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Synthesis of layered double hydroxides with nitrate and
its adsorption properties of phosphate
Jiangpo Zhang, Qi Xia, Xiaofeng Hong, Jianjun Chen and Daijun Liu

ABSTRACT
In the present study, different ratios of layered double hydroxides (LDHs) were synthesized via
co-precipitation method. The synthesized LDHs were characterized by Fourier transform infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), nitrogen adsorption-desorption analysis, point of zero
charges (pHpzc), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Phosphate adsorption performances were estimated by batch adsorption experiments; desorption
hysteresis and adsorption mechanism were also investigated. The XRD, SEM and TEM results
conﬁrmed the multilayer structure of the synthesized LDHs. The pseudo-second-order kinetic model
and the Freundlich model describe the adsorption behavior of LDHs best. The maximum adsorption
capacity is 185.86 mg-KH2PO4/g for Mg2Al-NO3 LDH. When the dosage of LDHs was greater than
2 g/L, the phosphorus content in the solution decreased from 30 mg-P/L to 0.077 mg-P/L after
adsorption by Mg2Al-NO3 LDH. All the results reveal that Mg2Al-NO3 LDH is a potential adsorbent for
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removing phosphate from aqueous solution.
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HIGHLIGHTS

•
•
•

Layered double hydroxides were successfully prepared with nitrate by the
co-precipitation method.
The layered structure can be seen from the SEM and TEM image.
The synthesized LDHs can signiﬁcantly reduce the content of phosphate in water.

