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ABSTRACT

In this study, phosphate (P) removal from aqueous solutions by hydrocalumite was
investigated using batch experiments and model analyses. The maximum phosphate removal
capacity was determined to be 127.53 mg P/g under the given experimental conditions
(hydrocalumite dose = 0.05 g/L, initial P concentration = 2–20 mg P/L, reaction time = 24 h).
Model analyses showed that the Elovich model was most suitable for describing the kinetic
data, whereas the Redlich–Peterson model provided the best fits to the equilibrium data.
Furthermore, phosphate removal by hydrocalumite was not sensitive to pH changes between
4.0 and 11.0. A thermodynamic analysis indicated that phosphate removal by hydrocalumite
increased with a rise in temperature from 15 to 45˚C, suggesting that the removal process was
spontaneous and endothermic (ΔH˚ = 32.05 kJ/mol, ΔS˚ = 112.86 J/K/mol, ΔG˚ = −0.47 to
−3.86 kJ/mol). The phosphate removal capacity in stream water (5.40–17.25 mg P/g) was also
lower than that in a synthetic P solution (6.86–27.51 mg P/g) under the given experimental
conditions (initial P concentration = 2 mg P/L, hydrocalumite dose = 0.05–0.3 g/L, reaction
time = 24 h). Such a result could possibly be ascribed to the presence of carbonate ions (CO2�

3 )
in the stream water, which could interfere with phosphate removal by hydrocalumite through
the precipitation of calcium carbonate (CaCO3).

Keywords: Hydrocalumite; Hydroxyapatite; Layered double hydroxide; Phosphate removal;
Precipitation

1. Introduction

Hydrocalumite is an anionic clay mineral with
portlandite-like principal layers in which one-third of

the Ca2+ sites are substituted by Al3+ ions [1]; it has
the chemical formula, Ca4Al2(OH)12Cl2·4H2O, which is
the Friedel phase [2]. Since hydrocalumite is mainly
found in hydrated cement paste, it can be synthesized
in a simple and inexpensive manner via hydration
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reactions [3]. As layered double hydroxides (LDHs)
[4], hydrocalumite belongs to a class of nanostructured
anionic clays consisting of positively charged brucite-
like sheets that are balanced by the intercalation of
anions in the hydrated interlayer regions. LDHs have
the general formula [M2þ

1�xM
3þ
x (OH)2]

x+(An−)x/n·mH2O,
where M2+ is a divalent cation, M3+ is a trivalent
cation, x is the molar ratio of M3+/(M2+ + M3+), and A
is an interlayer anion with valence n [5]. These materi-
als have a high surface area, large anion exchange
capacity, and good thermal properties [6]. Recently,
LDHs have been widely applied for the removal of
contaminants from aqueous solutions [7–11].

Phosphate is an essential macronutrient in aquatic
environments. However, the presence of phosphate in
excessive amounts causes eutrophication in water bod-
ies, which in turn leads to algal bloom in rivers, lakes,
reservoirs, and coastal waters [12]. Various treatment
methods (e.g. chemical, biological, and membrane
technologies) have been employed to mitigate the
phosphorus concentration in wastewater before its dis-
charge into water bodies [13]. Recently, hydrocalumite
has been used by several researchers for phosphate
removal [14]. Oladoja et al. [2] synthesized hydrocalu-
mite from a gastropod shell so as to examine its ability
to remove phosphate from aqueous solutions. A
research group from Shanghai University [4,15–18]
also prepared hydrocalumite for the removal of
phosphate from aqueous solutions. The authors
subsequently characterized phosphate removal by
hydrocalumite using batch removal experiments. Most
of the research cited above was performed with high
phosphate concentration ranges (25–326 mg P/L), the
exception being the Ashekuzzaman and Jiang study
[14], where experiments were conducted with a phos-
phate concentration of 10 mg P/L. It was reported that
the phosphate concentrations in secondary effluents
from municipal wastewater treatment plants wer-
e < 8.0 mg P/L [19,20]. At present, further experiments
are required to clearly elucidate the performance of
hydrocalumite in phosphate removal at low phosphate
concentrations.

