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a b s t r a c t

Phosphorus removal and recovery by ferric phosphate (FePO4·2H2O) precipitation has been considered
as an effective technology. In the present study, we examined chemical precipitation thermodynamic
modeling of the PHREEQC program for phosphorus removal and recovery from wastewater. The objec-
tive of this research was to employ thermodynamic modeling to evaluate the effect of solution factors on
FePO4·2H2O precipitation. In order to provide comparison, with the evaluation of thermodynamic mod-
eling, the case study of phosphate removal from anaerobic supernatant was studied. The results indicated
that the saturation-index (SI) of FePO4·2H2O followed a polynomial function of pH, and the solution pH
influenced the ion activities of ferric iron salts and phosphate. The SI of FePO4·2H2O increased with a
logarithmic function of Fe3+:PO4

3− molar ratio (Fe/P) and initial PO4
3− concentration, respectively. Fur-
aturation-index (SI) thermore, the SI of FePO4·2H2O decreased with a logarithmic function of alkalinity and ionic strength,
respectively. With an increase in temperature, the SI at pH 6.0 and 9.0 decreased with a linear function,
and the SI at pH 4.0 followed a polynomial function. For the case study of phosphate removal from anaer-
obic supernatant, the phosphate removal trend at different pH and Fe/P was closer to the predictions of
thermodynamic modeling. The results indicated that the thermodynamic modeling of FePO4·2H2O pre-
cipitation could be utilized to predict the technology parameters for phosphorus removal and recovery.
. Introduction

Phosphorus in wastewater is one of the important environ-
ental pollutants related to water eutrophication [1]. People have

uffered a great deal from pollution by wastewater containing
hosphorus. Moreover, phosphorus is one of the most understood
on-renewable available nutrients for fertilizer production [2].
hosphorus reserves will be depleted in recent 60–130 years [3]. As
consequence, phosphorus removal and recovery from wastewater
as been considered as an important environmental sustainability
oncern [4].

Chemical precipitation with iron, alum, lime, and magnesium
re the main common treatments for phosphorus removal from
astewater [5–8]. Magnesium ammonium phosphate is used in
potentially effective way to recover phosphorus in a form that

an be used as commercial fertilizer. However, widespread appli-

ation of this method is limited by the high cost of magnesium
nd the requirement of high pH (>8.5) [9,10]. The application
f calcium–phosphorus precipitation is limited by the negatively
ffect of calcium carbonates precipitation. Carbonate is compet-
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ing with phosphate for calcium, especially at pH 9.0–11.0, creating
a precipitate with relative low phosphorus content [11,12]. Alu-
minum salts are not practical to use as fertilizer considering the
public health concerns of aluminum, thus no attention has been
paid to the reuse of the removed phosphorus [13]. Compared with
alum, iron salts are more promising in the practical application
of phosphorus removal and recovery because of their relatively
low cost and high phosphorus removal efficiency [14]. Zhou et
al. [14] selected ferric chloride as a coagulant and tannic acid as
a coagulant aid to remove phosphorus from different kinds of
wastewater. The total-P removal ratios of 94%, 93%, and 96% were
achieved for artificial sewage, sewage from wastewater treatment
plant, and pesticide industrial wastewater, respectively. Seida and
Nakano [15] successfully removed more than 80% of the phosphate
from wastewater using the iron-based layered double hydroxides.
Ivanov et al. [16] studied the process of phosphate removal from
reject water using the reduction of iron ore by the iron-reducing
bacteria and obtained a phosphorus removal efficiency of about
90%. De Haas et al. [17] focused on the simultaneous chemical pre-

cipitation (iron) of phosphate in the biological excess P removal
(BEPR) systems. Many former studies on phosphorus wastewater
treatment were tested with ferric precipitation and obtained some
empirical parameters. However, a lot of factors, such as pH, Fe3+ and
PO4

3− concentration, alkalinity, ionic strength, and temperature

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hqren@nju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.11.049
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Table 1
Chemical composition of feed solution and microelement.