INTRODUCTION
Phosphorus is a non-renewable resource and is an indispensable element that is essential for the growth of
organisms on our planet. However, wastewater containing
a considerable quantity of soluble phosphate is discharged
into waters, which results in eutrophication and subsequent
deterioration of lakes, lagoons, rivers, and sea (ValsamiJones ). Eutrophication has become one of the most
severe problems in aquatic environments. It causes algal
blooms and consumes the dissolved oxygen in the water
(Alshameri et al. ). Thus, removing phosphorus from
wastewater is the key to solving the problem. Various
methods have been developed to remove phosphate from
contaminated water, such as chemical precipitation (Liu
et al. ), crystallization (Li et al. b), biological process
doi: 10.2166/wst.2020.567
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(Law et al. ). Chemical precipitation requires many
expensive ﬂocculants or coagulants, and the resulting
sludge is prone to secondary pollution (Zhang et al. a).
The biological process is unstable and difﬁcult to control
because dephosphorization efﬁciency is greatly affected by
the quality of water. Adsorption is a promising method to
remove phosphate from the polluted water due to its costeffective, environmentally friendly, and reliable operation
(Lalley et al. ).
Layered double hydroxides (LDHs), also known as
bimetallic hydroxides, is a multi-functional anionic clay
that has been attracted considerable research attention due
to its excellent adsorption ability to anions, unique properties, and applications such as catalysts, pharmaceuticals,
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ion-exchange materials, and drug storage-delivery agents
(Zhang et al. ). The general chemical formula that best
xþ
n
3þ
characterizes LDHs is [M2þ
1-xMx (OH)2] (A )x/n·mH2O,
2þ
where M represents a divalent metal cation, M3þ represents
a trivalent metal cation, An are the incorporated anions in the
interlayer space, x is the molar ratio of M3þ/(M2þ þ M3þ),
and m is the number of water molecules. The structure of
LDHs consists of positively charged brucite-like layers
with trivalent cations partially substituting for divalent
cations, and the excess positive charges are balanced by
exchangeable compensating anions and water molecules,
as seen in Figure 1. Strong chemical bonds within the
layers and relatively weak bonds between interlayer anions
and layers make LDHs promising ion-exchangers for
anions. Hence, LDHs have been investigated to absorb
inorganic and organic anion pollutants from water, such
as arsenate, molybdate, selenite, ﬂuoride, and nitrate
(Hatami et al. ; Zhang et al. ).
Numerous studies have been conducted to focus on the
synthesis process with low-cost and readily available
materials (Kong et al. ), structure characterization
(Zhang et al. b), and its application to remove the
heavy metals as adsorbent (Zhao et al. ), and application as a catalyst carrier (Dewangan et al. in press).
However, there were few studies investigating the removal
of phosphate by LDHs. Therefore, the objectives of the present study were to focus on the effect on the properties of
LDHs synthesized with different ratios and investigate the
performance of synthesized LDHs for phosphate removal
from wastewater and ﬁgure out the factors that affect the
adsorption process.
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MATERIAL AND METHODS
Synthesis of LDHs
All the chemicals used in this study were analytical grade
and purchased from Kelong Chemical Co. Ltd (Sichuan,
China). The Mg-Al LDHs were synthesized via the coprecipitation method. The aqueous NaOH (1.0 mol/L) and
the mixed nitrate solution containing Mg (NO3)2·6H2O and
Al (NO3)3·9H2O of Mg/Al at a preset molar ratio (2:1, 3:1,
4:1) were simultaneously added dropwise into a threenecked ﬂask until the value of pH reached 10. The resulting
slurry was aged at 80  C for 6 h in a water bath. The precipitate
was ﬁltered, washed with deionized water several times, and
subsequently dried at 80  C for 12 h. Finally, the obtained
samples were ground into 40–100 mesh and stored in
sample bottles for further use. The samples were labeled as
MgxAl-NO3, where x represents the Mg/Al molar ratio.
Characterizations
The Fourier transform infrared spectroscopy (FT-IR) was
used to analyze the functional group of the sample from
4,000 cm1 to 500 cm1 on a Nicolet Avatar 370DTGS
spectrophotometer (Thermo Fisher Scientiﬁc, USA). X-ray
diffraction (XRD) analysis was carried out to identify any
crystallographic structure in the samples using a computercontrolled X-ray diffractometer (Cu Kα radiation, Philips
Electronic Instruments, USA) equipped with a stepping
motor and graphite crystal monochromator. The speciﬁc
surface area and pore volume were calculated using the
Brunauer-Emmett-Teller (BET) method, and the pore size distribution was analyzed form the desorption branch isotherms
using Barrett-Joyner-Halenda (BJH) analysis. The morphologies and element distribution of the samples were
characterized using scanning electron microscopy (SEM,
FEI Inspect F50) and energy-dispersive spectroscopy (EDS)
mapping analysis. Transmission electron microscopy (TEM)
was determined with LIBRA 200 FE (Zeiss, Germany). The
content of metal ions of the as-prepared samples and the concentration of dissolved metal ions in different pH after
phosphate adsorption were analyzed by an inductively
coupled plasma-mass spectrometry (ICP-OES).

Adsorption and desorption studies

Figure 1

|

The layered structure of LDHs.
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For the kinetics of phosphate adsorption, a phosphate solution (50 mg-P/L) was prepared by dissolving K2HPO4 in
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deionized water. The experiments were carried out as follows: 0.1 g of adsorbent was added into a 500 mL conical
ﬂask containing 200 mL phosphate solution with a stirring
speed of 120 rpm at room temperature. The supernatant
was extracted at different time intervals and ﬁltered through
a 0.45 μm membrane ﬁlter. The phosphorus concentration
in the supernatant was measured by UV spectrophotometry
at 700 nm using the molybdenum-blue ascorbic acid method
(Yan et al. ). The phosphate uptake was calculated from
the decreases in phosphate concentration regarding those of
the initial solution. The amount of phosphate retention on
per unit mass of LDHs was computed using the formula:


