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ABSTRACT

In this study, the sorption ability of nitrate containing MgAl layered double hydroxide as an
anion-exchanger to remove phosphate from a real effluent was investigated. The LDH mate-
rial was prepared via coprecipitation method and characterized by X-ray diffraction, SEM,
Fourier Transform Infrared, BET surface area, and pHzpc. The effect of physico–chemical key
parameters on phosphate removal, such as sorbent dosage, solution pH, initial concentration,
and contact time, has been studied in batch mode. The sorption reached equilibrium within
30 min. Furthermore, the sorption mechanism of phosphate onto MgAl-NO3 LDH is a com-
bination of both anion-exchange and electrostatic attraction. The equilibrium 8 data were
tested using Langmuir, Freundlich, and Dubinin–Radushkevich isotherms. The results show
that the Langmuir isotherm describes sufficiently the sorption equilibrium, offering a maxi-
mum sorption capacity of 64.10 mg/g. Sorption kinetic follows accurately pseudo-second-
order reaction. The sorbent reusability shows that regenerated LDH can be reused in
subsequent sorption–regeneration cycles with a slight decrease in sorption capacity.
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1. Introduction

The surface treatment processes applied in the
National Company of Appliance Industry in Algeria,
generate large volumes of wastewater containing high
concentration of phosphate (201 mg P/L). However,
excessive phosphate discharged into water bodies like
lakes, rivers, and inland seas leads to eutrophication
[1]. An abundance of algal blooming in eutrophic
water bodies can deplete dissolved oxygen in water,

causing the death of fish [2]. On the other hand, some
blue-green algae produce compounds that have been
implicated in fish and possibly human poisoning [3].
Consequently, the national and international water
standard authorities have fixed the tolerance limit for
phosphorus effluents from 0.1 to 2.0 mg P/L, and
most of them are established at 1.0 mg P/L [4]. There-
fore, it is very important to find and develop effective
techniques to reduce the concentration of phosphate
in effluents to acceptable level before discharging
them into water bodies.
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Recently, several methods have been used to
remove phosphate from wastewaters, including
chemical precipitation, adsorption, physical and bio-
logical treatments [5]. However, physical methods are
usually too expensive or inefficient [6]. Chemical pre-
cipitation is considered a very effective method
because it is well applied in most wastewater treat-
ment systems. Nevertheless, the expenditure on
required chemicals, chemical storage, feeding systems
is expensive, and the amount of chemical sludge pro-
duced is tremendous [2]. Despite the biological meth-
ods being inexpensive, they usually require more
complex plant configurations and operating regimes
[5]. Compared with these techniques, adsorption is
more effective and economical due to its simplicity,
stability of treatment, and reduced sludge production
[7]. Therefore, various types of sorbents have been
used to remove phosphate from aqueous solution,
such as calcined alkaline residue [8], calcite [9], iron
oxide tailing [10], MIEX resin [11], kaolinite [12], and
red seaweed [13].

Layered double hydroxides (LDHs) have attracted
wide attention as an effective sorbent [14]. Their gen-
eral formula is [M2þ

1�xM
3þ
x (OH)2]

x+ (An−)x/n mH2O,
where M2+ and M3+ are the divalent and trivalent
cations, respectively. x is the M2+/M3+ molar ratio and
An− is the incorporated anion in the interlayer space
along with water molecules for charge neutrality and
structure stability [15]. LDHs are layered materials
with hydroxide sheets, where a net positive charge is
developed on the layer due to partial substitution of
trivalent by divalent cations [16]. Due to the high
charge density of the sheets and the exchangeability of
the interlayer anions as well, LDHs have been used in
several studies as a sorbent to remove different
harmful anions, such as arsenate [17], phosphate [18],
fluoride [19], and chromium [20].

