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Abstract

A common pathway for P-recovery from wastewater is phosphate precipitation as calcium phosphates. In this paper, a thermodynamic
model for phosphate precipitation is proposed based on various models of activity coefficients taking into account various calcium phosphate
phases which can crystallize in the range of pH to be considered, i.e. both dicalcium phosphate dihydrate (DCPD) and amorphous calcium
phosphate (ACP) for pH lower than 7.3 and only ACP for pH higher than 7.3. The parameters include the solubility products of ACP
and DCPD species. The observed discrepancy in liquid phase equilibrium constants reported in the literature leads to determination of an
uncertainty zone describing the precipitation domain. The results obtained offer interesting possibilities for a further optimization of process
operating conditions, i.e. determining Ca/P molar ratio, in order to reduce effluent pH (thus avoiding post-treatment) and, consequently, to
maximize reactor efficiency.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction In order to withdraw phosphorus from wastewater, the pel-
let reactor[1-3], particularly the so-called Crystalactdt
Phosphorus can be found in various chemical forms in ur- [4], was used. The principle of this process was to recover
ban wastewater, which represents about 30-50% of the totalphosphorus by calcium phosphate precipitation upon seed
discharge of P: insoluble or dissolved organic phosphorus, grains in a fluidized bed. The precipitation is induced by the
orthophosphates (until 70% sometimes) and condensed in-addition of a base to the water, in order to bring the pH up
organic phosphates. In France, the average concentration ofo 8-9, and by the addition of a calcium source. Despite its
phosphorus in domestic wastewater is within the range of interest, only a few studi¢$§] were based on a thermochem-
15-25 mg/l, which may strongly vary from day to day, even ical approach. Yet, the optimization of this complex precip-
during the day. The discharge of phosphorus in the aqueoustation for P-recovery implies a good chemical knowledge
natural environment leads to an excessive development ofof the underlying physicochemical mechanisms and requires
algae and, generally to a pH increase, thus corresponding tdhe development of a representative model of the involved
eutrophication. Consequently, phosphorus reduction in the phenomena. In this work, carbonate and magnesium ions,
rivers is considered as a key factor in the fight against pol- which may be encountered in wastewaters, will not be con-
lution. The principal legislative tool in Europe for fighting sidered in the model.
against eutrophication is the EC Urban Wastewater Treat- Calcium phosphate precipitation is a very complex subject
ment Directive (271/91/EEC). This action came into force in involving various parameters. In particular, it depends on
1991 and enabled water bodies to be classified as sensitiveealcium and phosphate ions concentrations, as well as on
areas if they display symptoms of eutrophication. supersaturation, ionic strength, temperature, ion types, pH
but also on time (solid—solid transformation) as noted in
the literature[6,12,13] The different forms of crystallized
calcium phosphate are presentedable 1

Abbreviations: ACP, amorphous calcium phosphate §(0x),); It was observed12] that phosphate precipitation by cal-
DCPD, dicalcium phosphate dihydrate (CaHfFPZH,0); HAP, hydroxya-

patite (Cao(POx)sOH) cium sa_lts leads to the formation of both dicalcium phos-
* Corresponding author. phate dihydrate (DCPD) for a pH value of 7 and only to the
E-mail addressiudovic.montastruc@ensiacet.fr (L. Montastruc). amorphous calcium phosphate (ACP) within a pH range of

1385-8947/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S1385-8947(03)00044-5



42 L. Montastruc et al./Chemical Engineering Journal 94 (2003) 41-50

Table 2
Nomenclature Transformation of the calcium phosphate crystalline forms
e electronic charge (60 x 107°C) oH Transformation
ke  Boltzmann constant (38 x 1023 J/K)
. 6.0 OCP= DCPD (=) HAP
Ks  solubility product 6.7 DOPB-OCP - HAP
Na  Avogadro number (2 x 10?3 mol~1) 74 ACP—> OCP—> HAP
PKs  —logio(Ks)
T temperature (K)
X phosphate conversion Table 3
Z charge number of ion Required time for total transformation of calcium phosphate in HAP as
[ concentration (mol/l) function of pH[13]
pH Time (min)
Greek letters
B supersaturation ?:(8) 128
€ solvent dielectric constant & & x &o) 75 255
£0 vacuum permittivity (885 x 10~12F/m) 8.0 400
&r relative solvent dielectric constant 9.0 410
A ion activity coefficient 10.0 700
n solution ionic strength (mol/l)
po  solvent density (kg/f)
were observed in additional experiments using the following
conditions, i.e. a pH range within 6—7, an initial phosphate