(Ci  Ce )V
qe ¼
× 1000
m

(1)

where qe is the phosphate uptake (mg-K2HPO4/g-LDHs), Ci
is the initial concentration (mg/L), Ce is the ﬁnal equilibrium
concentration (mg/L), V is the volume of the solution (L),
and m is the mass of the adsorbent (g).
The adsorption isotherms of phosphate were conducted
under different temperatures (20, 30 and 40  C) with 50 mL
phosphate solution and 50 mg adsorbent, the initial phosphate concentration varied from 50 to 600 mg-KH2PO4/L
and the pH value of the solution was 7, then the solution
with adsorbent was stirred at a speed of 120 rpm at room
temperature for 24 h, and the phosphate adsorption capacity
and the concentration at equilibrium were measured.
For the study of the desorption ability of LDHs, ﬁrst,
phosphate saturated LDHs (P-LDHs) were achieved by
mixing an appropriate dosage of LDHs with a 50 mg-P/L
K2HPO4 solution for 24 h, then the phosphate capacity

Figure 2

|

The FT-IR spectra (a) and XRD patterns (b) of different LDHs.
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was calculated by Equation (1). Then, a series of KOH solutions were utilized as eluant to desorb the P-LDHs. The
phosphorus content in the eluate was measured by UV spectrophotometry at 700 nm using the molybdenum-blue
ascorbic acid method. The desorption rate was estimated
from the following equations:
Desorption Rate(%) ¼

Qdes
× 100
Qads

(2)

where Qads is the amount of phosphate uptake in the
adsorption operation (mg-K2HPO4/g-LDHs), and Qdes is
the amount of phosphate desorbed in the desorption operation (mg-K2HPO4/g-LDHs).
The desorption isotherm also investigated the effect
of adsorption-desorption hysteresis. After the adsorption
isotherm experiment, a half volume of the supernatant was
immediately sampled for phosphate concentration measurement, then 25 mL KOH solution with a mass concentration
of 20% was supplemented to allow desorption for another
24 h, then the phosphate adsorption capacity and the concentration were determined.