The anion-exchange capacity of LDHs is affected
by the nature of the interlayer anions initially present
and the layer charge density. When the layer charge
density is very high, the exchange reaction may
become difficult. LDHs have greater affinities for
multivalent anions compared with monovalent anions
[21,22]. In particular, the favorable lattice stabilization
enthalpy associated with CO2�

3 results in these anions
being difficult to displace in anion-exchange reaction.
Therefore, the removal of anions in LDHs by intercala-
tion occurs when the interlayer is intercalated by weak
electrostatic interactions with the layers, such as
chloride or nitrate.

Several studies have investigated the removal of
phosphate by calcined and uncalcined LDHs [19,23–25].
However, until now, studies on the use of nitrate-con-
taining LDHs as anion-exchanger for phosphate

removal are scarce [26,27]. Anion-exchange can avoid
the change of solution pH. Adjusting the solution pH
was unavoidable because it was increasing during the
sorption process when calcined LDHs have been used
[28]. Furthermore, compared to most of the studies
focusing on sorptive properties of LDHs, phosphate
sorption mechanisms were partly ignored. Therefore,
the objective of this study is to investigate the sorption
ability of MgAl-NO3 LDH to remove phosphate from
wastewater that was collected from the surface treat-
ment process in Algeria. The effect of various parame-
ters on phosphate removal, such as sorbent dosage,
solution pH, contact time, and initial concentration has
been studied in batch mode. The explanation of sorp-
tion mechanism has been supported by X-ray diffrac-
tion (XRD) and Fourier Transform Infrared (FTIR)
spectra. The sorption kinetic and isotherms were also
investigated. Finally, sorption–regeneration cycles were
evaluated to examine the sorbent reusability.

2. Materials and methods

2.1. Sorbent preparation

MgAl-NO3 LDH was synthesized by co-precipita-
tion method at constant pH. Mg(NO3)2·6H2O and Al
(NO3)3·9H2O solutions were added drop wise into
NaNO3 solution. 50 mL of MgAl precursor solution
containing 0.025 mol Mg2+ and 0.0125 mol Al3+ was
added to 50 mL of anion solution containing 0.025 mol
NO�

3 . The pH of precipitation was adjusted to 10 by
adding NaOH solution at 3.4 M under vigorous stir-
ring. The precipitate formed was aged at 60˚C in an
oil bath shaker for 24 h, cooled, and filtered. The
obtained precipitate was washed repeatedly with dis-
tilled water to reach a neutral pH and then dried at
80˚C for 24 h. Finally, the resulting solids were ground
manually in a mortar and sieved to yield powders of
50–100 µm in diameter.

2.2. Characterization of sorbent

Powder XRD analyses were carried out to identify
the LDH phase using an XPERT-PR diffractometer,
with CuKα radiation (λ = 1.54060 Å) at 45 kV and
40 mA. Scanning diffraction angle is set at the speed
of 0.06˚/s. The BET surface area and average pore
diameter were measured from the N2 adsorption/des-
orption isotherms at 77 K by using Tri-Star II 3020
V1.03 micromeretics surface area and pore size ana-
lyzer. The morphology of LDH sample before and
after sorption of phosphate was viewed by scanning
electron microscopy using an XL30 ESEM at
accelerating voltage of 20 kV.
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Elemental chemical analysis was performed using
an inductivity coupled plasma emission spectrometer
for metal ions to determine the Mg/Al molar ratio of
the prepared LDH. 0.04 g of sample was dissolved in
solution containing 15 mL of HNO3 and 5 mL of HCl.
FTIR spectra of material before and after sorption
were recorded using an Alpha Bruker FTIR spec-
trometer over the 4,000–400 cm−1 wave number range.

The pH at the point of zero charge pHzpc of LDH
was determined using NaCl solutions at 0.10 and
0.05 M as inert electrolyte. The initial pH was adjusted
from 2 to 13 by adding HNO3 and NaOH solutions at
0.1 M. The experiments were performed on thermo-
static stirrer at 200 rpm and 20˚C for 2 h, by contacting
20 mg of LDH sample to 100 mL of each solution.
Then, the suspensions were filtered and the final pH
was measured. The pHzpc was obtained through the
plot of pHfinal vs. pHinitial [29].