Chemical composition of feed solution (mg/L) Chemical composition of microelement (�g/L)

C6H12O6 2500 FeCl3·4H2O 80
NH4Cl 500 CoCl2·6H2O 80
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Modeling for FePO4·2H2O precipitation were performed as fol-
lows. The solution conditions of pH (1–10), PO4

3− (5–300 mg/L),
Fe/P (0.1–3.0), alkalinity (5–500 mmol/L), KNO3 (5–500 mmol/L,
taken as electrolyte to adjust the solution ionic strength), and

Table 2
Characteristics of anaerobic supernatant.

Parameter Unit Range

COD mg/L 350 ± 30
KH2PO4 100
NaHCO3 132
CaCl2 8
MgSO4 8

hat influence phosphorus precipitation from different conditions
f local wastewater, hamper the wide application of iron salts.
n order to solve the problem, some studies presented theoreti-
al models for phosphorus removal by ferric iron salts. Fytianos
t al. [18] developed a chemical precipitation mathematical model
nd tested the model with available experimental data of phos-
horus removal by ferric iron salts. Takacs et al. [19] performed
itration experiments and mathematical modeling to develop the
ole of ferric phosphate precipitation in phosphorus removal.

The mathematical modeling calculation used to evaluate the
ffect of solution factors on ferric phosphate (FePO4·2H2O)
recipitation, while effective, may be very complicated and
ime consuming. PHREEQC program (version 2.15) [20], a low-
emperature aqueous geochemical calculations computer program,
an be applied in saturation-index (SI) calculations and speciation
nalysis for modeling precipitation–dissolution chemical equilib-
ium. The thermodynamic modeling calculation with the PHREEQC
rogram may develop a theoretical guide for the effect of reac-
ion conditions on chemical precipitation and optimum technology
arameters for phosphorus removal and recovery. Chemical pre-
ipitation thermodynamic modeling of the PHREEQC program for
alcium phosphate [21] and magnesium ammonium phosphate
MAP) [22] has been investigated in previous studies.

The basic chemical reaction to form FePO4·2H2O has been
xpressed in Eq. (1) [20,23]:

e3+ + PO4
3− + 2H2O → FePO4·2H2O ↓ (1)

In this paper, thermodynamic modeling of the PHREEQC
rogram for phosphorus removal and recovery by FePO4·2H2O pre-
ipitation was undertaken. The factors of FePO4·2H2O precipitation
ncluding pH, Fe3+:PO4

3− molar ratio (Fe/P), initial PO4
3− concen-

ration, alkalinity, ionic strength, and temperature were studied.
n order to provide comparison, with the evaluation of thermo-
ynamic modeling as basis, the case study of phosphate removal
rom anaerobic supernatant was undertaken. Furthermore, surface
haracterization of FePO4·2H2O precipitation was analyzed.

. Materials and methods

.1. PHREEQC program modeling theory

Gibbs free energy (�G), the thermodynamic driving force of a
hemical reaction, is the criterion to use in judging whether a reac-
ion is spontaneous (�G < 0), in equilibrium (�G = 0), or impossible
�G > 0) [24]. Gibbs free energy is given in Eq. (2)

G = −RT

n
ln

IAP
KSP

(2)

here R is the ideal gas constant, T is the absolute temperature, n is

he number of ions in a formula unit, IAP is the free ionic activities
roduct and KSP is the thermodynamic solubility product.

Supersaturation is the thermodynamic measure for the crys-
allization of a dissolved salt [25,26]. SI is used to judge the
upersaturation of a precipitate phase in a solution and defined
MnCl2·4H2O 20
(NH4)6Mo7O2 4
NiCl2·6H2O 2
CuCl2·2H2O 1.2

as [20]

SI = log
IAP
KSP

(3)

The relationship between �G and SI has been expressed in Eq.
(4):

�G = −2.303RT

n
SI (4)

SI can be selected as an indicator to measure the thermodynamic
basis for the crystallization reaction. The solution is in equilibrium
(SI = 0, �G = 0), undersaturated (SI < 0, �G > 0), or supersaturated
(SI > 0, �G < 0) [21,22]. The variation of SI and speciation with
different solution conditions can be evaluated by the PHREEQC
program (version 2.15). The thermodynamic solubility product of
FePO4·2H2O reported by Smith and Martel [23], log KSP = −26.40
(25 ◦C) is adopted. Therefore, the thermodynamic modeling of
FePO4·2H2O precipitation–dissolution chemical equilibrium can be
investigated by the PHREEQC program.