The aim of this study was to examine the removal
of phosphate from aqueous solutions by hydrocalu-
mite. Batch experiments were performed to investigate
the effects of the reaction time, initial phosphate
concentration, initial solution pH, temperature, and
hydrocalumite dose on the removal of phosphate by
hydrocalumite. Additional batch experiments were
conducted in order to compare the phosphate removal
performance in a synthetic phosphate solution and
real stream water. Kinetic, equilibrium isotherm, and
thermodynamic models were used to analyze the
batch experimental data.

2. Materials and methods

2.1. Synthesis and characterization of hydrocalumite

All chemicals utilized for the experiments were
purchased from Sigma Aldrich. Hydrocalumite
(Ca2Al-Cl LDH) was prepared in powder form by a
co-precipitation method [16] using mixtures of calcium
chloride (CaCl2) and aluminum chloride hexahydrate
(AlCl3·6H2O). A 200 mL solution (Ca:Al molar
ratio = 2) of CaCl2 and AlCl3·6H2O was added drop-
wise to a 400 mL alkali solution (pH 13) of sodium
hydroxide (NaOH) using a peristaltic pump (QG400,
Fasco, Springfield, MO, USA). The dropwise addition
was performed under an N2 flow at a rate of
3 mL/min with vigorous stirring at room temperature.
The resulting precipitates were aged at room tempera-
ture for 24 h in the mother liquor. Precipitates were
then washed thoroughly with deionized water so as to
remove excess sodium, and the final suspensions were
centrifuged at 11,200× g (8,500 rpm) for 20 min. The
washed precipitates were thermally treated at 105˚C
for 12 h in an electric muffle furnace (C-FMA, Vision
Lab, Seoul, Korea), and subsequently pulverized in a
ball mill [21].

Hydrocalumite was examined using a field emis-
sion scanning electron microscope (Supra 55VP; Carl
Zeiss, Oberkochen, Germany). As evident from the
FESEM image in Fig. 1(a), powder-type hydrocalumite
was successfully synthesized. Energy dispersive X-ray
spectroscopy (EDS) analysis was performed using the
FESEM system, and the presence of calcium (Ca) with
L-alpha and K-alpha peaks at 0.341 and 3.691 keV,
respectively, was confirmed. Aluminum (Al) was also
present with K-alpha and K-beta signals at 1.486 and
1.553 keV, respectively. The EDS examination indi-
cated that the weight percents of Ca, Al, and Cl in the
hydrocalumite (Ca2Al-Cl LDH) were 28.50, 11.65, and
10.51%, respectively. Nitrogen gas (N2) adsorption–
desorption experiments were conducted with an
ASAP 2020 instrument (Micromeritics, Nocross, GA,
USA). The hydrocalumite particles had a specific
surface area of 7.50 m2/g, a total pore volume of
0.032 cm3/g, and an average pore diameter of
16.89 nm. To characterize the hydrocalumite structure
before and after the phosphate removal experiments,
powder X-ray diffractometry (XRD, D8 Advance,
Bruker, Germany) was performed with Cu Kα radia-
tion (λ = 1.5406 Å) at a scanning speed of 0.6˚/s.

2.2. Phosphate removal experiments

The desired phosphate (P) solution was prepared
by diluting a stock solution (1,000 mg P/L) made from
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potassium dichromate (KH2PO4). To investigate phos-
phate removal by hydrocalumite, batch experiments
were performed at 30˚C using 50 mL polypropylene
conical tubes, unless otherwise stated; all experiments
were carried out in triplicate. The first set of experi-
ments was conducted to observe the effect of the reac-
tion time on phosphate removal by hydrocalumite.
The tests were performed at initial P concentrations of
1, 2, 4, and 8 mg P/L with a hydrocalumite dose of
0.1 g/L in 30 mL of solution. The tubes were shaken
at 100 rpm using a shaking incubator (Daihan Science,
Seoul, Korea), and samples were collected after vari-
ous reaction times. Collected samples were subse-
quently filtered through a 0.45 μm membrane filter.
The phosphate concentration was measured by the
ascorbic acid method [22] at a wavelength of 880 nm
using a UV–vis spectrophotometer (Genesys 10S,
Thermo Scientific, Waltham, MA, USA).

