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a b s t r a c t

Material with high affinity for oxyanions, Hydrocalumite (HC), was synthesized using a waste biogenic
resource as a precursor and its ability to remove phosphate from aqua system was studied. The synthesis
of HC samples with particle sizes that ranged between 116 and 135 nm was confirmed by XRD analysis.
High correlation coefficient values (r2 = 1.000) were obtained when the time–concentration profile data
were fitted to the pseudo second order kinetic model. The formation of supersaturated Ca and Al
phosphate salts were confirmed by the positive saturation index values and the feasibility of precipitate
formation by the supersaturated salts were confirmed by the thermodynamic parameters (i.e. DG < 0).
Process variables optimization (pH, ionic strength and organic load) had nominal influence on the
magnitude of phosphate removal. The fractionation of the phosphate laden HC (PHC2) showed that the
greater percentage (>99%) of the phosphate was distributed within the calcium matrix. Comparison of
the EDAX spectra of the virgin HC with the PHC2 showed that anion exchange could also be a player in
phosphate removal by the HC.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hydrocalumite (HC) is a member of an emerging material of
choice in diverse uses, referred to as layered double hydroxides
(LDH). The LDH compounds are the only known family of the lay-
ered solids with positively charged layers, and this electrical prop-
erty play an important role on the performance of the compounds
[1]. LDHs are well documented as effective ion exchangers/adsor-
bents for removal of a variety of anionic pollutants [2]. The choice
of HC as a potential reactive material for phosphate removal from
aqueous media was predicated on the low-cost of methods of prep-
aration and the plethora of reports on its excellent ability to immo-
bilize oxyanions from aqua system [3–11]. Chrysochoou and
Dermatas [6] have also established that HC is more suitable than
Ettringite for oxyanion immobilization. The high affinity of HC
for oxyanions have been ascribed to the Friedel phase (i.e.
Ca2Al(OH)6Cl(H2O)2�mH2O, -chloride hydrocalumite), which is
susceptible to Cl� corrosion. It was assumed that since Cl� has less
affinity for HC than majority of oxyanions, it is believed that the
ion substitution of Cl� with other oxyanions ensue easily.

A Gastropod shell, African Land Snail (Achatina achatina) shell
(SS), is being proposed as a source of M2+ (Ca2+) for HC synthesis

because of the inherent chemical and mineralogical assemblage
[12,13]. In addition, Gastropods have worldwide distribution from
the near arctic and Antarctic zones to the tropics and they are very
striking in its extraordinary diversification of habitats. Large
tonnes of Gastropod shell are discharged annually, as waste from
food processing industries, which made it a low cost and abundant
material that could be harnessed for deriving Ca2+ [14]. The use of
SS as a Ca+ ion source in environmental remediation and material
synthesis have been reported [14,15]. Mollusks make up the
phylum Mollusca and Gastropoda (snails and slugs) is a class under
the phylum Mollusca. The snail shell has got the same basic
construction as other Mollusk shells and it contains, mainly, CaCO3,
as well as various organic compounds [12,13].

In the present studies, we report, for the first time, the synthesis
and characterization of HC from a Gastropod shell. This waste
biogenic precursor was selected from the perspective of value
addition to waste and cost minimization in material synthesis,
for low-cost remediation of phosphate contaminated aqueous sys-
tem, especially in the developing regions of the world. The ability
of the synthesized HC in the removal of phosphate from aqueous
solution was systematically studied. The kinetic and isotherm
parameters were calculated and the mechanism of interaction
between the HC and phosphate was elucidated. The distribution
of phosphate moieties in the HC was studied to gain insight into
the possible mechanism of phosphate removal and the role of
different constituents of the HC in the phosphate removal process.

http://dx.doi.org/10.1016/j.seppur.2014.01.018
1383-5866/� 2014 Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. HC synthesis and characterization

Solution of CaCl2 was derived from the SS, as described in our
previous study [16]. The hydrocalumite was prepared by the
co-precipitation method, using AlCl3 as the source of Al thus:
mixed solutions containing the appropriate mass ratios of Ca:Al
(1, 2 and 4) were prepared and stirred to obtain an even mix.
The mixture was agitated thoroughly before another solution con-
taining 2 M NaOH was added under vigorous stirring. The slurry
was allowed to gelate in the mother liquor for 24 h, at ambient
temperature, before it was washed severally with deionized water.
The slurry was collected and allowed to dry to constant weight in
the drying oven at 80 �C. The synthesized HC were labeled HC1;
HC2 and HC4, the subscript showing the Ca:Al ratio used in the
synthesis.

The crystallinity and mineralogical assemblage of the HC sam-
ples were determined via X-ray diffraction (Philip PW 1820 diffrac-
tometer). Diffraction patterns of the samples were recorded with
Cu Ka radiation (k = 1.54060 Å) and recorded in the range of
5–90� (2 theta) with a scanning rate of 2�/min and a step size of 0.01.