2.3. Characterization of wastewater

The wastewater used in this study was collected
from the national company of appliance industry situ-
ated in Algeria. It was characterized for pH, conduc-
tivity, total and volatile suspended solids, COD and
various anions, as shown in Table 1. The anions were
analyzed using a scalar analyzer.

The results obtained in Table 1 indicate a high
phosphate concentration of 201 mg/L along with large
concentration of other anions like Cr(VI) (35 mg/L),
sulfate (116 mg/L), nitrites (86 mg/L), and chloride
(111 mg/L). It appears that the phosphate concentra-
tion is much higher than the permissible limit for
phosphate discharge in wastewater (10 mg P/L).
Therefore, wastewater must be treated to reduce the
concentration of phosphate to acceptable levels before

discharging it into the environment. The concentra-
tions of Cr(VI) and nitrite are also higher than the
admissible limits of 0.1 and 1.0 mg/L, respectively.

2.4. Sorption and kinetic experiments

The experiments were run at room temperature in
100 mL bottles containing 50 mL of solution with a
given dose of sorbent. The solution was stirred for 2 h
to allow sufficient time for equilibrium.

The sorption of phosphate was studied as a func-
tion of solution pH, sorbent dosage, and initial con-
centration. During the experiments, the studied
parameter was varied while other parameters were
kept constant. The effect of solution pH was studied
at pH values ranging from 2 to 8 at 100 mg P/L and
sorbent dose of 2 g/L. The effect of sorbent dosage at
100 mg P/L and pH 6 was investigated at various sor-
bent quantities ranging from 0.5 to 5 g/L. The effect of
initial concentration was studied at phosphate concen-
trations ranging from 30 to 200 mg P/L, sorbent dose
of 2 g/L, and pH 6.

Stock solution was obtained after decantation and
filtration of wastewater. The concentration of phos-
phate in wastewater is 201 mg P/L. It was diluted
with distilled water to obtain other concentrations.
The pH of solution was adjusted to the desired value
by adding negligible volumes of HCl and NaOH solu-
tions at 0.1 M. The phosphate was analyzed by
molybdenum blue UV–visible spectrophotometry
method at 800 nm [30]. All assays were carried out in
triplicate and only mean values are presented.

The sorption capacity was determined from Eq. (1):

qt ¼ VðC0 � CtÞ
m

(1)

where C0 and Ct (mg/L) are the initial concentration
and the concentration at time t, respectively. qt (mg/g)
is the amount of phosphate sorbed at time t, m (g) the
sorbent mass, and V (L) is the volume of solution.

2.5. Equilibrium sorption measurements and modeling

Sorption isotherm was generated by contacting
0.1 g of sorbent with 50 mL of solution containing
from 15 to 200 mg P/L. The solutions were stirred for
2 h at room temperature.

The experimental data were analyzed by different
sorption models like Langmuir [31], Freundlich [32],
and Dubinin–Radushkevich [33] model. The equations
are expressed as:

Table 1
Characteristics of wastewater

Parameter Value

pH 7.27
Total suspended solids (mg/L) 214
Volatile suspended solids (mg/L) 28
Conductivity (μS/cm) 1,928
COD (mg/L) <30
PO3�

4 (mg/L) 201.43
SO2�

4 (mg/L) 116.78
Cl− (mg/L) 111.25
NO�

3 (mg/L) 49.12
NO�

2 (mg/L) 86.38
Cr(VI) (mg/L) 35.47
HCO�

3 (mg/L) 301.58
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Langmuir:

Ce

qe
¼ 1

qmK
þ Ce

qm
(2)

Freundlich:

qe ¼ KFC
1=n
e (3)

Dubinin–Radushkevich:

ln qe ¼ ln qm � KDR RT ln
1

Ce

� �� �2
(4)

e ¼ RT ln
1

Ce

� �
(5)

where Ce (mg/L) is the concentration of phosphate at
equilibrium, qe (mg/g) is the sorption capacity at equi-
librium, K (L/mg) is Langmuir constant, qm (mg/g) is
the saturated sorption capacity of sorbent, KF and n
are Freundlich parameters, KDR (mol2/J2) is the
activity coefficient, ε is the Polanyi potential, R is the
universal gas constant (8.314 J/mol K), and T (K) is
temperature.