RESULTS AND DISCUSSION
Characterization of LDHs
In order to determine the chemical composition of the prepared adsorbents, the FT-IR spectra of synthesized LDHs
are shown in Figure 2(a). The broad band between
3,445 ∼ 3,480 cm1 and the weak peak near at 1,630 cm1
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in the spectra of all the prepared LDHs were attributed to
the O-H stretching vibrations of the OH group in the brucite-like layer, and the H-O-H is the bending vibration of
the water molecule in the interlayer (Shi et al. ), respectively. The strong band at 1,384 cm1 corresponds to the
stretching vibration of the nitrate ion (Mohamed et al.
), the weak bands between 826–840 cm1 were also
caused by nitrate ions. The bands observed for carbonyl
groups at 1,765 cm1 and between 2,360–2,430 cm1 were
related to the CO2 background of the measurement system.
Additionally, the bands between (400 cm1 to 800 cm1) correspond to the lattice vibrations of M-O, M-O-M, and O-M-O
(where M are metal ions) (Juboury ).
The XRD patterns of synthesized LDHs are shown in
Figure 2(b). All the samples exhibit the typical characteristic
reﬂections of the hydrotalcite structure. The typical reﬂections of 003 planes (9.9–10.4 ) and 006 planes (19.9–20.6 )
at lower 2θ, the 012 planes at ∼34–35 2θ, and the 110
planes at higher ∼60–62 2θ indicate a well-formed layered
structure (Bao et al. ). With the increase of the Mg/Al
ratio, the peak of (003) plane of the LDHs becomes sharper
and shifts to higher 2θ values, which mean that the samples
are better crystallized. However, the basal space decreased
owing to the decreased positive charge density. Some lattice
parameters of reﬂection were calculated by Bragg diffraction
formula and are summarized in Table 1. The d003 corresponds to the basal space of the unit layer, the constant a
is the cation-cation distance in the brucite-like layer, which
was calculated from a ¼ 2d110, and c ¼ 3d003 is related to
the thickness of the brucite-like layers and interlayer
space. The interlayer space was computed by subtracting
the brucite-like sheet thickness, which is 4.8(Å), as conﬁrmed in many articles (Everaert et al. ; Zhang et al.
) from the basal space d003. The parameter a also
increased with the increase of the Mg/Al ratio, which conforms with the report (Zhang et al. ).
The N2 adsorption-desorption isotherm of the different
LDHs are presented in Figure S1 (Supplementary Material).
The curves of all the samples belonged to the type-IV isotherm model with H4 type hysteresis loops resulting from
capillary condensation according to IUPAC classiﬁcation
Table 1
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(Hu et al. ). The BJH desorption plots of volume desorbed versus pore diameter are presented in the insets in
Figure S1. The pore size distribution of all the samples lay
between 2–20 nm, demonstrating the existence of mesopores. The speciﬁc surface area, average pore diameter,
and total pore volume are summarized in Table 2. The
speciﬁc surface area decreased due to the high crystallinity
with the increasing metal ratio in the samples. The positive
charge density of the lamellar decreased with the increasing
metal ratio, resulting in a decrease of the interaction
between metal ions; hence, the pore volume decreased.
The point of zero charge is the concentration of potential-determined ions in solution when the charge on the
surface of the material is zero. The potential-determined
ions in solution of the experiment are hydrogen ions and
hydroxyl ions. The pH of the point of zero charge pHpzc is
the pH value of the solution when the charge on the surface
of material is zero and this was measured by the pH drift
method (Santos et al. ). Brieﬂy, the pH of 50 mL NaCl
(0.01 mol/L) solution was adjusted between 2 and 12 with
1 mol/L HCl or NaOH solution. The adsorbents (0.1 g)
was added to the solution, and stirred at room temperature
for 6 h, and the ﬁnal pH was recorded. Figure S2 shows
the graphs of ﬁnal versus initial pH to determine the
points at which the initial pH and ﬁnal pH values were
equal. The points were taken as the pHpzc of the adsorbents,
and the data are listed in Table 3. The pHpzc increases with
the increase of the Mg/Al ratio; as the metal ratio increases,
the surface positive charge density of the material decreases,
and only a small amount of hydroxide ions are needed to
make the surface charge density of the material equal to
zero, then the pH of the solution is high; hence, the

Table 2

|

The pore textural characteristics of LDHs

Surface area

Average pore

Pore volume

LDHs

(m2/g)

size (nm)

(cm3/g)

Mg2Al-NO3

67.6

15.3

0.245

Mg3Al-NO3

32.0

3.2

0.127

Mg4Al-NO3

9.1

3.2

0.025

Table 3

XRD data of diffraction peaks and the lattice parameters of LDHs

|

|

The molar Mg/Al ratio in material and pHpzc of different LDHs

LDHs

d003 (Å)

d110 (Å)

a ¼ 2 d110 (Å)

c ¼ 3 d003(Å)

interlayer
space (Å)

LDHs

Molar Mg/Al ratio
in material

pHpzc

Adsorption capacity
(mg-KH2PO4/g)

Mg2Al-NO3

8.929

1.526

3.052

26.787

4.129

Mg2Al-NO3

2.03

7.82

185.86

2.91

8.42

122.98

3.63

9.97

110.39

Mg3Al-NO3

8.114

1.537

3.074

24.342

3.314

Mg3Al-NO3

Mg4Al-NO3

8.094

1.540

3.080

24.282

3.294

Mg4Al-NO3
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measured pHpzc becomes higher. According to the point of
zero charges, the adsorbent surface has a positive charge
when pH < pHpzc, the adsorption of anions is favored at
the pH values lower than pHpzc.