The surface morphology and elemental composition were
determined by scanning electron microscopy (SEM) equipped with
energy dispersive X-ray (EDX). The analysis was carried out using a
scanning electron microscope (Model EMJEOL-JSM6301-F) with an
Oxford INCA/ENERGY-350 microanalysis system. The EDX micro-
analysis system (Oxford INCA 400, Germany) was connected to
the SEM machine. The EDX analysis used Mn Ka as the energy
source operated at 15 kV of accelerating voltage, 155 eV resolu-
tions and 22.4� take off angle.

Fourier transformed infrared spectroscopy (FTIR) analyses were
performed on the samples to determine the functional groups
present. The samples and analytical grade KBr were dried at
100 �C overnight prior to the FTIR analysis. A mixture of 0.25 mg
of each sample and 100 mg of KBr was ground to fine particles
and was placed in a manually operated hydraulic press operated
at 8 Mbar to obtain a translucent disc of 12.7 mm diameter and
about 1 mm thickness. The instrument used was Perkin–Elmer
Spectrum GX Infrared Spectrometer with resolution of 4 cm�1

operating in the range of 4000–400 cm�1. The pHPZC was deter-
mined via a batch equilibrium procedure described by Milonjić
et al. [17].

2.2. Phosphate uptake studies

The kinetic parameters of phosphate sorption onto the HC were
derived by the addition of 2.0 g of HC into a liter of phosphate, de-
rived from potassium dihydrogen phosphate (KH2PO4), solution of
concentrations that ranged between 25 and 300 mg/L. Samples
were withdrawn at intervals between 0 and 3 h, of sorption, centri-
fuged and the supernatant phosphate concentration was deter-
mined in each case. The equilibrium isotherm analysis of the
sorption of phosphate by the HC samples was evaluated by
contacting 50 ml solution of known phosphate concentration that
ranged between 25 and 300 mg/L with 0.1 g of HC. The mixture
was stirred at 200 rpm in thermostatic shaker for 2 h, samples
were removed, centrifuged and the supernatant was analyzed for
residual phosphate (expressed as phosphorous) by the molybde-
num-blue ascorbic acid method with a UV–VIS spectrophotometer
(at kmax = 880 nm). The amount of phosphate sorbed per unit mass
of the HC (in mg/g) was calculated using the mass balance
procedure [18].

The influence of some process variables on the sorption process
were evaluated thus: the effects of pH on the sorption process was

investigated by varying the pH of the initial phosphate solution
between pH 7 and 10; the effects organic interference was simu-
lated by the addition of humic acid (HA) of concentrations that
range between 5 and 80 mg/L. The ionic strength effect was tested
using NaCl solutions of the different concentrations, equivalent to
the following ionic strengths (mol/L): 0.0215; 0.04275; 0.0855;
0.171 and 0.4275.

2.3. Fractionation of phosphate laden HC

The forms and pattern of phosphate distribution in the HC
reactor was studied via a protocol initially proposed by Chang
and Jackson [19] and subsequently modified by Gu and Jiang
[20]. Phosphate saturated HC was obtained by weighing 10.0 g of
HC into a 1 L Erlenmeyer flask, and 500 ml of phosphate solution
(500 mg/L) was then added, and agitated for 24 h. The phosphate
adsorbed HC was washed with distilled water until no phosphate
can be detected in the filtrate and dried at 40 �C for 8 h. Total P
(TP) was analyzed by calcinations of 0.5 g of phosphate laden HC
at 450 �C for 3 h, and subsequent extraction was carried out for
16 h with 3.5 M HCl. The TP in the extracts was measured by the
molybdenum blue method with a spectrophotometer. P-saturated
HC (0.5 g in dry weight) was added into 50-ml polyethylene centri-
fuge tubes containing 25 ml of 0.25 M NaHCO3 (pH 7.5). The mix-
ture was shaken on an orbital shaker at 25 �C for 1 h, and the
supernatant was separated by centrifugation. The supernatant
was filtered before the dicalcium phosphate (Ca2-P) concentration
was determined. The residue was washed twice with 95% ethanol
(each wash was 12.5 ml). The supernatant was centrifuged and dis-
carded before 25 ml of 0.5 M NH4Ac (pH 4.2) was added. The mix-
ture was left to stand for 4 h, which allowed the residue to
thoroughly scatter during this time. The mixture was shaken for
1 h at 25 �C and then by centrifuged. The supernatant was then fil-
tered before the octacalcium phosphate (Ca8-P) concentration was
determined. The residue was washed twice with saturated NaCl
(each wash was 12.5 ml). The supernatant was centrifuged and dis-
carded before 25 ml of 0.5 M NH4F (pH 8.2) was added. The mix-
ture was then shaken for 1 h at 25 �C followed by centrifugation,
and the supernatant was filtered before the determination of alu-
minum phosphate (Al-P). The residue was subsequently extracted
by 25 ml of 0.5 M H2SO4, and the mixture was shaken for 1 h at
25 �C followed by centrifugation and filtration of the supernatant
before analysis of ten-calcium phosphate (Ca10-P).