2.2. Raw wastewater

Phosphate wastewater used in the case study was collected from
laboratory scale static anaerobic cultivation experiments (batch
experiments). Anaerobic granular sludge was obtained from an aer-
ation tank of civil sewage treatment plant near Nanjing. The washed
anaerobic granular sludge (300 mL), feed solution (200 mL), and
microelement (3–4 drops) were added to a serum bottle (airproofed
by rubber plug), cultivated at a temperature of 35 ◦C, pH of 6.5–7.5,
and hydraulic retention time of 24 h (i.e. every 24 h, the steps of
pouring out 100 mL anaerobic supernatant from the serum bot-
tle and adding 100 mL feed solution and 3–4 drops microelement
into the serum bottle were performed). Table 1 shows the chem-
ical composition of feed solution and microelement. The quality
of anaerobic granular sludge and the characteristics of anaero-
bic supernatant were steady when the static anaerobic cultivation
experiments were performed for 3–4 weeks. Then, the anaero-
bic supernatant was taken out and filtered for experimental used.
Table 2 shows the characteristics of anaerobic supernatant.

2.3. Experimental procedures
NH4
+-N mg/L 130 ± 10

PO4
3−-P mg/L 20 ± 5

Alkalinity (CaCO3) mg/L 200 ± 20
pH – 6.5–7.5
Temperature ◦C 25–35
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Table 3
Calculation equations of thermodynamic modeling between SI and pH.

P concentration (mg/L) R2 Calculation equations
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increased with an increase in Fe/P and followed a logarithmic func-
tion of Fe/P (Table 4). Fig. 2b showed the effect of the initial PO4

3−

concentration on the SI of FePO4·2H2O. The initial PO4
3− concen-

tration modeling range was 5–300 mg/L. The SI value increased
significantly with an increase in initial PO4

3− concentration and
20 0.9955
50 0.9927

200 0.9854

emperature (0–35 ◦C) were designed and inputted. The compiled
rograms were calculated with the WATEQ4F database. The SI and

on speciation of the crystallization system of FePO4·2H2O were
btained in the output files and used as basis to formulate the rela-
ion models between the SI and the solution conditions. Then, the
ffects of the solution conditions on FePO4·2H2O precipitation were
valuated.

Experiments for phosphate removal were performed as follows.
irstly, ferric chloride (FeCl3·6H2O) was added to the wastewa-
er samples. Secondly, the reaction solution was agitated 5 min
200 rpm) for coagulation and 15 min (60 rpm) for flocculation
hile the pH was regulated at a given experimental level (1.0–10.0)
uring the process. Thirdly, the formed precipitate was allowed
o settle in the reaction solution for 30 min. Lastly, the reaction
olution was filtered through a 0.45 �m membrane filter. The pre-
ipitate was collected for surface characterization analysis and the
upernatant was collected to measure PO4

3− concentration.

.4. Analytical methods

The concentration of PO4
3− was measured according to the

tandard Methods [27]. The collected precipitate was washed with
eionized water, and then centrifugally separated. The process was
epeated 3 times. The washed precipitate was dried in an oven at
5 ◦C for 48 h, and then analyzed by a scanning electron microscope
nalysis (SEM, S-3400N, Hitachi, Japan), X-ray diffraction (XRD,
/TRA, ARL, Switzerland), Fourier transform infrared spectroscopy

FTIR, NEXUS870, USA).

