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ab s t r ac t
Hydroxyapatite (HAP) crystallization for phosphorus recovery from wastewater is an economical and 
efficient approach. The metastable zone of solution is the precondition of crystallization process and is 
also the key to obtain high quality crystal products. HAP is a sparingly soluble salt, and the research 
on the metastable zone of HAP seems more complex than that of soluble salts. In this study, the char-
acteristics of metastable zone of HAP crystallization at different saturation temperatures were stud-
ied by using the electrical conductivity and turbidity method. Effects of various experimental factors 
(crystal seeds, initial pH, stirring intensity, and impurity ions) on metastable zone width (MZW) were 
investigated. The results indicated that MZW was increased with the rise of cooling rate, and the pres-
ence of crystal seeds delayed the occurrence time of critical conductivity thus increasing the MZW. 
Calcite as the crystal seed exhibited the best performance on improving the MZW due to its specific 
surface area and composition among three tested seeds. MZW became narrow with the increase of the 
stirring intensity, and the acidic solution (pH 6.0) had a larger MZW than that in alkaline solution (pH 
8.0). Several typical impurity ions could broaden the MZW of HAP, and the order of the impact on 
∆MZW was: CO3

2- > Fe3+ >Cu2+ >SO4
2-.

Keywords:  Metastable zone width; Hydroxyapatite; Induced crystallization; Phosphorus recovery; 
Crystal seeds

1. Introduction

Phosphorus is a limited and non-renewable mineral 
resource, making a major contribution to agricultural and 
industrial development [1, 2]. Excessive phosphorus content 
in wastewaters should be removed for controlling eutrophi-
cation and maintaining a sustainable environment for future 
generations [3]. With the increasing demand for phosphorus 
and the reducing available phosphorus resources, phospho-
rus recovery from wastewater has drawn more attentions 
[4]. To date, several traditional treatments have been widely 

investigated for phosphorus removal from domestic and 
urban wastewater, including chemical precipitation [5–7], 
biological [8, 9] and physical processes [10, 11]. However, 
many limitations hamper their applications, such as high 
cost, phosphorus source waste and secondary pollution. 
Induced crystallization for phosphorus recovery from the 
wastewater is an economical and efficient approach, possess-
ing the characteristics of efficient phosphorus recovery and 
high quality crystallization products [12–14].

The metastable zone of solution is the precondition of 
crystallization process and is also the key to obtain high 
quality crystal products [15, 16]. The size distribution of crys-
tal products tends to be more uniform, and the grain size is 
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increased in metastable zone [17, 18]. The dependence of the 
experimentally measured metastable zone width (MZW), as 
determined by the maximum super-cooling ∆Tmax using the 
conventional poly-thermal method, of different solid solvent 
systems on various factors has been analyzed traditionally 
by using Nývlt’s empirical equation [19]. Fig. 1 is a schematic 
illustration describing a typical metastable zone of crystalli-
zation process. It should be noted that  industrial-scale batch 
crystallization operations have to follow the “Metastable 
Zone” for obtaining desirable crystal products (Fig. 1). 
Spontaneous nucleation is unlikely to occur within the 
metastable zone. The seeded crystallization process usually 
exhibited lower nucleation rate and better crystal size distri-
bution (CSD) of products. Most solute molecules could be 
precipitated on the seed surfaces in solution while loading 
the crystal seeds [20]. Consequently, the presence of crystal 
seeds acts like a catalyst to reduce the activation energy bar-
rier between the crystals and seeds.

To date, research on the removal or recovery of phospho-
rus for forming hydroxyapatite (HAP) from wastewater was 
mainly focused on the optimization of crystallization con-
ditions [21, 22], the options of crystal seeds [23, 24] and the 
design of crystallization reactor [25, 26]. HAP is a sparingly 
soluble salt, and only few researches are focused on the crys-
tallization mechanism of HAP due to the complicated mea-
surement methods for trace concentration of HAP [27, 28]. 
Therefore, it is necessary to study the characteristics of MZW 
of sparingly soluble HAP in different experimental condi-
tions for improving the efficiency of phosphorus recovery 
and the quality of crystallization products.

The aim of this study was to study the effects of vari-
ous experimental factors on the MZW of HAP solution in 
a stirred tank crystallizer. First, a new method was devel-
oped to study the metastable region of sparingly soluble 
HAP in crystallization process. Subsequently, the optimiza-
tion of crystal seeds and their dosage based on the varia-
tion amplitude of MZW were conducted. Finally, the initial 
pH, stirring intensity, and impurity ions were investigated 
for studying the impact on the MZW with the presence of 

crystal seeds. The results would illuminate the mechanism 
of sparingly soluble HAP in induced crystallization process 
and provide theoretical guidance for further study on the 
process optimization.