3. Results and discussion

3.1. Sorbent characterization

The XRD pattern (Fig. 1) of HC2 and HC4 samples agreed with
that recorded in the database of the International Center for Dif-
fraction Data, which confirmed that these materials are hydrocalu-
mites. Series of sharp and intense symmetric peaks at low 2h
values and small symmetric peaks at high 2h values revealed
characteristic basal reflections, which has been ascribed to the
LDH-type materials [21]. The values of the d-spacing, obtained
for samples HC2 and HC4, were typical of that of the synthesized
HC reported by other workers, [2,11,21]. The positions and the
relative intensity of the peaks shown by samples HC2 and HC4 were
very similar while sample HC1 differed in both the relative inten-
sity and peak positions and value of lattice spacing. Samples HC2

and HC4 showed the characteristic 2h reflection at 11.07 and
11.22 with the d-spacing value at 7.99 Å and 7.88 Å, respectively,
while sample HC1 did not show any of these peaks and lattice spac-
ing values. The other major reflections of HC shown by HC2 and
HC4 are 3.95 Å and 3.93 Å at 2h values of 22.52, and 22.60 and
2.84 Å and 2.88 Å at 2h values of 31.52 and 31.04 respectively.
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Some other peaks that are uncharacteristic of the LDH were also
observed and these were attributed to the presence of impurities
in the samples, originating from the biogenic precursor. The size
of the particles of the synthesized HC samples were calculated
using Scherrer equation; D = 0.9k/b cosh, where k is the wave-
length of X-rays, b, is the half width at full maximum and, h, is
the diffraction angle. The average grain size of the particles (nm)
was found to be 135.26, 116.12, and 121.60 for HC1, HC2 and
HC4, respectively.

The results of the SEM and EDX analysis of the HC samples are
presented in Fig. 2a–f. The SEM analysis showed that the samples
are made up of particles of irregular shapes and sizes. The pore
locations and sizes are also asymmetrical. Sample HC1 appeared
as a fusion of relatively larger particles, whereas the other two
samples (sample HC2 and HC4) appeared as being derived from
smaller particle sizes. The results of the EDX analysis revealed
the prominence of Ca, Al, Cl, and O in all the samples. The ratio
of calcium to aluminum recorded (HC1:3.19; HC2:4.37; HC4:6.79),
via the EDX analysis increased with increase in the initial Ca/Al
concentration ratio used in the synthesis. The HC samples are the
presence of Na observed in all the samples was attributed to the
residual Na from the NaOH solution, used as precipitant, while
the trace of Si observed was attributed to the biogenic precursor.

The FTIR spectra of the HC samples, presented in Fig 3, shows
the similar vibrations characteristics of the LDH structures. These
include the band of H–O–H bending in water molecule at
1550–1700 cm�1 and the vibrations of metal-O (or metal-OH)
bond at 500–750 cm�1. The strong overlapping bands at 3443 in
HC1, 3662 and 3641 in HC2 and 3475 in HC4 were attributed to
the stretching vibrations of lattice water and structural OH groups
in the samples. This intense and broad absorption band regions
also correspond to metal-OH stretching vibrations, in this case,
Al-OHsrt (octahedral structural hydroxyl groups). The broadening
of this band has been ascribed to hydrogen bond formation [22].
The H–O–H bending vibrations of the interlayer water molecules
were shown by the peak at 1631 in HC1 and HC2 and 1620 in
HC4. The peak at 532 in HC1, 528 and 788 in HC2 and 528 and
792 in HC4 was ascribed to bending vibration of Al-OH and
stretching vibration of Al-OH respectively [22]. In addition, the

a

b

c

Fig. 1. (a) Powdered XRD pattern of the synthesized HC1 sample, (b) powdered XRD
pattern of the synthesized HC2 sample, and (c) powdered XRD pattern of the
synthesized HC4 sample.

Fig. 2. (a) SEM of the HC1 samples, (b) SEM of the HC2 samples, and (c) SEM of the
HC4 samples.
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peak at 1448, observed in HC2 was assigned to the anti-symmetric
stretching vibration of CO2�

3 while the bending vibration of CO2�
3

was shown at 885 in HC1, 866 in HC2 and 873 in HC4, The presence
of CO2�

3 peaks was ascribed to the CO2 captured from air during
the HC preparation. No vibration peaks of chloride ions appear in
the range of 400–4000 cm�1 due to the ionic nature of the chloride
bonding with the positive charge layer.