. Results and discussion

.1. pH modeling

The modeling was used to evaluate the effect of pH on the SI
nd the ion species of FePO4·2H2O precipitation. The pH model-
ng range was 1.0–10.0. Fig. 1a showed that the SI of FePO4·2H2O
ollowed a polynomial function of pH (Table 3), and the maxi-

um SI range for FePO4·2H2O precipitation was observed at the
H of 5.0–6.0. An increase in pH from 1.0 to 5.5 caused a sig-
ificant increase in SI. With an increase in pH from 5.5 to 10.0,
he SI gradually decreased. The lower the pH, the more difficult
t is for Fe3+ to release H+ from H2PO4

−. The higher the pH, the
tronger the OH− compete with PO4

3− for Fe3+ [28]. In addition,
he pH effect on FePO4·2H2O precipitation could also be explained
y its influence on the speciation of phosphate and ferric iron
alts. Under the modeling solution conditions, 9 ferric iron salts
pecies (i.e. Fe3+, Fe(OH)2

+, Fe(OH)3, FeOH2+, Fe(OH)4
−, FeH2PO4

2+,
eHPO4

+, Fe2(OH)2
4+, Fe3(OH)4

5+) and 6 phosphate species (i.e.
eH2PO4

2+, FeHPO4
+, H2PO4

−, HPO4
2−, KHPO4

−, PO4
3−) were

ormed. The speciation variations of phosphate at different pH
Fig. 1b) showed that with an increase in pH, the ion activi-
ies of PO4

3−, HPO4
2−, KHPO4

− increased; the ion activities of
eH2PO4

2+, FeHPO4
+ decreased; and the ion activity of H2PO4

−

xhibited no obvious changes. An increase in pH resulted in the
issociation of the species of FeH2PO4

2+, FeHPO4
+ and the associ-

tion of the species of PO4
3−, HPO4

2−, KHPO4
−. The solution pH

ould influence the ion activities of ferric iron salts and phos-
hate, and further change the SI of FePO4·2H2O. Therefore, the
SI = −4.0137 + 3.7904 × pH + −0.3458 × pH2

SI = −3.8818 + 3.9399 × pH + −0.3542 × pH2

SI = −3.7420 + 4.1564 × pH + −0.3654 × pH2

solution pH was an effective factor for FePO4·2H2O precipita-
tion.

There are some relevant papers dealing with the effect of pH
on phosphate removal. Fytianos et al. [18] obtained the optimum
phosphate removal ratio at a pH of 4.5 and a Fe/P molar ratio of
1:1. Szabo et al. [29] conducted batch and continuous experiments
using ferric iron salts to remove phosphate and obtained the best
orthophosphate removal efficiency at a pH range of 5.0–7.0. These
results are in similar range as our modeling results.

3.2. Fe/P and initial PO4
3− concentration modeling

It has been noted in previous studies that the phosphate removal
efficiency was generally affected by the factors of Fe/P and ini-
tial PO4

3− concentration [18,19]. The modeling investigated the
effect of Fe/P and initial PO4

3− concentration on FePO4·2H2O pre-
cipitation. Fig. 2a was the relationship between SI and Fe/P. The
Fe/P modeling range was 0.1–3.0. The SI of FePO4·2H2O obviously
Fig. 1. The effect of pH on FePO4·2H2O precipitation. (a) SI calculation of FePO4·2H2O
at different pH (Fe3+:PO4

3− = 2:1, temperature = 25 ◦C, KNO3 = 10 mmol/L); (b) ion
activity at different pH (PO4

3− = 20 mg/L, Fe3+:PO4
3− = 2:1, temperature = 25 ◦C,

KNO3 = 10 mmol/L).
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Fig. 2. The effect of Fe/P and initial PO4
3− concentration on FePO4·2H2O precipi-

tation. (a) SI calculation of FePO4·2H2O at different Fe3+:PO4
3− molar ratio (pH 6.0,

temperature = 25 ◦C, KNO3 = 10 mmol/L). (b) SI calculation of FePO4·2H2O at different
initial PO4

3− concentration (pH 6.0, temperature = 25 ◦C, KNO3 = 10 mmol/L).

Table 4
Calculation equations of thermodynamic modeling between SI and Fe3+:PO4

3− molar
ratio.

P concentration (mg/L) R2 Calculation equations

a
t
i
r

F
s

T
C
c

20 1 SI = 0.4328 × ln(Fe/P) + 5.9578
50 0.9999 SI = 0.4325 × ln(Fe/P) + 6.7492

200 0.9999 SI = 0.4252 × ln(Fe/P) + 7.9339

lso followed a logarithmic function of initial PO4
3− concentra-

ion (Table 5). The results indicated the phosphate removal ratio
3−
ncreased with an increase in Fe/P and initial PO4 concentration,

espectively.
The SI of FePO4·2H2O could be calculated and the feasibility of

ePO4·2H2O precipitation could be evaluated under the modeling
olution conditions. The reason of Fe/P and initial PO4

3− concen-

able 5
alculation equations of thermodynamic modeling between SI and initial PO4

3−

oncentration.