2. Materials and methods

2.1. Experimental apparatus

The induced crystallization of HAP in aqueous solutions 
was performed in a one liters lab-scale batch reactor (Fig. 2). 
Heating rate and cooling rate in the reaction system were 
controlled by digital thermostatic bath (8020 DC, Biosafer 
Co. Ltd., China). The solution conductivity was measured by 
conductivity meter (DDB-303A, Shanghai REX Instrument 
Factory, China) with instrumental resolutions ±0.1 µS/cm. 
The turbidity was monitored online using a turbidity meter 
(SOLITAX-1720E, HACH Co. Ltd., USA) with instrumental 
resolutions ±0.002 NTU. Agitation in the reactor was pro-
vided by a mechanical stirrer (JB500-D, Changzhou Guohua 
Co. Ltd., China) and stirring speed was ranged from 50 to 
1,300 r/min.

2.2. The measurement of MZW of HAP crystallization

Metastable zone is a vital factor of nucleation kinetic 
[29–31], and the width of the metastable zone is dependent 
on various process parameters such as saturation concentra-
tion, presence of crystal seeds, impurity, cooling rate and agi-
tation level [15, 17, 32]. In this study, MZW was measured for 
saturated solutions in seeded systems by using conductivity 
and turbidity technique. Batch tests were carried out by mix-
ing a certain amount of HAP (Ca5(PO4)3OH) (with an amount 
of 5 mmol) in a 1 L double jacketed stirred tank crystallizer 
with 700 mL of solution. The pH (7.0 ± 0.1) and conductivity 
(1,000 ± 100 µS/cm) were adjusted with NaOH and NaCl to 
be similar to the secondary treated effluent. The temperature 
of reaction system was controlled by thermostat. First, HAP 
was dissolved at a 200 r/min of stirring speed with 10oC/h 
heating rate at different temperatures (35, 40, 45, 50, 55, and 
60oC), then filtering out the insoluble HAP using 0.45 µm fil-
ter at the same temperature. The filtered fluid was the satu-
rated solution of sparingly soluble HAP at different saturated 
temperature (Tsat). Subsequently, the system was maintained 
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Fig. 1. Schematic illustration of a typical metastable zone of 
 crystallization process.
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thermal insulation 30 min at the saturated temperature (Tsat) 
and then kept a constant cooling rate R of 5~25oC/h. The cor-
responding temperature (Tlim) was recorded when conductiv-
ity value abruptly decreased and turbidity value suddenly 
increased. The MZW is determined by poly-thermal method 
(Eq. (1)) [20]:

MZW = ∆ =T T Tmax sat lim−  (1)

2.3. Effects of various experimental factors on the MZW of HAP

Experiments were achieved at different pH 6.0, 7.0, 8.0 in 
a stirred reactor (1 L) filled with 700 mL solution with a rota-
tional speed in the range of 100~500 r/min. Deionized water 
was used to prepare the synthetic wastewater solution. Three 
seeds (Quartzite, Calcite and Dolomite), seed dosage (1, 5, 20, 
60 g/L), and four impurity ions (Fe3+, Cu2+, CO3

2-, SO4
2–) were 

conducted to study the variation of MZW. MZW variation 
was used to investigate the effects of crystal seeds dosage and 
impurity ions on the metastable zone of HAP induced crys-
tallization, which was determined by Eq. (2): 

∆ = ∆ ∆MZW T Tmax imp max− −  (2)

In Eq. (2), ∆Tmax-imp represents the MZW in the presence of 
crystal seeds or impurity ions.

2.4. Chemical and physical characteristics of three tested crystal 
seeds

Three crystal seeds (Quartzite, Calcite and Dolomite) 
were prepared by crushing, rinsing, air-drying and sieving. 
Particle-size distribution was determined by screening fil-
ter with the aperture of 0.15~0.20 mm. The specific surface 
area of the seeds was measured using multipoint Brunauer–
Emmett–Teller (BET) method. X-ray fluorescence spectrome-
ter (XRF) was used to quantitatively analyze the components 
of seeds. The test of specific surface area and constituent con-
tent were executed by professional testing company (ZKBaice 
Co., Ltd., Beijing, China).