The results of the determination of the pHPZC of the HC samples
(Sup. Inf. Fig. 1) shows that the pHPZC of HC1 (pH = 3.8) was lower
than the pHPZC values of the HC2 and HC4 (pH = 12.0) samples. This
showed that the nature of surface charge of sample HC1 differ, at
different pH values, from that of samples HC2 and HC4. The pHPZC

values of samples HC2 and HC4 showed that the surface charges
were predominantly positively over the pH range studied (2–12),
while HC1 surface was predominantly positive, until pH 3.8, when
the surface charge changed and became predominantly negative.

3.2. Sorption studies

The concentration–time profile of the sorption of phosphate by
each of the synthesized HC was assessed at different initial phos-
phate concentrations that ranged between 25 and 300 mg/L to
establish the effects of contact time on the sorption process and
to quantify the rate of phosphate uptake by the synthesized HC.
This study showed that the rate of phosphate uptake from solution
by the three sorbents was very fast and the percentage of residual
phosphate uptake was >98% within the first 5 min of studies, for all
the initial concentration studied (Sup. Inf. Figs. 2–4). The kinetic
parameters for the sorption of phosphate onto the different HC
samples were obtained by fitting the time–concentration profile
data to the pseudo-first order and pseudo-second order kinetic
models viz:

log½qe � qt � ¼ log½qe� �
k1

2:303

� �
t ð1Þ

t
qt
¼ 1

kqe
þ 1

qe
t ð2Þ

The results of the kinetic analysis, presented in Table 1a revealed
that, using linear coefficient value (r2) as measure of conformance
to the kinetic model, the pseudo second order gave the best descrip-
tion of the sorption process. The linear coefficient value was high
(r2 = 1.000) in all the cases studied. Despite the extremely high r2

value exhibited by the different HC samples in phosphate sorption,

only the values of the equilibrium sorption capacity (qe, mg/g),
obtained from the pseudo second order plot, displayed dependency
on the initial phosphate solution concentration but the pseudo sec-
ond order rate of sorption (k2) exhibited no defined trend, when the
values were matched with the initial solution phosphate.

Many experimental studies have revealed that the value of k2

strongly depends on the applied operating conditions. The k2

constant value has been reported to be strongly dependent on
the applied initial solute concentration [23]. It decreases with the
increasing initial sorbate concentrations as a rule, which is a
commonly known fact related to the interpretation of k2 as a
time-scaling factor (obviously, the higher is the initial sorbate
concentrations value, the longer time is required to reach an
equilibrium) [24–26]. Despite the widely reported dependency of
k2 values on the initial sorbate concentration, reports of systems
for which k2 is independent of initial solute concentration have
also been reported [27–33]. The reported conflicting trends in the
relationship between k2 and the initial sorbate concentrations was
explicated via a theoretical analysis of kinetic models of sorption
by Azizian et al. [34] that for the system that obeys the pseudo-
second order kinetic model, their observed rate constant is a
complex function of initial concentration of solute.

Premised on the opinion of Wu et al. [35], the parameter, k2qe

(min�1) can used to define kinetic performance. This parameter
was obtained by rearranging Eq. (3) to give Eq. (4) viz:

dqt

dt
¼ k2ðqe � qtÞ ð3Þ

dqt=qe

dt
¼ k2qe 1� qt

qe

� �
2

ð4Þ

Eq. (4) reveals that the time changes in dimensionless solid-phase
concentration, d(qt/qe)/dt, which is another form of sorption rate,
is proportional to the square of the residual amount of sorbate,
1 � (qt/qe). Consequently, the proportionality constant k2qe can be
defined as the second order rate index. Eq. (2) can be rewritten as:

1
qt
� 1

qe

� �
t ¼ 1

k2q2
e

ð5Þ

and

t ¼
qt

ðqe�qtÞ

k2qe
ð6Þ

Table 1a
Kinetic parameters of sorption of phosphate on HC samples.

Initial conc. (mg/L) Pseudo first order Pseudo second order

qe k1 r2 qe k2 r2

HC1

25 1.506 0.048 0.6686 12.39 2.63 1.000
50 1.934 0.074 0.5045 24.51 4.34 1.000

100 3.355 0.052 0.7896 49.50 3.74 1.000
200 3.095 0.019 0.4735 99.01 4.81 1.000
300 11.182 0.033 0.5191 149.25 1.68 1.000

HC2

25 0.564 0.073 0.7776 12.52 7.68 1.000
50 0.809 0.049 0.5283 24.94 8.35 1.000

100 1.574 0.038 0.6099 50.00 7.69 1.000
200 4.175 0.069 0.5216 100.00 7.14 1.000
300 7.076 0.053 0.6242 149.25 5.58 1.000