The sorption efficiency was predicted by the dimen-
sionless equilibrium parameter, RL = 1/(1 + KC0).
where C0 (mg/L) and K (L/mg) are the highest initial
concentration and Langmuir constant, respectively.

The sorption energy was calculated using Eq. (6):

E ¼ 1

2KDRð Þ1=2
(6)

where E (J/mol) is the sorption energy.

3. Results and discussion

3.1. Characterization of sorbent

From Fig. 1, it appears clearly that the XRD pattern
of the sample has sharp and symmetric peaks at lower
2θ as (0 0 3) and (0 0 6), which are characteristic of the
hydrotalcite-like compounds with a high degree of
crystallinity. The pattern is indexed to a hexagonal cell
[34]. No other phase is observed in the XRD pattern.
The basal reflections 0 0 1 at low angles (11˚, 2θ) corre-
spond to the interlayer distance of LDH. The (1 1 0)
reflection appears at high angles (61˚, 2θ). The lattice
parameters are estimated as c = l × d00l; a = 2 × d110, as
shown in Table 2. The results agree well with those

reported by Srinivasa et al. [35]. They suggest that a
distance of around 8.9 Å is evocative of high interlayer
spacing with a thickness of 2–3 atoms. From Fig. 1(b),
it can be seen that the characteristic peaks of the LDH
structure appear in the XRD pattern of the sample,
which indicate that the sorbent remains in its layered
structure after anion-exchange with phosphate ions.

However, basal reflection (0 0 3) moves to higher
2θ angle from (d003, 8.37 Å) to (d003, 7.61 Å) after phos-
phate uptake, indicating that a smaller ion resides in
the interlayer region of LDH, because phosphate is a
smaller ion than nitrate. The basal reflection (0 0 3) is
directly attributed to the interlayer distance of LDH
and depends on the size of intercalated anion. In addi-
tion, the (1 1 0) reflection of 1.52 Å remains constant
with anion-exchange, indicating that the resulting
LDH keeps the original lattice parameter (a). There-
fore, an anion-exchange mechanism occurs between
phosphate and interlayer nitrate.

From Table 2, the resultant Mg/Al molar ratio of
the sample was determined to be 1.97, showing a
good agreement with the initial value of the starting
solutions. Thus, MgAl-NO3 LDH with Mg/Al molar
ratio of 2 was successfully prepared.

The surface area of MgAl-NO3 LDH is very low
(5.70 m2/g) (Table 2). The result agrees with that
reported by Wang et al. [36].

The FTIR spectra of LDH material and its corre-
sponding sample after the uptake of phosphate are
shown in Fig. 2. The intense broad band observed at
3,500–3,250 cm−1 associated with stretching vibration
of O–H bond in the brucite-like layers Mg(OH)2 and
Al(OH)3 [37,38]. The band at about 1,643 cm−1 can be
assigned to the deformation vibration of water
molecules in the interlayer domain [39]. The bands at
540–650 cm−1 can be due to the vibration of Al–O and
Mg–O groups in the layers. The characteristic sharp
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Fig. 1. XRD patterns of MgAl-NO3 LDH: (a) before and (b)
after sorption of phosphate.
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absorption band at about 1,380 cm−1 is associated with
the antisymetric stretching mode of NO�

3 [40].
From Fig. 2(b), the characteristic bands of the LDH

structure were clearly observed in the FTIR spectrum
of the LDH sample after sorption of phosphate, but
their intensity was significantly reduced compared to
that obtained in Fig. 2(a). This indicates that the solid
maintains its chemical structure, and anion-exchange
reaction occurs between the solid and solution.

As shown in Fig. 2(b), the band observed at
1,377 cm−1 becomes weaker and the characteristic band
of phosphate appears at 1,051 cm−1 [41]. This indicates
that the phosphate ions exchange with interlayer nitrate
and they are successfully incorporated into the LDH
structure. The results agree well with those obtained
from XRD pattern. Therefore, anion-exchange
mechanism occurs in the removal process of phosphate.

