Hap is stimulated to precipitate, the crystal fochmaust reach a certain minimum size to
enable them to acquire enough downward velocity to naturally settlee base of a typical

clarifier tank for collection. Thus, according to the Stokesflar particle settling, the average
settling was determined to be 0.005 m/s, this value wastant for experiments at different

stirring speed and also for those at initial phosphate caatientabove 500 mg P-RAD.

In addition, Table 4reports the specific surface areagfy estimated from the specific area
(dser) methodology. An increase in specific surface area of Hap ebserved as pH was
increased from 8 to 11.5. Moreover, at constant pH of 1%d&, iBcreased with increasing
initial P(V) concentration. Thus, the increase of surfamsa represents an increase of the

powder reactivity for crystal growth.

The specific surface area obtained for experiment at vanmbl@nitial pH of 11.5) was in
the range of 60 ffig, but with at constant pH (initial pH =11.5) was incremente@(x nf/g.
The stirring speed and calcium dosing rate (at pH 11.5) did nofisamtly affect the specific

surface area.

The EDS analysis indicated that the samples were predonyitamiposed of Ca, P and O,
the major elements of Hap powders. The SEM/EDS micrographise powders obtained
from various initial phosphate concentrations, at variable otainpH are shown iRigure

10. The powders consisted of rod like shape and plate-shapeah@eisinosized particles. As it
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can be seen from the particles morphology, there is aldistmn of small particles and large

agglomerates (consisting of fine cold welded particles).

Figure 10.

A higher tendency to form aggregates was observed witlhehignitial phosphate
concentration and at constant pHoure 10). More nearly monodisperse plate shaped with a
length of about 1um-100 nm was found for initial phosphate concentration AtioweP-
PO}~ /L. This is in accordance with the results reported Igk€en and Ring39] who
described the appearance of different growth morphologies with dxistence of
concentration gradients at the crystal surface, which teagrowth instabilities and the

formation of dendrites{{gure 10a and)b

Besides, the powders obtained in batch tests with blariand constant pH ( at initial
phosphate concentration of 1.0 gPP3~/L) showed a morphology of plate-shaped or rod-
shaped Kigure 10b-) with a size around 100 nm. Powders presented a certain ddgree o
aggregation, which can be justified by the amorphous natutbeoparticles (degree of

crystallinity around 27 and 39 % for constant and variable pideotisely (fable 9).

3.6 Thermal characterization

In the thermogram analysis, Hap crystals were charaeteby a continuous mass loss
throughout the increase of temperature. Hap crystals withdkgvee of crystallinity (Test
number 2) reported three thermal transitions of mass loggitemperature regiorrigure
11). The first one is of 8% at 560° £ T >T,om corresponding from physic-sorbed and
surface absorbed water molecule. The second mass lossYef(lZeBveen 560 and 830 °C)
can be attributed firstly to the loss of water predanthe lattice structure (the so-called

strongly related intra-crystalline water) and secondltheodecomposition of phosphate ions
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(300-500 °C) 3] and corresponding to the early stages of crystallizafiba.third mass loss
occurs at temperatures higher than 830 °C, in which Hap willdtate partially to form the

oxy-hydroxyapatite according to Eq. MD]:
Ca10(P04)60H; (5) = Cayo(PO4)6OH, 540y () + xH; Oy (12)

The thermogram obtained for Hap samples with high degree KWagaltinity (Test number
8) presented just two thermal transitions in the temperatgiien. The first one, from room
temperature to 830 °C, corresponds to a weight loss of aboutTt#%oweight loss could be
associated to the formation of Hap in advanced crysd#ithz stages and it can be attributed
to the phase transitions within hydroxyapatite crystals agpveasously reported by Piccirillo
et al. [41]. A further thermal process for temperature up to 830 Wresponding to a
negligible weight loss is assumed to be the result of gratkigldroxylation of Hap powder

by reaction 12.
Figure11.

4. Conclusions

In this study Hap powders, mostly constituted by nanoparticles waiained in a batch
reactor from the treatment of concentrated alkaline Pifilemts obtained in the regeneration

of ion-exchange resins using a Ca(ll) solution.

Three stages were identified in the precipitation of phospmtdap for pH values ranging
from 8 to 11.5: a) induction period, with a small decreiasphosphate concentration, b)
homogeneous nucleation, with maintaining or even a little @&sereof phosphate

concentration and c) further homogeneous nucleation, with a constagsie of phosphate.
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A constant pH of 11.5 favored a higher precipitation rate of phésgbaform Hap when
compared with rate obtained for pH 8, 10 and also at var@hleHowever, the degree of

crystallinity was higher for lower pH values assessetismdtudy (hamely, 8 and 10).

Higher initial P(V) concentration lead to the formation Hép precipitate powders with

higher degree of crystallinity and crystal diameter, tad bbower mean particle size.