HC4

25 0.794 0.090 0.7001 12.42 6.94 1.000
50 1.603 0.066 0.5424 25.00 5.71 1.000

100 2.286 0.059 0.4312 50.00 6.25 1.000
200 4.609 0.113 0.6913 100.00 5.26 1.000
300 5.026 0.056 0.5389 149.25 5.58 1.000

Fig. 3. FTIR spectra of the synthesized HC samples.
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At the half-life of the sorption process (i.e., t = t0.5), we have
qt = 0.5qe and

t0:5 ¼
1

k2qe
ð7Þ

The values for pseudo-second order rate index, k2qe (Table 1b)
determined for HC-phosphate system, increased with increase in
the initial phosphate solution concentration while the half-life of
the sorption process reduced with increase in the initial phosphate
concentrations. This showed that the half-life of the phosphate sorp-
tion onto HC was attained faster at higher initial phosphate
concentrations than at lower phosphate concentrations.

An overview of the results obtained from the kinetic studies
showed that the magnitude of the residual phosphate in the aque-
ous solution was independent of the initial phosphate concentra-
tions. The principle of constant solubility product surmised that,
if precipitation is occurring, all the residual contaminant concen-
tration after precipitation should be in the same range, regardless
of the initial concentration and interfering ions. In the light of this,
the role of precipitation as a participating mechanism of removal of
phosphate by the HC was studied via the determination of the
saturation index (SI) values of the possible insoluble species
obtainable from process.

Considering the active ionic species in solution, Ca2+, Al3+ and
PO2�

4 , the simplest insoluble phosphate species that can be
produced from the interactions within the system were used as
model insoluble phosphate salts (i.e. Ca3(PO4)2 and AlPO4 with
Ksp values of 2.07 � 10�33 and 9.84 � 10�21, respectively). The SI
values of Ca3(PO4)2 and AlPO4 were estimated by monitoring the
time–concentration profiles of the activities of the three ionic
species (i.e. Ca2+, Al3+ and PO2�

4 ) in solution, using HC2 as a model
sorbent, in a batch process, at different initial phosphate solution
concentrations of 100, 200 and 300 mg/L. Samples were with-
drawn, intermittently, between 2 and 180 min and the Ca2+, Al3+

and PO2�
4 activities were determined at each sampling time. The

SI of each insoluble phosphate species were calculated using Eq.
(8) [36] viz:

SI ¼ log10
ðactivity of Ca2þÞðactivity of po3�

4 Þ
solubility product of ca3ðpo4Þ2

 !
ð8Þ

The plots of the SI value against time at the different initial solution
phosphate concentrations are presented in Fig. 4a and b. The SI val-
ues for the Ca3(PO4)2 and AlPO4 were all positive and varied. The SI
values of Ca3(PO4)2 was higher (range between 34.53 and 35.54)
than that of the AlPO4 (ranged between 21.51 and 22.62). The SI val-
ues of the two insoluble phosphate salts increased over time and
with increase in the initial solution phosphate concentrations. The
increase in the SI value with increase in initial solution phosphate
concentration was ascribed to the difference in the initial solution
pH (The pH of the different initial phosphate concentrations of
100, 200 and 300 mg/L were 5.52, 4.98 and 4.16 respectively)
exhibited by the different initial phosphate solution concentrations,

which is assumed to affect the stability of the HC samples in the
aqua medium to different extent and ultimately influenced the SI
values obtained from each experiment. A positive SI value has been
attributed to supersaturation of the ionic species in solution which
lead to precipitate formation. On the other hand, a negative SI is an
indication of a dominant adsorption process [37].

Song et al. [38] proposed that SI value is a good indicator to
show the deviation of a salt from its equilibrium state, i.e. the ther-
modynamic driving force for precipitation to occur. But consider-
ing the kinetics, supersaturation does not certainly mean the
quick occurrence of a spontaneous precipitation. Between the
undersaturated zone and spontaneous precipitation zone there is
still a metastable zone, where the solution is already supersatu-
rated but no precipitation occurs over a relatively long period
[39]. The boundary between metastable zone and spontaneous
precipitation zone can be called the critical supersaturation [40].
The thermodynamic driving force to a chemical reaction is the
Gibbs free energy DG (kJ/mol), and it is the criterion to judge
whether a reaction is spontaneous, in equilibrium, or impossible,
corresponding to DG < 0, =0, or >0, respectively. The Gibbs free
energy of a precipitation reaction is given by [38]:

Table 1b
Determination of the sorption performance of HC for Phosphate sorption using pseudo second order model.

Pseudo 2nd order parameters 25 mg/L 50 mg/L 100 mg/L 200 mg/L 300 mg/L

HC1

k2qe 32.586 106.373 185.130 476.238 250.74
t0.5 0.031 0.009 0.005 0.002 0.004

HC2

k2qe 96.154 208.249 384.500 714.000 832.815
t0.5 0.010 0.005 0.003 0.001 0.001

HC4

k2qe 86.195 142.750 312.500 526.000 832.815
t0.5 0.012 0.007 0.003 0.002 0.001

a

b

Fig. 4. (a) Plot of SI value of Ca3(PO4)2 at different initial phosphate concentrations
against time and (b) plot of the SI values of AlPO4 at different initial phosphate
concentration against time.