The interlayer nitrate of LDH could be exchanged
with phosphate because LDHs have greater affinities
for multivalent anions compared with monovalent
anions, due to weak electrostatic interactions between
the interlayer spacing and brucite sheets [21,22].

The morphology of synthesized LDH was investi-
gated by SEM, as shown in Fig. 3((a) and (b)). The
results indicate that the sample formed stone mor-
phology of varying size and shape, with a particle size
of 3–10 μm, approximately. High-resolution SEM
analysis indicates that the sample is nonporous (not
shown here). This is in accordance with the result of
BET surface area presented in Table 2. From Fig. 3(b),
the surface of the LDH sample becomes rough after
sorption of phosphate, indicating some interactions
between the LDH sample and solution, due to the
uptake of phosphate ions by anion-exchange and
electrostatic attraction.

Table 2
Characterization of MgAl-NO3 LDH

Mg/Al molar ratio
BET surface
area (m2/g)

Average pore
diameter (nm)

Cell parameters

Synthesis solution Obtained sample d003 (Å) d110 (Å) a (Å) c (Å)

2 1.97 5.70 10.54 8.369 1.524 3.048 25.11
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Fig. 2. FTIR spectra of MgAl-NO3 LDH: (a) before and (b)
after sorption of phosphate.

Fig. 3. SEM images of MgAl-NO3 LDH: (a) before and (b) after sorption of phosphate.
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The pHzpc of MgAl-NO3 LDH is around 7.8 as
revealed by crossing point of the curves (Fig. 4), indi-
cating an amphoteric surface, which is positively
charged at pH lower than 7.8, while negatively
charged when pH is higher than 7.8. Therefore, in
addition to the main ion-exchange mechanism, there
is electrostatic attraction between negative phosphate
species (H2PO

�
4 and HPO2�

4 ) and electropositive LDH
surface since the solution pH was below the pHzpc of
material.

3.2. Sorption properties

3.2.1. Effect of pH

The pH of solution is an important parameter that
influences the sorption of anions at the solid–liquid
interface [42]. The effect of solution pH on phosphate
removal by MgAl-NO3 LDH is shown in Fig. 5.

Fig. 5 shows that phosphate removal onto
MgAl-NO3 LDH is pH dependent. It appears that the
sorption capacity decreased slightly at much lower pH
of 2 and the phosphate removal was about 90%. This
may be due to slow dissolution of LDH at too lower
pH.

However, at pH ranging from 3 to 7, phosphate
removal remains almost constant and phosphate ions
are practically entirely removed. Inside this pH range,
H2PO

�
4 is the dominant species of phosphate [43].

Anion-exchange easily occurred between H2PO
�
4 ions

and the interlayer nitrate, resulting in a high uptake of
phosphate. When the pH of solution is lower than
pHzpc, the surface of LDH is positively charged. The
electrostatic attraction between the negatively charged
surface and electronegative phosphate species con-
tributes in the removal process. Therefore, phosphate
ions were removed by a combination of both electro-
static attraction and anion-exchange mechanisms.

At a pH value of 8 (pH > pHzpc), the removal effi-
ciency does not change. The surface of LDH is nega-
tively charged and H2PO

2�
4 ions became the dominant

species. The electrostatic attraction does not occur and
anion-exchange is the main mechanism in the sorption
process.

Fig. 4. pHfinal as a function of pHinitial for MgAl-NO3 LDH:
(T = 20˚C, m = 0.05 g, VNaCl = 250 mL, Ø = 50–100 μm).
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Fig. 5. Effect of initial pH on phosphate sorption by
MgAl-NO3 LDH: (C0 = 100 mg/L, m = 2 g/L, T = 20˚C,
W = 200 rpm).