Figure 3
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The SEM images of as-synthesized LDHs and LDHs
after adsorption are shown in Figure 3. It can be seen that
the prepared Mg2Al-NO3 LDH has an apparent layered
structure and is superimposed layer by layer to form

Images of (a) as-synthesized Mg2Al-NO3 LDH, (b) EDS analysis of as-synthesized Mg2Al-NO3 LDH, (c) Mg2Al-NO3 LDH after adsorption, (d) EDS analysis of Mg2Al-NO3 LDH after
adsorption, (e) and (f) the HRTEM of as-synthesized Mg2Al-NO3 LDH.
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particles (Figure 3(a) and 3(c)). The HRTEM image also conﬁrmed the characteristic morphology of multilayer structure
form with hexagonal, plate-like particles (Figure 3(e)), which
is consistent with the paper (Abukhadra et al. a). It was
found that the crystal particle structure with interplanar spacing is about 0.196 nm (Figure 3(f)), which is in agreement
with the data determined from the XRD result (the spacing
of (015) plane is 0.199 nm). The results of the EDS spectra of
Mg2Al-NO3 LDH before adsorption conﬁrmed that the
samples consisted of oxygen, magnesium, aluminum, and
nitrogen (Figure 3(b)). From the EDS analysis of the
Mg2Al-NO3 sample after phosphate adsorption (Figure 3(d)),
the presence of phosphorus can be seen, which is due to the
exchange of phosphate with nitrate. The details can be seen
in the section, Adsorption mechanism).
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decrease of metal ratio, as can be seen from Table 3. The
reason seems to be evident that the adsorption capacity is
signiﬁcantly related to the interlayer space. The larger the
basal space is, the easier is ion exchange, and the more phosphate is adsorbed. Everaert et al. () computed the size of
the phosphate ion and the geometrical result showed that
the height of the phosphate ion in the interlayer is between
3.38 and 3.86 Å; the interlayer space of the prepared
samples can be seen from Table 1, Mg2Al-NO3 has the largest interlayer space of 4.129 Å and its phosphate
adsorption capacity is 185.86 mg-KH2PO4/g. The interlayer
spaces of Mg3Al-NO3 and Mg4Al-NO3 are below 3.38 Å,
indicating that the anions in the interlayer can hardly be
exchanged by phosphate ions. Namely, the phosphate
adsorption capacity of the two LDHs will be lower than
Mg2Al-NO3.

Batch adsorption and desorption studies
Adsorption kinetic
Effect of contact time on the phosphate adsorption
The results of equilibrium phosphate adsorption on the
different Mg-Al LDHs are shown in Figure S3. The data
show that the phosphate uptake rapidly exceeds half of the
equilibrium adsorption capacity in the ﬁrst 2 hours, then
increases slowly till the equilibrium is reached. The equilibrium adsorption capacity of LDHs decrease with the

Figure 4

|

Three models were employed to investigate the adsorption
mechanisms of LDHs on phosphate. Figure 4(a)–4(c)
show the ﬁtting results of the pseudo-ﬁrst-order
model, pseudo-second-model, and intraparticle diffusion
model respectively. The equations are documented in the
Supplementary Material. The ﬁtting parameters for the
three models are presented in Table 4. The correlation

The ﬁtting results of different kinetics of phosphate adsorption onto different LDHs and the adsorption isotherm results of Mg2Al-NO3 LDH: (a) pseudo-ﬁrst-order model; (b)
pseudo-second-order model; (c) intraparticle diffusion model; (d) adsorption isotherm plots; (e) Langmuir model; (f) Freundlich model.
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Kinetic models for phosphate adsorption on samples and the calculated constants