3. Results and discussion

3.1. The solubility and metastable zone of HAP

3.1.1. Dissolution characteristics of HAP at different 
 saturation temperatures

The electrical conductivity is related to the ion concentra-
tion and species in solution. The ions concentration of solu-
tion can be directly reflected by electrical conductivity due 
to the fact that conductivity is increased with the increase of 
ionic concentration in the solution [29, 33]. The dissolution 
characteristics of HAP at different temperatures were inves-
tigated by measuring electrical conductivity and pH value at 
its corresponding temperatures. Fig. 3 shows that the elec-
trical conductivity of solution was increased with the rise of 
temperature, but the pH value was decreased with the rise 
of temperature. HAP is a sparingly soluble salt (Ksp = 2.35 × 
10–59 mol/L, 25oC) at room temperature, and its solubil-
ity is increased with the rise of temperature. Meanwhile, 

the hydroxyl of HAP is more similar to the hydroxyl group 
in organic matter, and it is easier to release hydrogen ions, 
thus resulting in the decrease of pH [27].

3.1.2. The effects of different cooling rate for MZW of HAP

The saturated solution at a certain temperature was 
cooled with the cooling rate of 5~20oC/h. The crystals were 
formed when the temperature of solution reduced up to a 
critical value and the electrical conductivity of the solution 
decreased sharply. Meanwhile, the ions concentration was 
decreased and the turbidity increased in the solution due 
to the generated crystallized products. It was owing to the 
fact that ionic composition of HAP in solution is driven 
by a certain degree of saturation, and then a new phase 
particles was formed with no clear boundaries [16]. Most 
incipient molecular clusters are in an unstable dynamic 
equilibrium, and some of them continue to grow, while 
others are split or re-dissolved [20]. The driving force for 
crystallization is increased with the reduction of tempera-
ture, and then the molecular clusters gradually grow to the 
stable size and establish thermodynamic equilibrium rela-
tionship in the solution. By this time, the incipient crystals 
are no longer disintegration and continue to grow as crys-
tal nucleus [34, 35].

As shown in Fig. 4, the MZW of HAP was increased grad-
ually with the increased cooling rate. Compared with the 
higher saturation temperature, MZW was smaller at lower 
saturation temperature at same cooling rate. Recently, a new 
approach for the theoretical treatment of MZW data was pro-
posed by Kubota [36], which was not considered in Nývlt’s 
approach [20]. This approach accounts for the dependence 
of the measured MZW’s, for a given solution system on the 
detection technique utilized to indicate the first nucleation 
events. The Kubota’s Eq. (3) showed the relationship between 
MZW and cooling rate:
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Fig. 3. Electrical conductivity and pH value of HAP solution at 
different saturation temperatures (200 r/min, heating rate 10oC/h, 
data points represent the means ± standard of three batch exper-
iments).
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where n means the nucleation order, Nm is the accumulated 
number of grown primary nuclei by the time t, V is the work-
ing volume of a crystallizer, and kn is the nucleation con-
stant. This equation can be fitted to a trend line of a log plot 
of the MZW, Log(∆Tmax), versus the cooling rate, log(R), for 
a given saturation concentration, similar to Nývlt’s equation 
[20]. Eq. (3) predicts a constant slope 1/(n+1) and different 
intercepts, which correspond to the method of measurement 
of MZW [36]. The linear relationship between Log(∆Tmax) 
and Log(R) is:

Y = AX + B (4)

In Eq. (4), A n
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and the nucleation order n can be deduced from the slope of 
the linear relation between Log(∆Tmax) and Log(R). The rela-
tionship between the MZW and the cooling rate R at different 
saturation temperatures is shown in Table 1 and Fig. 5. The 
Log(∆Tmax) and Log(R) in the equation have a linear relation 
at different saturation temperatures. Theoretically, each line 
is parallel, and saturation temperature could not affect the 
nucleation order of solution series. However, Table 1 and 
Fig. 5 show that the straight line is not absolutely parallel. It 
might be caused by the experimental errors in the measure-
ment process and could be modified by Eq. (5) [20]:
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In Eq. (5): xi = Log(R)i, yi = Log(∆Tmax)i, p represents the 
number of lines, Nj means the number of experiments for 
each line. The A value was 0.701 by Eq. (5), according to the 
above results, the nucleation orders of HAP solution was 
0.426.