Fig. 6. Effect of sorbent dosage on phosphate sorption by
MgAl-NO3 LDH: (pH 6, C0 = 100 mg/L, T = 20˚C,
W = 200 rpm).
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At equilibrium, the pH of solution increased, offer-
ing pH values between 8 and 9, due to the release of
hydroxide ions from the layers of LDH material.

In the wastewater treatment plant, the pH of
wastewater is adjusted to 7 before discharging into
water bodies. At this pH value, the removal of phos-
phate by MgAl-NO3 LDH is more than 95%. There-
fore, in view of practical application, adjusting the pH
of wastewater is not needed.

3.2.2. Effect of sorbent dosage

The effect of sorbent dosage on phosphate removal
is shown in Fig. 6.

The results show that the sorption capacity
increases rapidly from 27.62 to 46.57 mg/g with
increasing the sorbent dose from 0.5 to 2 g/L, respec-
tively. This is due to the availability of the exchange-
able sites for phosphate sorption at higher sorbent
dose. However, phosphate uptake remains almost con-
stant at 46.57 mg/L with the increase of sorbent dose
from 2 to 5 g/L. This suggests the existence of the
optimum dose for the maximum phosphate uptake at
2 g/L.

3.2.3. Effect of initial concentration

The effect of initial concentration on phosphate
removal is shown in Fig. 7.

Phosphate uptake was rapid in the first step, at the
beginning up to 20 min, then slowed considerably till
a saturation level was reached at 30 min. The initial
rapid phase may be due to greater number of sorption
sites available for phosphate uptake. After 30 min,
although the phosphate uptake has a slight increase

with increasing the contact time, it remains almost
constant, meaning that the sorption equilibrium of
phosphate is reached.

In order to explain the mechanism involved in
sorption process, three kinetic models were applied,
such as pseudo-first-order model (Eq. (7)) [44], pseudo-
second-order model (Eq. (8)) [45], and intraparticle
diffusion model (Eq. (9)) [46].

ln qe � qð Þ ¼ ln qe � k1t (7)

t=q ¼ 1= k2q
2
e

� �þ t=qe (8)

q ¼ kit
1=2 þ C (9)

Fig. 7. Effect of initial concentration on phosphate sorption
by MgAl-NO3 LDH: (pH 6, m = 2 g/L, T = 20˚C,
W = 200 rpm).

Fig. 8. Kinetic plots regression for phosphate sorption onto
MgAl-NO3 LDH: (a) pseudo-first-order, (b) pseudo-sec-
ond-order, and (c) intraparticle diffusion models.
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where qe and q (mg/g) are the sorption capacity at
equilibrium and time t, respectively. k1 (min−1) and k2
(g/(mg min)) are the pseudo-first-order and pseudo-
second-order rate constants, ki (mg/g min0.5) is the
intraparticle diffusion rate constant, and C is the
intercept.

The kinetic parameters are measured from the
slope and intercept of the linear plot of model
equations, as shown in Fig. 8(a–c).

In compliance with experimental results, calculated
qe increased with increasing initial concentration. At
given C0, qe2 values were higher than qe1, which is a
general rule. The rate constants varied with C0. How-
ever, variations in k1, k2, and ki values are commonly
reported, an increase in k1 and ki while a decrease in
k2 with increasing C0 most frequently ascertained
[11,13].

Moreover, calculated parameters are in the range
of those reported by others for phosphate removal on
diverse in comparable concentrations [47,48].

As shown in Fig. 8(c), the plots of qt vs. t1/2 are
not linear within the whole sorption time, showing
that the phosphate removal on MgAl-NO3 LDH does
not agree with the intraparticle diffusion model. How-
ever, it appears that each plot can be divided into two
phases. From Table 3, correlation coefficients of every
fitted plot are more than 0.93, indicating that the intra-
particle diffusion model gives a good simulation
within the corresponding sorption period, implying
that the intraparticle diffusion occurs in the uptake
process. However, intraparticle diffusion is not the
only rate-limiting step because of every phase plot is
not passing through the origin, as shown Fig. 8(c)
[49,50].