Fe3+:PO4
3− R2 Calculation equations

1.0 1 SI = 0.8594 × ln(PO4
3− concentration) + 3.3859

2.0 1 SI = 0.8561 × ln(PO4
3− concentration) + 3.6951

3.0 0.9999 SI = 0.8551 × ln(PO4
3− concentration) + 3.8684
Fig. 3. SI calculation of FePO4·2H2O at different alkalinity (PO4
3− = 20 mg/L,

Fe3+:PO4
3− = 2:1, temperature = 25 ◦C, KNO3 = 10 mmol/L).

tration effect on the SI of FePO4·2H2O could be explained as Eq.
(5):

SI = log
IAP
KSP

= log[(CFe3+ f1)(CPO4
3− f2)] − log KSP (5)

where CFe3+ , CPO4
3− are the concentrations of Fe3+, PO4

3− and f1, f2
are the ionic activity coefficient. The Eq. (5) demonstrated the SI of
FePO4·2H2O was correlated with the concentrations of Fe3+, PO4

3−

and the coefficient of ionic activity. When the modeling solution
conditions, i.e. one of the two ions concentrations (Fe3+, PO4

3−) and
the ionic strength were determined, the SI of FePO4·2H2O followed
the logarithmic function of the concentration of the other of the
two ions (Fe3+, PO4

3−). As a result, the control of Fe/P and initial
PO4

3− concentration was effective for FePO4·2H2O precipitation.
In the literature, Song et al. [21] studied the effects of solution

conditions on hydroxyapatite precipitation and demonstrated the
SI was the logarithmic function of phosphate and calcium concen-
trations, respectively. Wang et al. [22] modeled the crystallization
of MAP and indicated the SI value was followed a logarithmic func-
tion of the reaction ions concentrations.

3.3. Alkalinity modeling

The modeling was formulated to study the effect of alkalinity
on FePO4·2H2O precipitation. The alkalinity modeling range was
5–500 mmol/L. Fig. 3 showed that the SI of FePO4·2H2O decreased
with an increase in the solution alkalinity and followed a log-
arithmic function of alkalinity (Table 6). The SI value decreased
greatly at pH 9.0 and not so obviously at pH 6.0. The results demon-
strated that alkalinity could decrease the precipitation efficiency of
FePO4·2H2O. The formation of ion pairs between alkaline ions (car-
bonate, bicarbonate, etc.) and ferric ions as well as the decrease
of free ferric ions, accounted for this observation. This caused

a decrease in the thermodynamic driving force for FePO4·2H2O
precipitation. In practical wastewater treatment, the solution con-
dition of actual alkalinity might be more complicated than that
of the modeling alkalinity. Actual alkalinity was defined as all of
the ions that could react with proton. The modeling alkalinity was

Table 6
Calculation equations of thermodynamic modeling between SI and alkalinity.

pH R2 Calculation equations

6.0 0.9531 SI = −0.0443 × ln(alkalinity) + 6.3535
9.0 0.9712 SI = −0.0905 × ln(alkalinity) + 2.2211
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Fig. 4. SI calculation of FePO4·2H2O at different ionic strength (PO4
3− = 20 mg/L,

Fe3+:PO4
3− = 2:1, temperature = 25 ◦C).

Table 7
Calculation equations of thermodynamic modeling between SI and ionic strength.

pH R2 Calculation equations

a
f
c
S
r
c

3

i
W
d
(
F
o
a
c
f
w
d
w
a
s
t
c
a

influence the ion activity of ferric iron salts and phosphate, and
4.0 0.9873 SI = −0.105 × ln(ionic strength) + 5.9986
6.0 0.9869 SI = −0.0581 × ln(ionic strength) + 6.3949
9.0 0.9913 SI = −0.1262 × ln(ionic strength) + 2.3324

ssumed to be that of carbonate to simplify the model. Thus, the
actor of solution alkalinity might be more important in the practi-
al phosphate wastewater treatment by FePO4·2H2O precipitation.
zabo et al. [29] conducted research on the effect of alkalinity on fer-
ic addition in wastewater treatment for phosphorus removal and
onsidered alkalinity as a key factor for FePO4·2H2O precipitation.