3.2. The effects of crystal seeds and dosage for MZW of HAP

3.2.1. The effects of different crystal seeds for MZW

In induced crystallization reaction, the presence of crys-
tal seeds can decrease the interfacial energy of crystallization 
reaction and make the crystal precipitate on the seeds sur-
face easy [19, 20]. Several studies indicated that the effects on 
induced crystallization efficiency were related to the charac-
teristics of the seeds. The chemical composition of seeds is 
similar to the crystal and has a higher specific surface area, 
which are beneficial to the crystallization reaction [22]. A 
study by Ashok et al. [37] showed that calcium had a positive 
effect on the crystallization efficiency. Therefore, the chem-
ical and physical characteristics of the three kinds of seeds 
had been analyzed in this study, and the results are shown in 
Table 2. In comparison with dolomite seeds, calcite seeds had 
a lower density of 2.86 g/cm3, leading to an increase of inter-
nal porosity and a larger surface area of reaction. Quartzite, 
containing trace of calcium (2.8%, Table 2), showed a lower 
density of 2.65 g/cm3 than calcite, but its specific surface 
area was lower than calcite. Dolomite seed was composed 
of calcium and magnesium, having the potential to promote 
struvite formation. The density (3.05 g/cm3) of dolomite 
was the highest among three tested seeds, which resulted 
in a lower specific surface area of 0.0107 m2/g. Fig. 6 shows 
that the presence of crystal seeds could increase the width 
of the metastable zone. Consequently, calcite seed exhibited 
the best performance on the improvement of MZW and was 
employed as the crystal seed in the following induced crys-
tallization reactions.
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Table 1 
Nucleation equations and parameters of HAP under different 
saturated temperatures

Saturation 
 temperature (oC)

Nucleation 
 equation

A B

35 Y = 0.753X + 0.152 0.753 0.152
40 Y = 0.751X + 0.113 0.751 0.113
45 Y = 0.729X + 0.079 0.729 0.079
50 Y = 0.666X + 0.071 0.666 0.071
55 Y = 0.658X + 0.111 0.658 0.111
60 Y = 0.652X + 0.124 0.652 0.124
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3.2.2. The effects of seeds dosage on MZW

The effects of seeds dosage (Calcite) on MZW was 
obtained at the initial pH 7.0, 200 r/min, and cooling rate 
10oC/h. As can be seen in Fig. 7, the variation of MZW was 
increased gradually with the increase of the crystal seeds 
dosage. The variation amplitude was increased with the rise 
of saturation temperature. Meanwhile, the increased ampli-
tude of the MZW with the addition of seed crystal at 20 g/L 
was similar to the addition of 60 g/L. Our rationalization for 
this behavior is that the existence of the crystal seeds can 
reduce the energy barrier in the process of crystallization to 
induce the nucleation formation [20]. The increased addi-
tion of crystal seeds would consume the saturation degree of 
HAP solution and enlarge the width of the metastable zone 
[16]. However, MZW of HAP crystallization could not be 
increased when the amount of crystal seeds reached to some 
extent. Therefore, the dosage of crystal seeds should be con-
trolled in the appropriate range in inducing crystallization 
process.

3.3. The effects of initial pH of solution on MZW

The solubility of HAP in aqueous solution was influenced 
by pH, temperature, over saturation of constituents, etc. pH 
can greatly affect the dissolution of HAP. In acidic solution, 
HAP can produce PO4

3–, CaOH+, CaPO4
–, H2PO4

–, Ca2+, etc. in 
which the following reaction may occur [28]:

Ca (PO ) OH + H = 5Ca + 3PO + H O5 4 3
+ 2+

4
3-

2
 (6)

Ca (PO ) OH + 4H = 5Ca + 3HPO + H O  5 4 3
+ 2+

4
2-

2  (7)

Ca (PO ) OH + 7H = 5Ca + 3H PO + H O  5 4 3
+ 2+

2 4 2
−  (8)              

This section investigated the effects of initial pH on 
MZW at 200 r/min, cooling rate of 10oC/h and calcite as seeds 
(5g/L). The initial pH value was 6, 7 and 8 at saturation tem-
perature of 60oC, and corresponding electrical conductivity 
was 1,434.9, 1,318.3, 1,204.6, respectively (data not shown). 
As can be seen in Fig. 8, acidic solution (pH 6.0) had a larger 
MZW than alkaline solution (pH 8.0). It is due to the fact that 
H+ in acidic solution can improve the dissolution of HAP [28], 
delaying the critical saturation point occurrence, and leading 
to the increase of MZW.