190 N.A. Oladoja et al. / Separation and Purification Technology 124 (2014) 186–194



Author's personal copy

DG ¼ �RT
n

ln
IAP
Ksp

ð9Þ

where R is the ideal gas constant, T is the absolute temperature, IAP
and Ksp are, respectively, the free ionic activities product and the
thermodynamic solubility product of the precipitate phase and, n,
is the number of ions in the precipitated compound.

In order to judge supersaturation, which is a measure of the
deviation of a dissolved salt from its equilibrium value, the SI of
a solution with respect to a precipitate phase is defined.

SI ¼ log
IAP
Ksp

ð10Þ

Therefore

DG ¼ �2:303RT
n

SI ð11Þ

when SI = 0, hence DG = 0, the solution is in equilibrium; when
SI < 0, DG > 0, the solution is undersaturated and precipitation is
impossible; when SI > 0, DG < 0, the solution is supersaturated
and precipitation is spontaneous.

The results of the thermodynamic analysis of precipitation reac-
tion in the removal of phosphate by HC showed that the value of
DG < 0 and ranged between �110071.31 and �113307.00 for
Ca3(PO4)2 and �68563.36 and �72100.40 for AlPO4 formations,
over the entire period of the sorption process, which is an indica-
tion that the precipitation of phosphate inform of the insoluble
Ca2+ and Al3+ salt were feasible and also a paramount contributory
mechanism of phosphate removal in the batch process. The occur-
rence of both adsorption and precipitation as a mechanism of aqua
phosphate removal has been postulated by different researchers in
the use of calcium rich material as sorbent [41–45].

The influence of the ratio of the constituents of the HC samples
on equilibrium isotherm parameters were appraised via equilib-
rium isotherm analysis of the sorption process. The data obtained
from the equilibrium isotherm studies were fitted to the two con-
ventionally used equilibrium isotherm equations, represented by
the following linear equations, viz:

Langmuir :
ce

qe
¼ 1

qm
ce þ

1
kaqm

ð12Þ

Freundlich : log qe ¼ log kf þ
1
n

log ce ð13Þ

The values of the Langmuir monolayer sorption capacities, qm (mg/g),
obtained (Table 2) for the synthesized sorbent were in the same range
(208.33–212.76 mg/g) but HC2 had the highest (212.76 mg/L). Both
equilibrium sorption isotherm equations had relatively high linear
correlation coefficient values (r2) but that of the Langmuir isotherm
equation was higher in the three samples.

3.3. Effect of initial solution pH

The effects of initial solution pH on the removal of phosphate
from aqua system was studied using HC2 at fixed solution
phosphate concentration of 200 mg/L but different initial solution
pH that ranged between 7 and 10. This pH ranged was chosen to

prevent the dissolution of the constituents of the HC which are
known not to be stable at acidic pH. The results obtained (Fig. 5)
showed a slight increase in the magnitude of phosphate removed
with increase in solution pH. The equilibrium solution pH (pHf),
determined at the end of the sorption process (Fig. 5) in each case,
was higher than the initial solution pH, within the pH range stud-
ied. The results of the PZC of the different HC samples showed that
the predominant surface charge on samples HC2 and HC4 were
positive charges, within the pH range studied, while the surface
charge on HC4 was negative until pH 3.8 when the predominance
of positive charges took place. Considering the similarities dis-
played in the magnitude of phosphate removed from solution by
the three HC samples, it is very glaring that ionic interaction could
not have been the mechanism of phosphate removal from solution,
even if adsorption played a key role in the phosphate removal by
the HC samples.

3.4. Effects of organic load

The effects of the presence of organics, which is a normal occur-
rence in wastewater, were simulated via the addition of humic acid
(HA) of varying concentrations to a fixed concentration (200 mg/L)
of phosphate solution, using the HC2 sample as sorbent. The effects
of the presence of different concentrations of HA on the removal of
phosphate are presented in Fig. 6. The amounts (mg/L) of residual
phosphate in the treated water were in the same range (2.98–3.02),
despite the variation in the organic load (HA dosage range:
5–80 mg/L) of the phosphate contaminated water.

The simultaneous removal of the organic constituents by the HC
was also studied via the determination of the residual HA concen-
tration after the sorption process. After the quantification of the

Fig. 6. Effects of organic load on the removal of phosphate from aqua system and
simultaneous removal of humic acid.

Table 2
Equilibrium isotherm parameters for the removal of phosphate by HC.