concentration of 2 x 10~3mol/l and a Ca/P molar ratio

9-10.5. Some experiments carried out in a previous work, atvarying from 1 to 7[10].
atemperature of 26C [12] for a pH range of 6—7.4 followed Therefore, the hypothesis of the precipitation of both ACP
the evolution of the different calcium phosphate forms. The and DCPD seems important to examine within the frame-
observed sequences as a function of pH are described inwork of this work. Since the precipitation was assumed to
Table 2 take place in a pellet reactor, the transformation from ACP

In each case, Ostwald’s rule, which foresees that the leastto HAP is not possible due to a low residence time (see
thermodynamically stable phase formed is the first one, is Table 3.
respected. The evolution is not straightforward and a study This paper is devoted to the development of a simple
about the transformation of ACP in hydroxyapatite (HAP) thermochemical model, enough representative of calcium
[13] for a pH range of 6.8-10.0 showed that the required phosphate precipitation using various models of activity co-
time for total conversion may vary from one hour for a pH efficients (Debye—Huckel, Bromley and Pitzer). The model
equal to 6.8 to more than 11h for a pH value equal to 10 results are then analyzed and discussed.
(Table 3.

These studies showed that the nature of the calcium phos-
phate precipitate depends on the supersaturation of the vari2. Chemical equilibrium model for calcium
ous species. However, it can be noted, on the one hand, thaphosphate precipitation
the DCPD phase was far less observed due to its relatively
weak [Ks and, on the other hand, that after the initial forma- 2.1. Model formulation
tion of an amorphous phase, a crystalline HAP phase was
observed. Only a single precipitated species, i.e. ACP, was The objective is to propose a mathematical model for the
observed10] for experiments carried out at a pH higher than calculation of the conversion for the system CazPi&O.
7, a phosphate concentration 06k 10~3mol/land aCa/P ~ Only the final stage of the calcium phosphate precipitation
molar ratio equal to 3. However, the DCPD and ACP forms is considered. Note also that solid—solid transformations are

Table 1

Different forms of calcium phosphate

Name Formula Ks

Dicalcium phosphate dihydrate (DCPD) CaHpPZH,O 6.69 at 25C [7], 6.6 at 25C [8]
Dicalcium phosphate anhydrate (DCPA) CaHPO 6.90 at 25C [7]

Octocalcium phosphate (OCP) FHPOy)3-2.5H,0 49.60 at 25C [7]

Tricalcium phosphate (TCP) @) 26.00 at 25C [9]

Amorphous calcium phosphate (ACP) {RM:), 26.52 at 25C [10], 25.20 at 20C [11]

Hydroxyapatite (HAP) Cay(POs)s(OH), 58.33 at 25C [7]
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Fig. 1. Principle of the method proposed for modeling calcium phosphate precipitation.

not taken into account. The situations simulated here as-toEq. (4}

sumed non-dissolution of the less stable phase, and represent oy o
no real equilibrium situations. Bocrn = 1, [ CCa e (HPOS 1A pq,2-) 4
Precipitation of ACP can be written as 2 Kspcpp

3C&t +2PQ% — Ca(POu)2 (1) If DCPD supersaturation is greater than zero, precipita-
tion of DCPD is likely to occur. The model outputs are the
conversions of both ACP and DCPD, the concentrations of
the different ions and pH. A flowcharfig. 1) illustrates
the principle of the proposed method for calcium phosphate
O|5recipitati0n.

The concentrations of ions and complexes are determined
from chemical equilibrium relations (sdable 4.