The second set of experiments was performed to
investigate the effect of the initial phosphate concen-
tration on the phosphate removal performance.

Hydrocalumite (dose = 0.05, 0.1, 0.2 g/L) was added
to 30 mL of a phosphate solution (initial concentra-
tion = 2–20 mg P/L), and samples were collected
after 24 h. The third set of experiments was conducted
to examine the effect of the initial solution pH (initial
P concentration = 2 mg P/L, hydrocalumite dose = 0.1
g/L, reaction time = 24 h). Here, 0.1 M NaOH and
0.1 M HCl solutions were utilized to adjust the pH of
the reaction solution from 4.0 to 11.0; the pH was
measured with a pH probe (9107BN, Thermo Scien-
tific, Waltham, MA, USA). The fourth set of experi-
ments was performed at 15, 30, and 45˚C in order to
elucidate the effect of temperature on phosphate
removal (initial P concentration = 2 mg P/L, hydroca-
lumite dose = 0.05 g/L, reaction time = 24 h).

The fifth set of experiments was performed to
evaluate the effect of the hydrocalumite dosage on
phosphate removal (initial P concentration =
1–8 mg P/L, hydrocalumite dose = 0.05–0.3 g/L,
reaction time = 24 h). Additional tests were con-
ducted with stream water (initial P concentra-
tion = 2 mg P/L, hydrocalumite dose = 0.05–0.3 g/L,

Fig. 1. Characteristics of hydrocalumite: (a) FESEM image
(scale bar = 200 nm) and (b) EDS pattern (inset: elemental
composition of hydrocalumite).

Fig. 2. Phosphate removal by hydrocalumite: (a) effect
of reaction time and (b) effect of initial phosphate
concentration.
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reaction time = 24 h) and a synthetic P solution so as
to compare the phosphate removal characteristics.
Stream water samples were collected from the Seoho
stream located in Suwon, Korea. The ionic composi-
tion of the stream water was analyzed using an ion
chromatograph (Dionex ICS-3000, Thermo Scientific,
Waltham, MA, USA), while the chemical oxygen
demand (CODcr) was measured according to a stan-
dard method [23]. The stream water had the following

composition and chemical properties: NaCl = 2.41 mM,
NaHCO3 = 0.38 mM, Ca(HCO3)2 = 0.67 mM, CaSO4 =
0.17 mM, MgSO4 = 0.20 mM, Mg(NO3)2 = 0.03 mM,
KNO3 = 0.32 mM, K2HPO4 = 1.77 × 10−4 mM, CODcr =
4.2 mg/L, pH 6.9, and ionic strength = 613 μS/cm. The
stream water was passed through a 0.2 μm filter prior
to the experiments in order to remove microorganisms
and suspended particles. For the stream water,
which had a very low phosphate concentration
(0.017 mg P/L), phosphate was added to establish an
initial P concentration of 2 mg P/L [24].

2.3. Model analyses

All model parameters were estimated with the sol-
ver add-in function in Microsoft Excel 2010; parameter
values were determined by nonlinear regression. The
determination coefficient (R2), chi-square coefficient
(χ2), and sum of absolute error (SAE) were utilized to
analyze the experimental data and to confirm the
model fitting. The expressions for R2, χ2, and SAE are
as follows:

Fig. 3. Kinetic model analyses: (a) pseudo-first-order
model, (b) pseudo-second-order model, and (c) Elovich
model. Model parameters are presented in Table 1.

Fig. 4. Equilibrium model analyses: (a) hydrocalumite
dose = 0.05 g/L and (b) hydrocalumite dose = 0.1 g/L.
Model parameters are presented in Table 2.
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R2 ¼
Pm

i¼1ðyc � �yeÞ2iPm
i¼1ðyc � �yeÞ2i þ

Pm
i¼1ðyc � yeÞ2i

(1)

Fig. 5. Phosphate removal by hydrocalumite: (a) effect of
initial solution pH and (b) effect of temperature.

Fig. 6. Thermodynamic model analysis. Model parameters
are presented in Table 3.

Fig. 7. Phosphate removal by hydrocalumite: (a) effect of
hydrocalumite dose and (b) effect of stream water.