Samples Langmuir Freundlich

qm kL r2 1/n kf r2

HC1 208.33 1.412 0.9946 0.6835 119.99 0.9682
HC2 212.76 0.560 0.9957 0.6885 64.98 0.9809
HC4 208.33 1.231 0.9837 0.6949 110.01 0.9579

Fig. 5. Effects of initial solution pH on the removal of phosphate from aqua system
using HC2.
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residual phosphate in the supernatant, another portion of the
supernatant was filtrated through a 0.45 lm filtration membrane
to measure the UV254 absorbance at a 254 nm wavelength with a
UV–VIS spectrophotometer. The estimation of UV254 absorbance
in the treated water was used to evaluate the simultaneous organic
matter removal efficiency of the sorption process (Fig. 6). The rela-
tionship between UV254 absorbance and HA concentration was
determined and found to be linear as shown (results not shown
for concision), thereby constituting a basis of conversion of UV254

absorbance data to an equivalent HA concentration. The amount
of HA removed increased from 3.72 mg/g to 53.31 mg/g as the ini-
tial concentration of the HA increased from 5 mg/L to 80 mg/L at
fixed phosphate concentration (200 mg/L). This showed that
organic load is simultaneously abstracted with the phosphate
molecules from the aqua system by the HC.

Humic acid (HA) is one of the major components of humic sub-
stances which contain both hydrophilic and hydrophobic mole-
cules as well as many functional groups such as carboxyl,
phenolic and hydroxyl groups connected to a skeleton of aliphatic
or aromatic units. Anirudhan et al. [46] opined that the carboxylic
and phenolic group on the HA are deprotonated in weakly acidic to
basic media thereby conferring negative charge on the HA mole-
cule. If ionic interaction between the HC surface and the phosphate
molecules was the mechanism of interaction, the HA molecules is
expected to be repelled from the HC surface, taken into cognizance
the very high pHPZC value of the HC2 sample, and competition
between the HA molecules and the phosphate molecules (which
are both negatively charged) for oppositely charged site (positively
charged sites) on the HC and this would have manifested in sub-
stantial reduction in the amount of phosphate removed by the
HC, with increase in the HA concentration. In the present study,
considerable amount of the HA was removed simultaneously with
the phosphate molecules, which lend credence to the non-partici-
patory role of ionic interaction in phosphate removal by the HC
samples. It is assumed that if precipitation was the controlling
mechanism, the removal of the HA must have occurred via sweep
coagulation during the formation of the insoluble phosphate salts
of calcium and aluminum.

3.5. Effect of ionic strength

In the present study, phosphate contaminated waters of fixed
concentration (200 mg/L) were prepared in solutions of NaCl of dif-
ferent concentrations, equivalent to the solution of following ionic
strengths: 0.02; 0.04; 0.09; 0.17 and 0.43. The amount of phos-
phate removed marginally reduced with increase in the phosphate
solution ionic strength (Sup. Info. Fig. 5). Analogous results have
been reported by Bowden et al. [47], Chouyyok et al. [48], and
Yin et al. [49] who performed phosphorus sorption studies using
slag, Fe-rich material, and calcium rich sepiolite respectively, as
sorbents. Chitrakar et al. [50] ascribed the nominal influence of
salinity on the phosphate uptake of d-MnO2 in seawater to the
presence of two kinds of adsorptive sites on the sorbent: non-
specific sites with weak interaction and specific ones that strongly
interact with phosphate ions. The non-specific sites may be sensi-
tive to the coexisting anions, and therefore the adsorbed phosphate
may be easily exchangeable with either Cl� or SO2�

4 in the solution
phase, even at low salinity. On the other hand, the phosphate ions
adsorbed on the strong specific sites may be rarely exchangeable
even in a solution with a large excess amount of coexisting ions.

Albeit, the influence of ionic strength was nominal in the phos-
phate uptake in the present study, but the presence of two adsorp-
tive sites may not be enough reason for the observed influence if
the evidences from the other studies undertaking in the present
research are considered and the principle of constant solubility
product is also taken into perception.

3.6. Fractionation of the P-saturated absorbent

Studies have shown that excellent and efficient phosphorus
absorbents are characterized by their high aluminum, iron or cal-
cium contents. This has made substrates with high contents of
these elements to be phosphorus-removing absorbents. The sor-
bent used in the present studies HC, is made up of two elements
that have strong affinity for phosphorus. The phosphorus fraction-
ation protocol was employed to elucidate the role of each constit-
uent of the sorbent in the phosphorus abstraction from aqueous
solution to provide insight into the possible mechanisms of phos-
phate removal from the aqua system.