The first sharper region is a gradual sorption stage,
due to the anion-exchange reaction between phosphate

and interlayer nitrate of LDH. Then, the second region
is the equilibrium stage as the uptake of phosphate
started to slow down.

Based on the regression coefficients and calculated
qe for each model, the pseudo-first-order and intra-
particle diffusion models are not fully valid for the
present system. Contrariwise, a good agreement with
the pseudo-second-order model was observed at
various concentrations, as shown in Fig. 8(b). The
correlation coefficients for the linear plot of pseudo-
second-order model are more than 0.98 in most cases.
Moreover, experimental and calculated qe show good
agreement (Table 3).

Therefore, the removal of phosphate by MgAl-NO3

LDH is kinetically controlled by a pseudo-second-
order reaction rather than a pseudo-first-order process.
Hence, chemisorption is the rate-limiting step in
sorption process [8,51].

3.3. Equilibrium isotherms

The sorption isotherm of phosphate by MgAl-NO3

LDH is shown in Fig. 9.
According to the classification of Giles et al. [52],

sorption isotherm is H-type, which indicates high
affinity between phosphate and LDH sample so that
phosphate ions are almost completely sorbed from
dilute solution. As shown in Fig. 10(a–c), Langmuir,
Freundlich, and Dubinin–Radushkevich models were
applied to describe the sorption behavior at equilib-
rium.

The model parameters are listed in Table 4. From
R2 and qm values, it appears that the equilibrium data
fitted well the Langmuir isotherm (R2 = 0.999), indicat-
ing the monolayer sorption of phosphate onto MgAl-
NO3 LDH. In addition, the RL value less than unity

Table 3
Sorption parameters of the pseudo-first-order, pseudo-second-order and intraparticle diffusion models at various
concentrations

Kinetic model Parameter

Initial concentration (mg P/L)

30 50 100 150 200

Pseudo-first-order K1 ðmin�1) 0.101 0.091 0.095 0.102 0.140
qe1 ðmg/g) 10.16 17.92 32.19 41.91 55.99
qe;exp ðmg/g) 14.97 25.30 36.71 48.06 59.51
R2 0.865 0.869 0.961 0.968 0.965

Pseudo-second-order K2 (g/mg min) 0.039 0.008 0.005 0.003 0.002
qe2 ðmg/g) 15.75 26.01 36.08 51.80 65.13
qe;exp ðmg/g) 14.97 25.30 36.71 48.06 59.51
R2 0.999 0.984 0.980 0.991 0.985

Intraparticle diffusion ki (mg/g min0:5) 0.78 2.35 5.47 6.59 9.83
C (mg/g) 10.83 11.82 6.31 12.53 8.95
R2 0.941 0.967 0.978 0.983 0.938
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indicates favorable sorption of phosphate on this
sorbent.

Freundlich and D–R isotherms are not as adequate
as Langmuir model. The calculated qm using Lang-
muir model is close to that obtained at equilibrium
(Table 4), while the D–R isotherms give a maximum
capacity not compatible with experimental qm. For
Freundlich model, 1/n value was between 0 and 1,
indicates favorable sorption of phosphate at the stud-
ied conditions. As reported by Mckay et al. [53], the n
value situated between 2 and 10 represents a good
sorption.

The D–R isotherm model determines also the nat-
ure of sorption processes. The E (kJ/mol) value gives
information about sorption mechanism (physical or
chemical). It has been reported that the sorption
energy is less than 20 kJ/mol for an anion-exchange
controlled process [54]. The calculated sorption energy
of 14.87 kJ/mol indicates that the anion-exchange is
the determining mechanism for phosphate removal.
The anion-exchange process has also been confirmed
by XRD pattern and FTIR spectra of LDH sample.