Fig. 8. Changes in solution pH as a function of the reaction
time during phosphate removal by hydrocalumite.
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v2 ¼
Xm
i¼1

ye � ycð Þ2
yc

" #
i

(2)

SAE ¼
Xn
i¼1

yc � yej ji (3)

where yc is the calculated removal capacity from the
model, ye is the measured removal capacity from
experiment, and �ye is the average of the measured
removal capacity.

3. Results and discussion

3.1. Effects of reaction time and initial P concentration

The effect of the reaction time on phosphate
removal by hydrocalumite (initial P concentration = 1,
2, 4, and 8 mg P/L; hydrocalumite dose = 0.1 g/L) is
shown in Fig. 2(a). At an initial P concentration of
1 mg P/L, the phosphate removal capacity gradually
increased, reaching 10.06 mg P/g after a reaction time
of 24 h. As the initial P concentration was increased
from 2 to 8 mg P/L, the phosphate removal capacity
at 24 h increased from 20.58 to 73.86 mg P/g. The
experimental data (Fig. 2(a)) were analyzed using
pseudo-first-order (Eq. (4)), pseudo-second-order
(Eq. (5)), and Elovich (Eq. (6)) kinetic models [25]:

qt ¼ qe 1� e�k1t
� �

(4)

qt ¼ k2q
2
et

1þ k2qet
(5)

qt ¼ 1

b
ln abð Þ þ 1

b
ln t (6)

where qe is the amount of phosphate removed
(removal capacity) at equilibrium, qt is the amount of
phosphate removed (removal capacity) at time t, k1 is
the pseudo-first-order rate constant, k2 is the pseudo-
second-order rate constant, α is the initial removal rate
constant, and β is the Elovich removal constant.

The results from the kinetic model analyses are
presented in Fig. 3, while the kinetic model parame-
ters are provided in Table 1. From the obtained values
of R2, χ2, and SAE, it was concluded that the Elovich
model (Fig. 3(c)) was most suitable for describing the
kinetic data, except in the case of a 1 mg P/L concen-
tration (pseudo-second-order model). Parameter
values of α = (4.96 × 102)–(1.43 × 103) mg P/g/h and
β = 0.102–0.961 g/mg P were determined from the Elo-
vich model (Table 1). The Elovich equation (Eq. (6)) is
a rate equation based on the sorption capacity; it is
useful for describing chemisorption and understand-
ing the adsorption behavior during the first step of
the reaction [25]. Several researchers have employed
the Elovich model to describe phosphate removal by
various adsorbents, including soils, iron oxides, and
lead–zinc tailings [26–29].

The effect of the initial phosphate concentration on
phosphate removal by hydrocalumite (hydrocalumite
dose = 0.05, 0.1, and 0.2 g/L; reaction time = 24 h) is
presented in Fig. 2(b). The percent removal decreased
with a rise in the initial P concentration at all hydroca-
lumite dosages. At a dose of 0.05 g/L, the percent
removal decreased from 66.8 to 25.4% with an increase
in the initial phosphate concentration from 2 to
20 mg P/L. For a 0.1 g/L dose, the percent removal
decreased from 99.9 to 47.8% over the same phosphate
concentration range. In the case of a 0.2 g/L dose, the
percent removal was 100% at initial P concentrations
of 2–10 mg P/L, but decreased slightly to 99.3 and
98.4% at initial P concentrations of 15 and 20 mg P/L,
respectively. Meanwhile, the phosphate removal
capacity increased with a rise in the initial P concen-
tration at all hydrocalumite dosages. For example, the
removal capacity at 0.1 g/L increased from 20.56 to
97.81 mg P/g as the phosphate concentration was
increased from 2 to 20 mg P/L. The experimental data
in Fig. 2(b) were analyzed with the Langmuir (Eq. (7)),
Freundlich (Eq. (8)), Temkin (Eq. (9)), and Redlich–
Peterson (Eq. (10)) equilibrium models [30]:

qe ¼ QmKLCe

1þ KLCe
(7)