Pseudo-ﬁrst-order
k1

qe

LDHs

Mg2Al-NO3

171.99

0.00748

Pseudo-second-order
R2

SSE

0.923

1,514

qe

Intraparticle diffusion
R2

SSE

ki

Ci

R2

SSE

5

0.982

348

1.450

71.68

0.793

2,299

4

k2

4.78 × 10

196.66

Mg3Al-NO3

114.91

0.01316

0.897

783

127.66

1.36 × 10

0.918

624

2.187

56.48

0.629

2,820

Mg4Al-NO3

108.29

0.02068

0.724

753

115.87

2.97 × 104

0.930

190

4.091

55.43

0.884

564

coefﬁcient (R2) represents the concordance degree between
the experimental and predicted values by the suggested
models. Ranging between 0 and 1, R2 close to 1 conﬁrms
that the model has a high concordance between the actual
and predicted values. The discrepancy of the data can be
measured using sum of squared errors (SSE) (AbdulHameed & Al Juboury ). The equilibrium adsorption
capacity of the pseudo-second-order kinetic ﬁtting was
close to the experimental value. The higher R2 and lower
SSE of the pseudo-second-order than those of the other
two kinetics indicated that the pseudo-second-order model
ﬁts the phosphate adsorption on the LDHs better, suggesting
the adsorption process is primarily dominated by chemisorption (Abukhadra et al. b). The intraparticle
diffusion model was also taken into account to ﬁnd out
whether it is a rate-limiting factor in the adsorption process.
The ﬁtting curves of intraparticle diffusion did not ﬁt well,
and the correlation coefﬁcient R2 was the least of the
three, indicating that intraparticle diffusion was not the critical step of the adsorption process.

Material, the results are shown in Figure 4(e) and 4(f), and
the relevant isotherm parameters can be seen in Table 5.
The Freundlich model performed better prediction for the
adsorption processes due to its higher R2 and lower SSE
comparing with the Langmuir isotherm model. The thermodynamic parameter Gibbs free energy (ΔG ) was calculated
using the following equation:
ΔG ¼ RT ln K

(3)

where R is the constant of perfect gas (R ¼ 8.314 J/mol·K), T
is the absolute temperature of solution (K), and K is the
standard equilibrium constant.
The value of the enthalpy (ΔH ), and the entropy (ΔS )
were determined from the linear regression curves of 1/T
vs ln(K ) based on the Van’t Hoff equations (Figure S4)
(Abukhadra & Mostafa ):

ln (K) ¼

ΔS ΔH

R
RT

(4)

Adsorption isotherm and thermodynamic
As seen in Table 5, the negative value of ΔG indicates
spontaneity of the adsorption process and as the temperature increased, the free energy became more negative
indicating that the adsorption became more favorable at
higher temperature. The positive enthalpy indicated that
the process is endothermic and the positive value of ΔS
suggested an increased degree of freedom in the system
and indicated high afﬁnity of the Mg2Al-NO3 adsorbent
with phosphate.

The results of phosphate adsorption isotherms on Mg2AlNO3 are shown in Figure 4(d). It is obvious that the adsorption capacity increased with increase of both the
temperature and the phosphate concentration, indicating
that the adsorption process was endothermic. The adsorption isotherm under different temperatures was also
simulated by Langmuir and Freundlich models and their
illustrative equations are documented in the Supplementary

Table 5

|

Theoretical parameters of Langmuir model, Freundlich model, and thermodynamic studies

Langmuir

Freundlich

Temperature (K)

qmax

KL

R2

SSE

1/N

KF

R2

SSE

ΔG (J mol1)

ΔH (J mol1)

ΔS (J K1 mol1)