As Ca(ll) dosing rate increased, phosphate precipitatiorwasehigher, alsthe mean size
and degree of crystallinity of the prepared particles weseeased. Furthermore, the stirring
speed (between 50 and 250 rpm) not reported any significate effiethe phosphate

precipitation rate.
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Table

Species/solid formation reaction log K

2H* + PO;™ + Ca** & CaH,PO} 21.0
H* 4+ PO3™ + Ca** & CaH,PO, 15.1
H,0 + Ca** & CaOH* + H* -12.8
PO3™ + Ca?* & CaPO; 6.5
2H* + PO}~ © H,PO; ;519 g
3H* + PO~ & H;PO0, 1o 4
H* + PO}~ & HPOZ™ 39, 1
4H* + 2P0} + Ca** & Ca(H,PO0,), 208
2H,0 + Ca’* & Ca (OH), + 2H* 289
2P03™ 4+ 3Ca*t & Cas(PO,), 46. 9
H* + 3P03™ + 4Ca*" & Ca,H(PO,); 40.5
3P0} +4Ca®* + H,0 & Cas(P0,)30H + H* 19.0
H* 4+ PO}~ + Ca®** & CaHPO0,.2H,0 -32.8
Ca** + H,0 & Ca0 + 2H™

Table 1. Formation constants K (in log value) of the main @ggieand mineral phases

involved in the system CagNaH,PO,-H,0 from the HYDRA- Medusa data base)].



P(V), [Ca] Slope rat R’
(g/L; mol/L) | (Hydra-Medusa)| Ln P(V)-Ln P(V) =
(mol /L) f(t)
1.0; 0.0105 0.839 k't=0.0014 0.98
0.5; 0.0052 0.894 k's =0.0016 0.84
0.375; 0.0039 0.908 k'; =0.0031 0.96
0.250; 0.0026 0.922 k' =0.0041 0.98

Table 2. Initial experimental condition and linear reg@msgparameters ah[P(V)/P(V),] as a

function of time.



Test number FWHM, hkl (002) | hkl (211) | hkl (112) | hkl (202) | hkl (310) | hkl (222)
26 (°) 26 (°) 26 (°) 26 (°) 26 (°) 26 (°)
1 0.329 26.14 31.86 32.38 34.21 40.06 46.9
2 0.370 26.18 31.87 32.39 34.21 40.0¢6 46.87
3 0.268 26.13 31.87 32.19 34.16 39.8( 47.11
4 0.27z 2589 31.87 30206 | 3394 39.71 4€.73
5 0.38: 26.13 31.86 32.25 3384 39.89 46.98
6 0.58¢ 26.1C 31.87 32.20 - 39.66 46.95
7 0.667 26.25 31.87 32.43 34.15 38.95 4577
8 0.255 25.87 31.85 32.20 34.31 39.91 46.90
9 0.401 26.14 30.66 - 34.15 39.61 47.00
10 0.340 25.98 31.92 32.10 33.87 39.70 46.81
11 0.302 25.80 31.86 32.17 - 39.72 46.87
Powder diffraction File o .
00-009-0432 Relative intensities 40 100 60 25 20 30
(Hap reference) 26 (°) 25.87 31.87 32.19 34.04 39.81 46.71

(- ) No peak present

Table 3. The full-width at half-maximum (FWHM) and Millexdex (hkl) determined from

XRD analysis for HAPs samples
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Figure

Figure Captions:

Figure 1. Experimental set up of the batch reactor for phosphate precipitation with
calcium including a CaCl, dosing pump, mechanical stirrer, the NaOH and HCL dosing

pumps and the pH controller. Solids are removed at the bottom part of the reactor.

Figure 2. Species distribution diagram for the system CaCl,-NaH,PO4-H,O using the
HYDRA-Medusa data base [23] under different P(V)/Ca(ll) molar ratios: a) excess of
P(V) over Ca(ll) (molar ratio of 200), b) slightly excess of P(V) over Ca(ll) (molar ratio
of 10) and c) excess of Ca(ll) over P(V) (molar ratio 0.5) for a total ionic strength of
0.5 M.

Figure 3. Evolution of a) phosphate and b) calcium concentration with time in Hap
precipitation tests at constant pH (11.5) and variable pH; ¢) phosphate recovery and pH
evolution in variable pH experiment in the batch reactor.

Figure 4. a) The recovery and phosphate evolution profile and as a function of calcium
concentration at constant pH values of 8, 10 and 11.5 and b) detail of three

crystallization stages in the batch reactor.

Figure 5. Influence of the initial phosphate concentration onto the Hap precipitation at
pH 11.5 as a function of total calcium concentration in the batch reactor for a)

Phosphate concentration and b) calcium concentration.

Figure 6. Evolution of the In[P(V)/(P(V)o] as a function of time for the precipitation
experiments at constant pH (11.5) for phosphate initial concentrations between 0.25 up

to 1 g/L using a batch reactor.

Figure 7. Influence of a) stirring speed and b) Ca(ll) addition rate on phosphate
concentration evolution as function of time during phosphate precipitation in a batch

reactor.



Figure 8. XRD analysis of the samples obtained in phosphate precipitation experiments
for a) precipitation tests at constant and variable pH and b) precipitation tests under

different initial phosphate concentration.

Figure 9. Particle size distribution in a) volume and b) number of Hap obtained from
phosphate precipitation test at constant and variable pH and c) volume and d) number of
Hap obtained from phosphate precipitation test at different initial phosphate

concentration.

Figure 10. FE-SEM of Hap samples obtained from phosphate precipitation at constant
pH and different initial phosphate concentration a) 0.5 g P-PO,*/L, b) 1.0 g P-PO,*/L
and c) at 1.0 g P-PO,*/L and variable pH and d) EDS analysis of samples at 1.0 g P-
PO,>/L and constant pH.

Figure 11. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis
(DTA) of Hap synthesized at different agitation speed reactor for a) experiment 2 (low

degree of crystallinity) and b) experiment 8 (high degree of crystallinity).
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Figure 4.
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