A sensitivity analysis has further shown that the com-
plexes involving the potassium and chloride ions did not
affect substantially the chemical equilibrium and are thus

1 ca’']a 3([PO43 1Apgo,s-)? neglected.
ﬂAcngm(([ Ihcet)2(POs* Thp, )) o

The model involves the mass balances for calcium and
for phosphate as a function of ACP conversion and the elec-
troneutrality equation.

The aqueous species considered are, on the one hand, f
the phosphoric acid £#POs, HoPO,—, HPO32—, POy, and
on the other hand, the €& concentration and the soluble
complexes of calcium and phosphate.

The ACP surpersaturation is defined by fhparameter,
set at equilibrium (i.e. taken equal to zero):

Ksacp

Table 4

The model inputs are the concentrations of calcium, phos- Equilibrium constants for the system Ca-P®L0, K; — A; B /AB:

phate and KOH.

The model is then used to determine if precipitation of Ki A Bi ABy
DCPD is possible in these new conditions, according to the k, Ht HaPOy~ H3POy
following reaction: Kz HY HPQ,2~ HoPOy~

Ks H+ PO,3~ HPO,2~
Cca&t + HPO>~ — CaHPQ (3) Kq cat HoPO~ CaHPOs*
Ks cat HPO,>~ CaHPQ

For this purpose, the phosphate mass balances and th&s cat PO, CaPQ*

cet OH- CaOH"

electroneutrality equation for DCPD precipitation are solved Kz -
e T K H* OH H.0
and the DCPD supersaturation is computed according
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Table 5 finitely approach one another. To compensate for this fact
Radius values of hydrated iomsin A found in the literature they introduce a factaz to account for the distance of clos-
Species Radius of the hydrated iamgA) est approach.
HaPOs- 4.0 [15.16] 5.4 [17] Let us recall that the Debye—Hiickel model is defined by
HPO2- 4.0[15,16} 5.0 [17] [14]
POy3- 4.0[15,16} 5.0[17] Vi
CakbPOy*+ 5.1[18]; 5.4[16,17] logiohi = —ADHZ,'Z— + CpHu (5)
CaPQ- 4.0[16]; 5.4 [17] 1+ BpHai/ib
cat 6.0[15] .
OH- 3.5[15] with
Ht 9.0 [15] 1 e 3\/,007A

ApH = 6

PH = 4xin 10 (m) 2 ©)

' C.onseque.ntly, the sy;tem to be §olved 'for ACP PreéciD- \yhereBpy = /262N po/ekgT andCpy is a constant equal
itation contains 12 non-linear equations with 12 variables, t0 0.055

i'.8' con(_:entrations of_the aqueous species (11) and conver- Note that the distanae is not the same for all ions in the
sion. This s_et of quqﬂon; was _sol\(ed byaNey\npn—RaphsonSystem Table 5. The main advantage of this model is to
method. Since a difficult initialization phase is involved in - .0 <iqer the characteristics of each ion in solufiot]. Fur-

the numerical resolution of Fhe above-mentioned set of €AUa thermore, ion—ion and ion—solvent interactions were taken
tions, the npmber of gquatlons was reduced to the four baI—into account by the addition of a new paramete;, which
ance equations. The final unknowg_s of tt‘re system were thusrepresents the reduction of the dielectric constant value as
only the conce_ntranon_s (], [PO,*], [ . ]and the phos- the solution was more concentrated. This relation is valid for
phe}te conversion. This system of equations was solved forionic strength values lower than 0.1 M, which is typically
various initial KOH concent.ratlon.s in orde.r to gnalyz.e the the case in this worki( < 152 x 10-2 M).

influence of pH on conversion. Since calcium is fed in the

form of calcium chloride, the chloride concentration was

taken equal to 2 [Cd]. 3. Results and discussion
2.2. Preliminary study on activity coefficient modeling 3.1. Typical results