293.15

158.31

0.538

0.765

779

0.100

91.09

0.966

115

22,808

31,466

185.4

303.15

160.02

0.895

0.764

792

0.093

97.02

0.973

94

24,896

313.15

165.83

1.169

0.692

1,317

0.099

98.19

0.996

17

26,505
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Effect of pH on the phosphate adsorption
The pH of the solution is one of the essential parameters for
the phosphate adsorption. It can change the surface charge
of LDHs and the form of phosphate in aqueous solution.
The experiment was conducted in a 100 mL conical ﬂask
containing 50 mg adsorbent and 50 mL KH2PO4 solution
(the concentration was 50 mg-P/L). The initial pH of the solution was adjusted to about 2, 4, 6, 8, 10, and 12 with 1 mol/
L HCl or NaOH solution, then the conical ﬂask was oscillated at ambient temperature for 24 h, and the phosphate
adsorption capacity was calculated and is shown in
Figure 5(a). For the LDHs with Mg/Al ¼ 2 and 3, the phosphate adsorption capacity increases with the increase in pH
when the pH value is below 6, then decreases with the
increase in pH value. The adsorption capacity was high
for Mg4Al-NO3 when the pH was 2, this may be because
the dissolved metal ions interact with the phosphate and
form insoluble precipitates. The concentration of dissolved
elements Mg and Al in the solution after adsorption were
also measured, the results are shown in Figure S5, and
speciﬁc data can be seen in Table S1 and Table S2 (Supplementary Material). More than 60% of magnesium was
dissolved into the solution at pH 2 of all the LDHs, then
the amount of dissolved magnesium decreased below 5%
until the pH increase to 8. About 15% of the aluminum dissolved at pH 2 of Mg2Al-NO3 and Mg3Al-NO3. However,
less than 5% of the aluminum dissolved at pH 2 of the
LDHs with Mg/Al ¼ 4, and the solution became cloudy
after adsorption, which conﬁrmed the formation of insoluble phosphates. Aluminum also dissolved somewhat at pH
12 because of its amphoteric property. To determine the

Figure 5
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optimal pH range of the adsorbents, taking the metal solubility and pHpzc into account, the optimal adsorption pH
range of different samples are from pH ¼ 7 to pHpzc.
Effect of the dosage on the phosphate adsorption
The adsorption experiment of a solid-liquid ratio was carried
out to investigate whether the phosphorus content in the solution treated with LDHs could meet the national industrial
discharge standard. A series of adsorbents (Mg2Al-NO3) of
different dosages were added to the conical ﬂask containing
50 mL KH2PO4 solution (30 mg-P/L) stirred for 24 h at
room temperature. The ﬁnal phosphorus content of the solution was measured, and the result is shown in Figure 5(b).
The ﬁnal phosphorus content is below 0.077 mg-P/L when
the solid-liquid ratio is greater than 2 g/L, indicating that
Mg2Al-NO3 is a very effective adsorbent treating phosphorus aqueous solution.
Desorption and desorption hysteresis
It is essential to investigate the desorption ability of saturated phosphorous adsorbent for the phosphate recovery.
As seen in Figure S6, when the desorption time is 12 h,
only KOH with a mass concentration of 15% can achieve
a desorption rate of 95%. Nevertheless, the desorption rate
is more than 95% after desorption for 18 h when the mass
concentration of KOH is no less than 10%. Therefore,
KOH with a mass concentration of 10% was used as a desorption agent, and the desorption time was 18 h. The results
of the desorption experiments of different LDHs are shown
in Figure 6. The desorption rate decreased slightly with the

(a) Effect of pH on the phosphate adsorption capacity of different LDHs; (b) effect of adsorbent dosage on the phosphorus concentration in the solution after adsorption by
Mg2Al-NO3 LDHs.
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Comparison study for the adsorption of phosphate by Mg2Al-NO3 LDH with
other adsorbents

Adsorption

Figure 6

|

The desorption of different LDHs: (a) Mg2Al-NO3, (b) Mg3Al-NO3, (c) Mg4Al-NO3.

increase in the Mg/Al ratio, but all the samples showed good
desorption efﬁciency, and the desorption rate was all above
95%. It showed that KOH with a mass concentration of 10%
is a suitable eluent. The desorption isotherm data of Mg2AlNO3 at 30  C was also simulated by Freundlich model
(Figure S7), the results are presented in Table S3, The KF,
des and 1/Ndes values represent the desorption capacity
and desorption intensity respectively (Adeola & Forbes
). The H value is deﬁned as the ratio of the 1/N to
1/Ndes and higher H values indicate more desorption hysteresis, no desorption hysteresis occurs when H ¼ 0. The H
value of this study is 0.284, which suggest that slight adsorption-desorption hysteresis occurred. The hysteresis may have
been caused by the formation of insoluble precipitation and
incomplete ion exchange during the adsorption process.