.4. Ionic strength modeling

The effect of ionic strength on FePO4·2H2O precipitation was
nvestigated (Fig. 4). The KNO3 modeling range was 5–500 mmol/L.

ith the solution ionic strength increasing, the SI of FePO4·2H2O
ecreased and followed a logarithmic function of ionic strength
Table 7). An increase in the ionic strength caused a decrease in
ePO4·2H2O precipitation. Eq. (5) demonstrated the concentrations
f ferric iron salts and phosphate as well as the coefficient of ionic
ctivity influenced the SI of FePO4·2H2O. When the modeling con-
entrations of Fe3+, PO4

3− were determined, the SI of FePO4·2H2O
ollowed the logarithmic function of ionic strength. In practical
astewater treatment, the ionic strength was influenced by the
ifferent local water conditions. Donnert [30] reported that the
astewater ionic strength was 0.021 M in the Germany hard water

rea and 0.011 M in the Japanese wastewater. Although the ionic

trength was difficult to adjust for the treatment of hard wastewa-
er, the concentrations of wastewater could be diluted at certain
onditions under the evaluation of thermodynamic modeling to
void the influence of ionic strength.

Table 8
Calculation equations of thermodynamic modeling between SI and t

pH R2 C

4.0 0.9986 S
6.0 0.9971 S
9.0 0.9996 S
Fig. 5. The effect of temperature on FePO4·2H2O precipitation. (a) SI calculation
of FePO4·2H2O at different temperature (PO4

3− = 20 mg/L, Fe3+:PO4
3− = 2:1,

KNO3 = 10 mmol/L); (b) ion activity at different temperature (pH 6.0,
PO4

3− = 20 mg/L, Fe3+:PO4
3− = 2:1, KNO3 = 10 mmol/L).

3.5. Temperature modeling

The modeling investigated the effect of temperature on
FePO4·2H2O precipitation. The temperature modeling range was
0–35 ◦C. Fig. 5a showed that at pH 6.0 and 9.0, the SI value decreased
with an increase in temperature and followed a linear function;
at pH 4.0, the SI value increased at the early stage and decreased
later, and followed a polynomial function (Table 8). At pH 6.0
and 9.0, the yield of FePO4·2H2O decreased with an increase in
temperature from 0 to 35 ◦C. At pH 4.0, the optimal temperature
range for FePO4·2H2O precipitation was 25–30 ◦C. The associa-
tion/dissociation reactions of FePO4·2H2O could be evaluated by
the speciation of phosphate and ferric iron salts at different tem-
perature. Fig. 5b showed that with an increase in temperature, the
ion activities of H2PO4

−, HPO4
2−, KHPO4

− exhibited no obvious
changes, while the ion activities of FeH2PO4

2+, FeHPO4
+ decreased,

and the ion activity of PO4
3− increased. An increase in tempera-

ture caused the dissociation of the species of FeH2PO4
2+, FeHPO4

+

and the association of the species of PO4
3−. The temperature could
thus change the SI of FePO4·2H2O. In view of these observations,
the factor of solution temperature should be considered in the con-
duct of practical phosphate wastewater treatment by FePO4·2H2O
precipitation.

emperature.

alculation equations

I = 5.5279 + 0.0164 × temperature − 3.1667 × temperature2

I = 6.9908 − 0.0291 × temperature
I = 3.4792 − 0.0578 × temperature
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ig. 6. Phosphate removal from anaerobic supernatant. (a) PO4
3− removal ratio a

atio (pH 6.0). (c) Scanning electron microscopy analysis of FePO4·2H2O precipitate
pectroscopy analysis of FePO4·2H2O precipitate.