A preliminary study on activity coefficient modeling was Fig. 2 shows the evolution of pH and phosphate conver-
carried out by using the well-known Debye—Huckel model sion as a function of the KOH quantity added in the mix-
(for low ionic strength). The various values found in the lit- ture with the Debye—Hiickel activity coefficient model. It
erature both for equilibrium constants and for the radius of shows two successive “zones” corresponding, for low pH,
the hydrated ions were taken into account (Eglgle 5. De- to the successive formation of ACP and DCPD and, for high
bye and Huckel, recognizing this, added a correction term pH, only to ACP crystallization. Another result concerns
to the limiting law. In assuming the ions to be point charges the evolution of ACP and DCPD precipitated amounts as a
they ignored the fact that it is impossible for ions to in- function of the pH value (seEig. 3). This result confirms

9,5
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8,5 1
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7.5 A

6,5 — effluent pH
+ 10
- phosphate conversion (%)
6 HHHHHHH e O
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KOH concentration (mmol/L)

Fig. 2. Influence of the outlet pH and phosphate conversion vs. KOH initial concentration with Debye—Hiickel model.
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Fig. 3. Precipitated quantity of ACP and DCPD vs. outlet pH.
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Fig. 4. Comparison between the experimental values and the precipitation model with ACP and DCPD.

that the DCPD form cannot thermodynamically exist for pH 6.54 when considering the zone with pH lower than 7.3, thus
values higher than 7.3. The curve relative to DCPD repre- implying precipitation of ACP and also DCPD, in order to
sent the corresponding amount which is likely to precipitate. adjust the model with the experimental poinsg( 4).
The DCPD quantity decreases with pH whereas the ACP
increases in the pH range (6.5-8.5). 3.2. Use of more sophisticated coefficient

The values for the equilibrium constant used in this study activity modeling
were selected by VieillarfiL9] from thermodynamical con-
cepts (enthalpy of formation and specific heat). This ap-  Among various models for estimating ionic activity coef-
proach is interesting since it can be used for a further inves- ficients in complex aqueous electrolytes, the most successful
tigation on the influence of temperature on equilibrium con- and widely applied models are the Pitzer and Bromley mod-
stants. Experimental points available in the litera{&ieare els[14]. The difficulty involved in the use of such models

used to validate the model in this articlei¢. 4). They cor- s that they require a lot of parameters (about 100 constants
respond to an initial concentration in phosphorus of 50 mg/I

with a Ca/P molar ratio equal to 3. The simulation fitting Table 6
was carried out by adjusting the solubility constant values pKs values from literature for ACP and DCPD
of both mineral species (ACP and DCPD).

Name Ks at 25°C
The K value for ACP which corresponds to the best
fitting of the experimental results is equal to 25.7 for pH ACP 52::%}25.2[11]
values higher than 7.3. ThiKg value has the same order '
of magnitude than the average one reported in the literatureP<PP 6.69[7]; 6.6 [8]

(seeTable §. Then, the Ks values for DCPD are fixed to 5721
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Fig. 5. Comparison between the different activity coefficient models (Debye—Hiickel, Bromley and Pitzer).

for ion-ion interaction in the system Ca—K-R&CI-H,O results are quite similar. The maximum discrepancy (2.5%)
with Pitzer model). Let us recall that the ionic activity coef- is obtained for a pH of about 7.3. The conversion obtained
ficient of ion ‘i’ in a multicomponent solution at 2% with with the Bromley model is 65.78% (respectively 67.42%
the Bromley method (valid for strong electrolyte to ionic with Debye—Hiickel). In fact, the Debye—Hickel model is
strengths of 6 M) is given by well suited for predicting short distance interactions, which
ADHZ,-zﬁ is typically the case for very low concentrations (lower to
logy; = —————+F; (7) 0.1 M).
1+ A design of experiments on activity coefficients was
TheF; term is a summation of interaction parameters: carried out and showed that only four coefficients have an
influence on the equilibrium curve, i.etHCa&+, HPOy?~
Fi = Zﬂij ZEm; (8) and HPO,~. For this investigation, the following range for
J the activity coefficients was used, i.e80py < A < 1.2\pH

wherej refers to an anion in the solution andefers to a (Apr is the value obtained with Debye-Hiickel model).

cation: Besides, the analysis of the concentrations of the different
'1 species showed that only five species were to be taken into
Zij = 5(zi +z) 9) account (Ct, K+, C&+, HPQy?~ and HbPOs ™), since the

other species are present in too low concentrations. Their

effect on activity coefficients can be relatively small and

) was neglected.