Adsorption mechanism
The phosphate adsorption mechanism is complicated and
was studied based on the characterization results before
and after phosphate adsorption of the Mg2Al-NO3 adsorbent. As shown in Figure S8(a), the band at 1,384 cm1
originating from the stretching vibration of the nitrate ion
became weaker and the weak bands between 826–
840 cm1 disappeared after the phosphate adsorption; the
new band at 1,063 cm1 after adsorption represents the
stretching vibration of P-O in phosphate. The change was
attributed to the exchange of nitrate ions with phosphate
ions (Kong et al. ). Further evidence about phosphate
adsorption by Mg2Al-NO3 adsorbent was obtained from
the XRD analysis (Figure S8(b)). After phosphate adsorption, the reﬂection intensity of (003) plane decreased but
the structure of Mg2Al-NO3 LDH remained, this is
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Adsorbent

capacity (mg/g)

Reference

Mg-Al/biochar LDH

81.83

Li et al. (a)

ZnAl-PMA-LDH

64.8

Yu et al. ()

CuAl/CF-LDH

100

Hu et al. ()

La doping magnetic
graphene

116.28

Rashidi Nodeh et al.
()

Zn3G-Al

148.34

Hatami et al. ()

CMK-3@Mg-Al LDH

171

Yin et al. ()

Fe-Al hydroxides

51.8

Wang et al. ()

Mg-Al LDH

64.2

Khitous et al. ()

Titania/GO

33.11

Sakulpaisan et al.
()

Lanthanum hydroxides

107.5

Xie et al. ()

Mg2Al-NO3 LDH

185.86

This work

consistent with the SEM results before and after phosphate
adsorption. The decreased reﬂection intensity of the (003)
plane, probably due to the ligand complexation between
phosphate (which acts as a ligand) and metal ions on the
surface of the LDH layer and the formation of insoluble precipitates caused by the dissolved metal with phosphate
during the ion exchange process (Everaert et al. ). The
XRD pattern showed a double (006) plane reﬂection, indicating the presence of two different anion species in the
interlayer (nitrate and phosphate), which is in conformity
with the FTIR result. Electrostatic attraction also contributed to the adsorption, electron-negative phosphate was
attracted by the positive charge of the surface and protonation of hydroxyl groups occurred until the positive charge
was neutralized completely by phosphate, this also explains
why the adsorption capacity increases as the metal ratio
decreases (Hu et al. ). Table 6 demonstrates that the
Mg2Al-NO3 LDH shows a better performance for the phosphate adsorption compared with other adsorbents.

CONCLUSIONS
Layered double hydroxides with different Mg/Al ratios were
prepared with nitrate to removal the phosphate from aqueous
solution. XRD, SEM, and TEM analysis exhibited that the
prepared samples have typical characteristic reﬂections and
multilayer structure. The pseudo-second-order kinetic model
is a better ﬁt to the adsorption process indicating that
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chemisorption is the crucial step of adsorption. Thermodynamic and isotherm studies showed that the adsorption
process is endothermic and spontaneous in nature. The
results of desorption experiments indicated that the desorption rate of all the LDHs can be higher than 95% and
there is slight desorption hysteresis. The metal molar ratio
had a signiﬁcant effect on the adsorption capacity of LDHs,
and the maximum adsorption capacity is 185.86 mgKH2PO4/g for Mg2Al-NO3 LDH, which also has an excellent
performance in reducing phosphate concentration in aqueous solution, indicating that the Mg2Al-NO3 adsorbent can
effectively remove phosphate in the aqueous solution and
has a promising industrial application prospect.
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