The different forms of bound phosphorus determined in the
spent HC2 include Ca2-P, Ca8-P, Ca10-P and Al-P. The order of distri-
bution of each fraction of P, relative to the total phosphorus (T-P) in
the phosphate laden HC, is as follows: Ca2-P (44.64%) > Ca10-P
(40.23%) > Ca8-P (14.64%) > Al-P (0.49%). Yin et al. [49] ascribed
the relatively high percentage of Ca bound phosphorus to the role
of precipitation as the mechanism of phosphate removal in a sys-
tem. Reports on the distribution and forms of phosphorus associa-
tion in used constructed wetland substrate [51,52] have also
shown that large amount of P sorbed onto the surface of blast fur-
nace slag is predominantly associated with light elements, such as
calcium, aluminum, magnesium and silicon, with calcium hydrox-
ide found to absorb the largest amount of P. In the present study,
the sorbent HC comprises of Ca2+ and Al3+ but the phosphorus
was mainly distributed in the calcium phase which is a further
confirmation of the role of precipitation in the phosphate
abstraction.

3.7. Characterization of phosphate laden HC

The characterization of the phosphate laden sorbent was per-
formed to elucidate the nature of interaction and changes that took
place in the adsorbent with the uptake of phosphate from the aqua
system. An appraisal of the FTIR spectra of both the virgin HC2 and
phosphate laden HC2 (PHC2) (Sup. Inf. Fig. 6) revealed the appear-
ance of new peaks and alteration in the previous peaks shown by
the virgin HC. The sharp intense peak at 3662 and the shoulder
at 3518, attributed to the OH stretching vibration and the Al-OH
vibration was replaced with a sharp intense broad band of three
different peaks at 3620, 3527 and 3471. In the HC sample, the
peaks at 788, due to the stretching vibration of Al-OH got shifted
to 796 and the peak at 528, attributed to the bending vibration
of Al-OH disappeared and got replaced with phosphate peaks.
The presence of phosphate phase was confirmed by the appearance
of phosphate peaks (cm�1) at 520, 557, 966.37 and 1028. The pres-
ence of bands between 1200 and 900 has been ascribed to the pres-
ence of interfacial phosphate [53]. The HC sample, after phosphate
adsorption, showed a characteristic band around 1028, which is an
indication of the presence of deprotonated phosphate (free PO4�

3 )
in the interlayer or surface [54].

The XRD of the HC2, when compared with that of the PHC2

(Fig. 7), showed significant reduction in the crystallinity and total
disappearance of some of the HC peaks after phosphate uptake.
This significant reduction was ascribed to the formation of amor-
phous phosphate salts of Ca and Al on the surface of the HC. The
size of the particles of the PHC2 was also determined, using the
Scherrer equation, and the average grain size was 97 nm, which
was lower than that of the HC2 (116 nm).

The results of the SEM (Fig. 8a) analysis showed a complete
transformation of the surface architecture which suggests the for-
mation of a new compound on the surface of the HC during phos-
phate uptake. The results of the EDAX (Fig. 8b) showed the
appearance of phosphorus peaks amongst the element detected
in HC. An important feature of the EDAX results is the significant
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reduction in the intensity of the chlorine peak of the PHC2 when
compared with that of the HC2 which is an indication of ion
exchange between chlorine and phosphate in the aqua system.

Layered double hydroxides or hydrotalcite-like material possess
intrinsic anion uptake capacity because of the presence of facile
exchangeable interlayer anions (in this case Chloride) and large
external surface which has made them to be material of choice
in oxyanion attenuation in aqua system. The results of the fitting
of the time–concentration profile data into pseudo second order
model revealed an extremely high correlation coefficient value
(r2 = 1.000) which is an indication of the role of chemisorption
mechanism of sorption in phosphate removal by the HC samples
but the non-dependency of one of the pseudo second order param-
eters cast doubt on the overall applicability of this kinetic model to
the sorption process. Consequent upon the inherent anion uptake
ability of the HC, the partial applicability of the pseudo second
order kinetic model and the results from the EDAX, it could be

assumed that anion exchange is also a player in phosphate removal
by the HC.

The role of precipitation in phosphate removal by the HC has
been confirmed from the results from the different studies under-
taken herein. Consequently, it could be concluded that the removal
of phosphate by the HC could not have occurred via a single
mechanism but a combination of adsorption (specifically anion
exchange) and precipitation.

4. Conclusion

� The shell of Gastropod could be used as a precursor for the syn-
thesis of Nano-sized hydrocalumite.
� The removal of phosphate by the synthesized hydrocalumite

sample occurred fast and was independent of initial phosphate
solution concentrations.
� The pseudo second order rate constant (k2) derived from the

sorption process was independent of the initial phosphate solu-
tion concentrations.
� Process variables optimization (pH, ionic strength and organic

load) had nominal influence on the magnitude of phosphate
removal.
� The formation of supersaturated phosphate salt of calcium and

aluminum was confirmed by the positive saturation index value
and precipitate formation was confirmed by the thermody-
namic parameter.
� 99% of the phosphate abstracted by the synthesized hydrocalu-

mite was distributed in the calcium phase.
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