3.4. Regeneration and reusability tests

Once the sorption process is completed, desorption
of phosphate from LDH sample is essential to regener-
ate the sorbent. From the point of view of process
overall economy for wastewater treatment by sorption,
sorbent reusability is of crucial importance. In order to
evaluate the regeneration ability, phosphate sorbed
LDH was calcined at 500˚C to displace entirely the
interlayer region. Then, the calcined LDH was
dispersed into NaNO3 solution at 0.5 M to reconstruct
the LDH structure using memory effect. This

phenomenon is one of their most attractive features as
adsorbents for anionic species [55]. The reusability of
LDH sample was assessed for four sorption–regenera-
tion cycles whose results are given in Fig. 11. The
results show a slight decrease in sorption capacity
with cycles, which attains 28 mg/g in the fourth cycle
for treatment of wastewater containing 100 mg P/L.
This is due to slight damage in the original LDH
structure with regeneration of LDH sample.

Fig. 12((a) and (b)) shows the XRD patterns of
phosphate sorbed LDH after calcination and

Fig. 9. Sorption isotherm of phosphate by MgAl-NO3

LDH: (pH 6, m = 2 g/L, T = 20˚C, W = 200 rpm).

Fig. 10. Langmuir (a), Freundlich (b), and Dubinin–
Radushkevich (c) plots for phosphate sorption onto
MgAl-NO3 LDH.

15928 M. Khitous et al. / Desalination and Water Treatment 57 (2016) 15920–15931



rehydratation in NaNO3 solution 0.5 M. After calcina-
tion, it appears that the characteristic peaks of LDH
structure disappeared and two new broad peaks were
observed at high 2θ angles of 43.5˚ and 63˚, corre-
sponding to the (2 0 0) and (2 2 0) reflections, respec-
tively [56]. This indicates that the layered structure of
material was destroyed and transformed into amor-
phous phase when heated at 500˚C, due to the decom-
position of LDH sample into mixed oxides of Mg and
Al during the thermal treatment.

After reconstruction, the layered structure of cal-
cined LDH was reconstructed, as shown in Fig. 12(b).
However, the regenerated sample shows low crys-
tallinity compared to its original structure, due to
some changes in the LDH structure with calcination.

4. Conclusion

The present investigation evaluated the phosphate
removal performance from wastewater using synthe-
sized MgAl-NO3 LDH as a sorbent material. The
structure of material before and after sorption of phos-
phate was well characterized by XRD and FTIR analy-
sis. It was found that the phosphate removal on
MgAl-NO3 LDH depends on the sorbent dosage, con-
tact time, and initial concentration. MgAl-NO3 LDH
can be used as an efficient sorbent to remove phos-
phate from wastewater with a good selectivity. The
uptake was rapid and reached equilibrium within
30 min. No significant influence of solution pH on
phosphate removal was observed at pH ranging from
3 to 8. In addition, sorption kinetic follows pseudo-
second-order model, indicating chemisorption of phos-
phate on this material. The equilibrium data fitted
well the Langmuir isotherm, which indicates the
monolayer sorption of phosphate onto MgAl-NO3

LDH. D–R isotherm confirms that anion-exchange is

Table 4
Isotherm model parameters for phosphate sorption onto MgAl-NO3 LDH

Isotherm model Parameter Value R2

Langmuir K (L/mg) 0.94
qm (mg/g) 64.10 0.999
RL 0.004

Freundlich N 3.91
1/n 0.25 0.798
KF (mg/g) 24.27

Dubinin–Radushkevich KDR (mol2/J2) 2.35 × 10−9

qm (mg/g) 132.97 0.847
E = (2KDR)

−0.5 (kJ/mol) 14.87

Fig. 11. Evolution of sorption capacity over four consecutive
sorption–regeneration cycles: (C0 = 100 mg/L, m = 2 g/L,
T = 20˚C, W = 200 rpm).

(a)

(b)

Fig. 12. XRD patterns of phosphate sorbed MgAl-NO3

LDH: (a) after calcination at 500˚C and (b) rehydratation in
NaNO3 solution 0.5 M.
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the controlling mechanism of the overall sorption pro-
cess. Moreover, Freundlich isotherm reveals that the
removal of phosphate is favorable at the studied
conditions. The phosphate sorbed LDH can be
regenerated in NaNO3 solution and reused in subse-
quent sorption experiments, with a slight decrease in
the sorption capacity.
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