3.4. The effects of stirring intensity on MZW

Classical nucleation theory holds that higher mixing 
intensity can promote the probability of collision nucleation 
and increase the energy distribution timely in process of 
crystallization. Meanwhile, it can also take the occurrence 

Table 2 
Chemical and physical characteristics of the three tested media

Material Chemical composition (% W/W) Density
(g/cm3)

Specif. area
(m2/g)

Particle size
(mm)Ca Si Mg Fe Al

Quartzite 2.80 74.46 – 5.02 0.91 2.65 0.0347 0.15–0.20
Dolomite 86.43 0.32 10.57 2.16 0.20 3.05 0.0107 0.15–0.20
Calcite 98.21 0.15 0.01 0.33 0.12 2.86 0.0746 0.15–0.20
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time of nucleation in advance and narrow the MZW [20]. 
The effects of stirring intensity (100, 200, 300, 400 and 500 
r/min) on MZW variation was investigated at the initial pH 
7.0, a cooling rate of 10oC /h, and calcite as seeds (5 g/L). 
At the same saturation temperature, the larger stirring 
intensity resulted in a narrower MZW (Fig. 9), which indi-
cated that the higher flow velocity can shorten the nucle-
ation time. The effect of the stirring intensity on MZW 
was gradually weakened with the decreased of saturation 
temperature. The ions, adsorbing on the seeds before their 
nucleation, would be washed away with a high stirring rate 
thus inhibiting the formation of crystal nucleus [16, 20]. 
Therefore, appropriate stirring intensity is indispensible for 
HAP induced crystallization.

3.5. MZW variation in the presence of typical impurity ions

The presence of impurities in the solution has an import-
ant impact on the MZW of a solid-solvent system. Recently, 
several studies have investigated the solubility and MZW 
of phosphoric acid in the presence of cationic and anionic 
impurities, and the results showed that they can increase the 
MZW [38–40]. However, the effects of impurity ions on the 
MZW of the sparingly soluble HAP solution have been rarely 
reported. Fig. 10 presents plots of four impurity ions and 
their dosage against ∆MZW for HAP solutions at 200 r/min, 
and calcite as seeds (5 g/L).

It is found that the A, B, C, and D showed the similar 
trends at various saturation temperatures, respectively 
(Fig. 10). The linear plots represented the best fit of the 
experimental data. The four kinds of impurity ions were 
all capable of increasing the MZW of HAP, and ∆MZW was 
increased with the rise of impurity ion concentration. In the 
high saturation temperature region, the effect of four impu-
rity ions was obviously enhanced. The biggest variation of 
∆MZW was 1.81oC in the presence of CO3

2–, and the smallest 
variation was 1.17oC with SO4

2–. The effect of CO3
2– on ∆MZW 

in the high saturation temperature (60oC) was a 1.5-fold 
increase than that in the low saturation temperature (35oC). 
It is generally believed that the impurity ions are adsorbed 
on the crystal surface, resulting in the increase of the energy 
level for the precipitation of crystal products, and enlarg-
ing the energy barrier of crystallization [41]. Compared 
with the condition of no impurity ions, the nucleation in 
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the crystallization process requires a greater impetus. The 
higher energy barrier needs to overcome the crystal growth 
in the high concentration of impurity ions. Fig. 10 shows the 
effect of four impurity ions on the metastable zone of HAP, 
and the orders was: CO3

2– > Fe3+ > Cu2+ > SO4
2–.

4. Conclusions

The metastable zone of solution is the precondition of 
HAP crystallization reaction. In order to explore the char-
acteristics of metastable zone of sparingly soluble HAP, 
a method using electrical conductivity and turbidity was 
developed. Several experimental factors (crystal seeds, initial 
pH, agitation level, impurities) were also investigated to illu-
minate the effects on the MZW of HAP crystallization:

(a) In the range of saturation temperature (35~60oC), MZW 
of HAP was increased with the increase of cooling rate. 
According to Kubota’s equation, the Log(∆Tmax) and 
Log(R) had a linear relationship, and the apparent nucle-
ation progression of HAP was 0.426.

(b) The presence of crystal seeds consumed the degree 
of solution saturation, thus expanding MZW of HAP. 
Among the three crystal seeds (Dolomite, Quartzite and 
Calcite), the calcite exhibited the best performance on 
improving the MZW due to its characteristics.

(c) The larger stirring intensity resulted in a narrower MZW 
indicated that the higher flow velocity could shorten the 
nucleation time. Acidic solution (pH 6.0) had a larger 
MZW than the solution with pH 8.0.

(d) All kinds of impurity ions could increase the MZW of 
HAP. The biggest variation of MZW was 1.81oC in the 
presence of CO3

2–, and the smallest variation was 1.17oC 
with SO4

2–. The order of the impact of impurity ions on 
∆MZW was: CO3

2– > Fe3+ > Cu2+ > SO4
2–.
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