.6. Case study of phosphate removal from anaerobic supernatant

Compared with thermodynamic modeling of FePO4·2H2O pre-
ipitation, the experiments on phosphate removal from anaerobic
upernatant by FePO4·2H2O precipitation was investigated. It was
oncluded that the experimental results were closer to the predic-
ions of thermodynamic modeling.
Fig. 6a showed the optimum pH range for phosphate removal
as 4.0–7.0. The experimental results were in qualitative agree-
ent with the linear correlation of the SI for FePO4·2H2O

recipitation (Fig. 1a). The small deviations in the trend in
hosphate removal experiments were responsible for the co-
rent pH (Fe3+:PO4
3− = 2:1). (b) PO4

3− removal ratio at different Fe3+:PO4
3− molar

-ray diffraction analysis of FePO4·2H2O precipitate. (e) Fourier transform infrared

precipitation of FePO4·2H2O and Fe(OH)3, the adsorption of
hydrolyzed ferric iron salts [31], and the flocculation effects [19].
The optimum Fe/P range was 1.5–2.0 (Fig. 6b). When the Fe/P
increased from 1:1 to 2:1, the phosphate removal ratio also
increased; however, further increase in Fe/P was not economical for
additional phosphate removal and recovery. The linear correlation
of the experimental data was similar to a logarithmic function and

reasonably agreed with the thermodynamic modeling predictions
for FePO4·2H2O precipitation (Fig. 2a). Both modeling and experi-
ments indicated that ferric iron salts was the limiting constituent
for FePO4·2H2O precipitation. In order to maximize the reduction
of soluble phosphorus, a ferric iron source was required.
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SEM analysis (Fig. 6c) was performed to identify the surface
haracterization of the precipitate, and it showed that the spherical
rystals were unshaped and coarse. XRD analysis (Fig. 6d) indicated
hat the precipitate was amorphous solid. FTIR pattern (Fig. 6e)
howed the infrared spectrum of the precipitate was close to that
f FePO4·2H2O as elucidated elsewhere [31].

The thermodynamic modeling of FePO4·2H2O precipitation can
rovide a theoretical guide for operational parameters design and
valuate the effect of solution conditions on phosphate removal,
lthough practical phosphate wastewater treatment is compli-
ated. When modeling data are entered into the PHREEQC program,
t is easy to conduct iterative analyses for the various amend-

ents to evaluate the operational parameters. Thermodynamic
odeling can develop a useful method to optimize the technol-

gy parameters of phosphate removal and recovery for all kinds of
astewater.

. Conclusions

To study phosphorus removal and recovery from wastewater, a
hermodynamic modeling assessment and a case study were inves-
igated. The following conclusions were drawn.

1) SI was utilized to indicate the thermodynamic modeling for
FePO4·2H2O precipitation. The SI of FePO4·2H2O followed a
polynomial function of pH, and the solution pH influenced the
ion activities of ferric iron salts and phosphate. As a result, pH
was an important factor for FePO4·2H2O precipitation.

2) The SI of FePO4·2H2O increased, and it followed a logarithmic
function of Fe/P and initial PO4

3− concentration, respectively.
Therefore, the control of Fe/P and initial PO4

3− concentration
was effective for FePO4·2H2O precipitation.

3) The SI of FePO4·2H2O decreased, and it was described by a log-
arithmic function of alkalinity and ionic strength, respectively.
With an increase in temperature, SI at pH 6.0 and 9.0 decreased
with a linear function; SI at pH 4.0 followed a polynomial func-
tion. The research showed that the factors of alkalinity, ionic
strength, and temperature influenced the FePO4·2H2O precipi-
tation from wastewater.

4) In the case study of phosphate removal from anaerobic super-
natant, the phosphate removal trend at different pH and Fe/P
was reasonably closer to the thermodynamic modeling pre-
dictions. SEM analysis indicated that the spherical crystals
were unshaped and coarse. XRD analysis demonstrated that
the precipitate was amorphous solid. FTIR pattern showed that
the infrared spectrum of the precipitate was similar to that
of FePO4·2H2O. Therefore, chemical precipitation thermody-
namic modeling of FePO4·2H2O precipitation can provide a
theoretical guide for technology parameters design and evalu-
ate the effect of solution conditions on phosphorus removal and
recovery.
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