Fig. 9. XRD patterns obtained before and after phosphate
removal by hydrocalumite.
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qe ¼ KFC
1
n
e (8)

qe ¼ RT

bT
ln ATCe (9)

qe ¼ KRCe

1þ aRC
g
e

(10)

where Ce is the equilibrium concentration of phos-
phate in the aqueous solution, Qm is the maximum
removal capacity, KL is the Langmuir constant related
to the affinity of the binding sites, KF is the Freundlich
constant associated with the removal capacity, 1/n is
the Freundlich constant related to the removal inten-
sity, R is the universal gas constant, T is temperature
(K), bT is the Temkin isotherm constant, AT is the
Temkin isotherm equilibrium binding constant (L/g),
KR is the Redlich–Peterson constant related to the
removal capacity, aR is the Redlich–Peterson constant
related to the affinity of the binding sites, and g is the
Redlich–Peterson constant related to the removal
intensity.

The findings from the equilibrium model analyses
are presented in Fig. 4, while the corresponding equi-
librium model parameters are provided in Table 2.
Note that experimental data obtained at a dose of
0.2 g/L were excluded from the model analysis
because only two data points were available; at initial
P concentrations of 2–10 mg P/L, the percent removal

was 100% and thus, equilibrium P concentrations did
not exist at these initial P concentrations. The values
of R2, χ2, and SAE indicated that the Redlich–Peterson
model was suitable for describing the equilibrium data.
Parameter values of KR/aR = 92.53–127.04 mg P/g and
g = 0.987–0.999 were determined from the Redlich–
Peterson model. The Redlich–Peterson model
(Eq. (10)) is an empirical model that combines the
Freundlich and Langmuir equations to explain adsorp-
tion over a wide range of concentrations. When g is
close to unity, the expression reduces to the Langmuir
equation [30]. Several researchers have reported that
the Redlich–Peterson model is suitable for describing
sorption isotherm data [31–33]. From the Langmuir
model, the maximum phosphate removal capacity
was determined to be 127.53 mg P/g under the
given experimental conditions (hydrocalumite
dose = 0.05 g/L, initial P concentration = 2–20 mg P/L,
reaction time = 24 h). This value was within the range
of the phosphate removal capacity of hydrocalumite
(69.39–132.57 mg P/g) reported in the literature
[2,14,16].

3.2. Effects of pH and temperature

The effect of the initial solution pH on
phosphate removal by hydrocalumite (initial P
concentration = 2 mg P/L, hydrocalumite dose =
0.1 g/L, reaction time = 24 h) is shown in Fig. 5(a).
The phosphate removal capacity remained in the

Table 1
Kinetic model parameters obtained by fitting models to experimental data

Initial P concentration 1 mg P/L 2 mg P/L 4 mg P/L 8 mg P/L

Pseudo-first-order
qe (mg P/g) 9.486 19.604 38.913 59.626
k1 (1/h) 3.757 1.813 1.789 3.773
R2 0.952 0.908 0.881 0.683
χ2 0.346 9.239 17.002 16.036
SAE 3.447 13.779 30.124 73.998

Pseudo-second-order
qe (mg P/g) 9.990 20.531 40.288 71.704
k2 (g/mg P/h) 0.548 0.129 0.066 0.037
R2 0.993 0.963 0.951 0.907
χ2 0.042 3.898 6.578 11.790
SAE 1.231 7.228 16.910 45.778

Elovich
α (mg P/g/h) 1.43 × 103 4.96 × 102 9.48 × 102 1.09 × 103

β (g/mg P) 0.961 0.391 0.197 0.102
R2 0.851 0.964 0.968 0.985
χ2 1.201 0.500 0.694 0.923
SAE 6.183 6.056 9.997 16.342
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range of 20.10–20.76 mg P/g even as the initial pH
was increased from 4.0 to 11.0, indicating that phos-
phate removal by hydrocalumite was not sensitive to
changes in the pH. Therefore, hydrocalumite could be
applied for phosphate removal under various pH
conditions. It should be noted that in the initial pH
range of 4.0–9.1, the final (equilibrium) pH increased
to 9.7–10.0 after the removal experiments. Similar find-
ings were reported by Oladoja et al. [2], who noted
that the phosphate removal capacity changed slightly
from 98.7 to 99.2 mg/g as the initial pH was increased
from 7 to 10. The authors found that the equilibrium
pH at the end of the reaction was higher than the ini-
tial pH. Ashekuzzaman and Jiang [14] reported that
the phosphate removal rates of Ca-based (Ca–Al–NO3

and Ca–Fe–NO3) LDHs remained relatively constant
(~98%) even though the initial pH was varied from
3.5 to 10.5. The authors also noted that the final pH
remained at 10.5 when initial pH values in the range
of 3.5–10.5 were employed.