Pi = [1+ (L5/|ziz,)u]? In Pitzer's method, the activity coefficients for a cation C
and an anion A in a multicomponent solution are given in

B=Bi+Bj+di; (11) Appendix A

The values oB; ands; used in the Bromley equation are ~ The Pitzer parametero, 1, f2, C?, 6 andy used in
reported inTable 7 Results obtained with Debye—Hiickel ~this study are given explicitly ifable 8

andm; is the molality of ion;:
_ (0.06+0.6B)|ziz}|

(10)

(lower 0.1 M) and Pitzer models are comparedFig. 5, the According to the results, Pitzer, Bromley and Debye—
Hickel models present very similar trends both quantita-

Table 7 tively and qualitatively, as reported Fig. 5. However, the

Values ofB; andé; for individuals ion in aqueous solutions at 25 [14] CPU time is twice higher when Pitzer or Brom|ey models

lonsi B, 5 were used instead of Debye—Huckel model. Furthermore,
as expected, the sophisticated models of Pitzer or Bromley

H* 0.0875 0.103 . . TR .

K+ —0.0452 0079 require a delicate initialization phase carried out from the

cat 0.0374 0.119 results obtained from the Debye—Hiickel model.

cl- 0.0643 —0.097

HoPOy~ —0.052 0.20 o o

OH- 0.076 ~1.00 3.3. Significance of the equilibrium constants

HPOyZ~ —0.010 —0.57

PO,3- 0.024 —-0.70

The evolution of conversion as a function of pH is re-

n _
CarpPQ,"CaOH" CaPQ 0 0 ported onFig. 6. A database for constants was established
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Table 8 Table 9
Pitzer parameters used in this study Equilibrium constants values in the liquid phase found in the literature
Bo B1 c® pK at 25°C
H*/CI- [22] 0.1775 0.2945 0.0008 K1 2.125[25]; 2.03[26]; 2.2 [8]; 2.147[27];
H*/HPO,?~ [23] Ignored Ignored Ignored 2.143[28]; 2.148[33]
Ht/HPOy~ [23] 0.0227 -34 0 Ka 7.207[25]; 7.19[26]; 7.0[8]; 7.205[27]; 7.199[28];
K+/CI~ [22] 0.04835 0.2122 —0.00084 7.2[8,31,33]
Kt/HPO,Z~ [24] 0.02475 1.2743 0.01639 Ks 12.00[8,25]; 12.03[26]; 12.343[27,28} 12.3[8];
Kt/HoPOy~ [24] —0.0678 —0.1042 0 12.325[34]
Cat/Cl~ [24] 0.3159 1.614 —0.00034 Ka 1.44[29,35} 1.408[30]; 1.4 [32]
C&t/HPOs2 [24] -1.6 0 0 Ks 2.70[8]; 2.61[29]; 2.739[30]; 2.5[32]; 2.6 [35]
Cat/H,POs~ [24] —0.29 0 0 Ke 6.459[30]; 6.47[26]; 6.5[32]
p " K7 1.23[35]
Ht/K+ 0.005[22] CI-/Ht/K+ —0.011[22] for th tainlv. At first level. th tant
H+ /ot 0.092[22] CI-/C&+/K* —0.025[22] or the Ks.DcPD uncertainly. irst level, the constants
Kt/Cat 0.032[22] CIT/H,POs /KT  —0.01[24] relative to the solid phase were fixed and the analysis was
Cl~/HPOy~ 0.1[24] Cl-/C&*/H* —0.015[24] performed on six intervals for liquid phase thermodynam-
HliO42‘/H22fO4‘ Ignored[23] ics constants from the reported literature values. The results
CI"/HPG, —0.105[24] showed that only three equilibrium constaiits K3, Ks had

a significant effect in the system resolution. At second level,

from a literature reviewTable 9. Different values for hy-  the design of experiments was carried out With Kz, Ks

drated ions radiua were found Table § but a preliminary and also with the solubility products of calcium phosphates

sensitivity analysis showed that they have a weak influence (determined with respect to the observed experimental data)

on the results (due to the presence of a logarithm). The val-as parameters. The error range obtained is showfi@rb.