The effect of temperature on phosphate removal
by hydrocalumite (initial P concentration = 2 mg P/L,
hydrocalumite dose = 0.05 g/L, reaction time = 24 h) is
presented in Fig. 5(b). At 15˚C, the phosphate removal
capacity was 23.39 mg P/g with a percent removal of
55.6%. When the temperature was raised to 30˚C, the
phosphate removal capacity increased to 27.51 mg P/g
with an increase in the percent removal to 66.8%. At
45˚C, the phosphate removal capacity further
increased to 33.97 mg P/g with the percent removal
reaching 82.4%. These results demonstrated that the
phosphate removal process was endothermic. The
experimental data in Fig. 5(b) were analyzed to deter-
mine relevant thermodynamic parameters using the
following relationships [34]:

DG� ¼ DH� � TDS� (11)

DG� ¼ �RT ln Ke (12)

ln Keð Þ ¼ DS�

R
� DH�

RT
; Ke ¼ aqe

Ce
(13)

where ΔG˚ is the change in Gibbs free energy, ΔS˚ is
the change in entropy, ΔH˚ is the change in enthalpy,
Ke is the equilibrium constant (dimensionless), and a
is the hydrocalumite dose (g/L). Values of ΔS˚and
ΔH˚ were determined by plotting ln(Ke) vs. 1/T using
Eq. (13), while the value of ΔG˚ was calculated from
Eq. (11). The thermodynamic analysis results are
shown in Fig. 6, and thermodynamic parameters are
provided in Table 3. The positive value of ΔH˚
(32.05 kJ/mol) indicates that phosphate removal by
hydrocalumite is an endothermic process, while the
positive value of ΔS˚ (112.86 J/K/mol) suggests that
the degree of randomness increased at the interface
between the solid and solution during the removal
process. The negative values of ΔG˚ (−0.47 to
−3.86 kJ/mol) indicate that the phosphate removal
process was spontaneous. Our results are in good
agreement with the findings of other researchers who
examined the endothermic nature of phosphate
removal by Mg–Al LDH [24] and Zn–Al LDH [35].

3.3. Effects of hydrocalumite dose and stream water

The effect of the hydrocalumite dose on phosphate
removal (initial P concentration = 1–8 mg P/L, hydro-
calumite dose = 0.05–0.3 g/L, reaction time = 24 h) is
shown in Fig. 7(a). The percent removal increased
with a rise in the adsorbent dose from 0.05 to 0.3 g/L.
For example, when the initial P concentration was
8 mg P/L, the percent removal was 49.4% at a hydro-

Table 2
Isotherm parameters obtained by fitting models to
experimental data

Hydrocalumite dose 0.05 g/L 0.1 g/L

Langmuir
Qm (mg P/g) 127.53 98.84
KL (L/mg P) 0.403 6.948
R2 0.987 0.992
χ2 1.175 0.370
SAE 14.825 8.116

Freundlich
KF (L/g) 36.25 79.84
1/n 0.448 0.114
R2 0.889 0.877
χ2 7.214 12.235
SAE 46.077 31.210

Temkin
AT (L/g) 3.95 469.51
bT (J/mol) 90.80 204.22
R2 0.968 0.924
χ2 2.339 2.763
SAE 24.410 26.268

Redlich–Peterson
KR (L/g) 51.68 754.93
aR (L/mg P) 0.407 8.159
KR/aR (mg P/g) 127.04 92.53
g 0.999 0.973
R2 0.987 0.999
χ2 1.204 0.043
SAE 14.905 2.354

J.-W. Son et al. / Desalination and Water Treatment 57 (2016) 21476–21486 21483



calumite dose of 0.05 g/L and 90.7% at a dose of
0.1 g/L. The percent removal reached 100% at 0.2 g/L.
A decrease in the removal capacity was observed with
an increase in the hydrocalumite dose from 0.05
to 0.3 g/L. When the initial P concentration was
8 mg P/L, the removal capacity was 80.51 mg P/g at
0.05 g/L and 73.86 mg P/g at 0.1 g/L. The removal
capacity decreased to 40.74 mg P/g at 0.2 g L, and
then decreased further to 27.16 mg P/g at 0.3 g/L.