ues which have been finally adopted for modeling are pre- It can be noted that a small variation in these parameters

sented in italics iffables 5 and 9 has a strong influence on phosphate conversion. The Pitzer
To quantify the influence of the constants and to deter- Parameters may be partly derived from tealues and are

mine the error range, a two-stage method based on design ofikely to be influenced as wellTgble 19.

experiment$36,37]was achieved. The influence of eight pa- Let us note that low variations in equilibrium constants

rameters or equilibrium constant values (six in liquid phase involve strong variations on the equilibrium curves.

and two in solid phase) was studied. The interval limits for

the liquid phase constants were obtained from a literature 3.4. Influence of initial conditions

analysis (se€lable 9 whereas the solid phase constants

(pKs) were determined with aky; acp uncertainty equal to The influence of the initial conditions during cal-

2% (2519 < pKs < 25.70) and 5% (68 < pKs < 6.54) cium phosphate precipitation in either neutral or basic

100

0 b //;//

. /7

///
e
v

=== phosphate conversion modeling

Phosphate conversion (%)

= |ower curve

50

—4— upper curve

40

30 T r T T T
6 6,5 7 7.5 8 85 9

effluent pH

Fig. 6. Representation of the error zone and experimental points.
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Fig. 7. Influence of the Ca/P molar ratio on phosphate conversion.
Table 10 account thermodynamical concepts. Different activity co-
Equilibrium constants values used for quantify this influence &t25 efficient models were tested (Debye—Huickel, Bromley and
pK (lower pK (used in pK (upper Pitzer). The results obtained have shown that the choice of
curve) the model) curve) the activity coefficient model has not a great influence in
pK1 2.03 2.147 2.2 the range of the operating conditions tested in this study.
pK2 7.00 7.205 7.207 The model developed in this study is now used for vali-
PKs 12.00 12.343 12.343 dation and determination of process operating conditions
Pa 1.40 1.408 144 for phosphate precipitation in a fluidized-bed reactor. The
pKs 2.5 2.739 2.739 phosp precip -

pKs 6.459 6.459 6.5 major interest of this model is to evaluate both quantita-
tively and qualitatively the precipitated calcium phosphates.
The conversions and pH values found in industrial practice
can be predicted. The model will now be embedded in a
environment was analyzed. In particular the Ca/P molar ra- global optimization loop with the Gibbs’ free energy as a
tio while keeping the same initial phosphate concentration criterion to find the gquantities and composition of phases
(50mg of P) was studied. The obtained results are shownat equilibrium.

in Fig. 7. The results suggest possibilities for process opti-
mization, i.e. for setting operating conditions. The increase
in the initial concentration of calcium for the same effluent
pH leads to a higher phosphate conversion. For pH equal
to 8.5 (superior limit of river discharge in France), an in-
crease in calcium concentration of 2.5 times improves the
phosphate conversion of about 5%. On the contrary, for a
phosphate conversion value set at 98%, a simulation was
performed to compute the corresponding effluent pH. At
this level, the increase in the molar Ca/P ratio allows to
satisfy the effluent pH required for the admissible refusal APPendix A. Pitzer model
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in river.
. Inyc =22 f¥ 2B 2 Ze
4. Conclusions ve =24 /7 + Za:ma { Ca T+ ( Zc:mczc) CCa}
This study improves the understanding of the precipita- +ch 200, + Zma%lf&:a
tion of two calcium phosphates in either neutral or basic - p

environment from a thermodynamical point of view. It
gives for high pH values a domain in which only ACP
precipitation is likely to occur and for neutral pH values <l

a zone in which conditions of precipitation of ACP and +0.522mama/¢<:aaz (A1)
DCPD are likely to take place. The model only takes into a da

+Zchma(ziBéa + |z4|Cca)
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