The phosphate removal characteristics for a
synthetic phosphate solution and stream water (initial
P concentration = 2 mg P/L, hydrocalumite dose =
0.05–0.3 g/L, reaction time = 24 h) are compared in
Fig. 7(b). The removal capacity in the synthetic solu-
tion changed from 27.51 to 6.86 mg P/g with a change
in the hydrocalumite dose from 0.05 to 0.3 g/L,
whereas the percent removal varied from 66.8 to 100%
over the same hydrocalumite dosage range. In stream
water, the removal capacity changed from 17.25 to
5.40 mg P/g as the hydrocalumite dose was varied
from 0.05 to 0.3 g/L, while the percent removal chan-
ged from 43.0 to 80.8%. The obtained findings indicate
that phosphate removal in the stream water was lower
than that in the synthetic P solution. Such results
could possibly be due to the presence of carbonate
ions (CO2�

3 ) in the stream water, which could interfere
with phosphate removal by hydrocalumite through
the precipitation of calcium carbonate (CaCO3, calcite)
[36].

It is known that phosphate removal by hydrocalu-
mite (Ca2Al–Cl-LDH) can occur via a dissolution–
reprecipitation process [4,37]. Hydrocalumite could be
dissolved during the reaction, and the resulting Ca
and Al ions could react with phosphate ions to
form Ca- and Al-phosphate precipitates. Brushite
(CaHPO4·2H2O) and aluminum phosphate (AlPO4)
could be formed at low pH, whereas hydroxyapatite
(Ca5(PO4)3OH) could be precipitated at high pH [18].
The solution pH values measured in our first set of
batch experiments are presented as a function of the
reaction time in Fig. 8. Under the given experimental
conditions (initial P concentrations = 1–8 mg P/L,
hydrocalumite dose = 0.1 g/L), the solution pH was
5.7 ± 0.2 at 0 h, and then increased sharply to 8.2 ± 0.6

within 5 min of the reaction. The solution pH reached
8.9 ± 0.5 after 1 h and remained above 9.0 thereafter.
These results indicate that phosphate could be
removed in the form of hydroxyapatite. The XRD pat-
terns acquired before and after the phosphate removal
reaction are presented in Fig. 9. Before the reaction,
the hydrocalumite pattern contained reflection charac-
teristics of a layered structure, with sharp and intense
peaks at low 2θ and less intense peaks at high 2θ.
After the reaction with a synthetic P solution, peaks
from hydroxyapatite, gibbsite (Al(OH)3), and alu-
minum oxyhydroxide (AlO(OH)) appeared, while
reflections from the LDH phase disappeared.
However, after the reaction with stream water,
the Ca4Al2O6(CO3)0.67(SO3)0.33·11H2O LDH phase
remained due to the presence of carbonate and sulfate
ions in the stream water samples. Reflections from
Ca5(PO4)3OH and CaCO3 also appeared after the reac-
tion with stream water.

4. Conclusions

Phosphate removal by hydrocalumite was exam-
ined in this study using batch experiments. It was
found that the Elovich model was most suitable
for describing the kinetic data, whereas the Redlich–
Peterson model provided good fits to the equilibrium
data. From pH experiments, it was demonstrated that
phosphate removal by hydrocalumite was not sensi-
tive to pH changes between 4.0 and 11.0. A thermody-
namic analysis showed that phosphate removal by
hydrocalumite increased with a rise in temperature
from 15 to 45˚C, indicating that the removal process
was spontaneous and endothermic. Phosphate
removal in stream water was lower than that in a
synthetic P solution, possibly due to the presence of
carbonate ions in the stream water, which resulted in
the precipitation of calcium carbonate.
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