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a b s t r a c t
Mg-Al-Cl and Mg-Al-NO3 layered double hydroxides (LDHs) were synthesized by precipitation from 
homogeneous solution using urea hydrolysis. The scanning electron microscope images of the two 
LDHs showed plate-like particles. The Brunauer–Emmett–Teller surface area of the Mg-Al-Cl and 
Mg-Al-NO3 LDHs were 21.37 and 38.45 m2/g, respectively. The phosphate adsorption studies were car-
ried out as a function of LDHs content, contact time, temperature, initial pH, and competitive anions. 
The Mg-Al-Cl and Mg-Al-NO3 LDHs showed a good adsorption capacity on phosphate. It was found 
that the optimum condition for phosphate maximum removal rate onto LDHs were at pH of 4–10, tem-
perature of 20°C and content of 0.05 g, the maximum removal rates of Mg-Al-Cl and Mg-Al-NO3 LDHs 
for phosphate were more than 98%. The competitive anions (CO3

2–, SO4
2–, and Cl–) had similar interfer-

ences on removal of phosphate by Mg-Al-Cl and Mg-Al-NO3 LDHs, and the adverse impact of CO3
2– 

was much greater than that of SO4
2– and Cl–. The X-ray diffraction patterns revealed the characteristic 

basal reflections of the LDHs materials. The Fourier transform infrared spectroscopy results confirmed 
the ion exchange and ligand exchange process during the adsorption of phosphate on the LDHs.
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1. Introduction

Phosphorus is an essential nutrient and nonrenewable 
resource in aquatic ecosystems, which is widely used in indus-
try, agriculture, and household applications [1]. However, 
the extensive use of phosphate inevitably causes elevated 
concentration in the receiving water bodies, which leads to 
algae bloom and degradation of water quality [2]. The first 
grade discharge limit of phosphate is 0.5 mg/L in China. 
Phosphate mostly exists as orthophosphates, polyphosphates, 
and organic phosphates in wastewater [3]. It is important to 
remove phosphate from aquatic system to eliminate eutrophi-
cation. There are many techniques to remove phosphate, such 
as ion-exchange [4], adsorption [5], chemical precipitation [6], 
and biological treatment [7]. Among them, adsorption has 

been regarded as a promising progress due to its flexibility, 
simplicity, ease of operation, less production of sludge, and 
low cost [8]. Various adsorbents, such as zeolite [9] and fly 
ash [10], have been studied for the removal of phosphate from 
aqueous solution. However, most of them are not selective 
and have low adsorption capacity. Yuan et al. [11] reported a 
significant phosphate removal rate by dolomite mineral, but 
the effluent phosphate concentration could not meet the dis-
charge standards. Therefore, it is of great practical significance 
to seek for an adsorbent which can treat domestic sewage with 
low-level phosphate to reach the discharge standards.

Layered double hydroxides (LDHs) known as hydrotal-
cites are a kind of anionic clay, which have gained significant 
attention as effective adsorbent. LDHs are layered materi-
als with a positive charged net, which are compensated by 
interlayer anions [12]. Because of the positive charge and 
exchangeable interlayer anion An−, LDHs possess exchange 
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ability for organic and inorganic anions [13]. It is reported 
that LDHs can efficiently remove different anions, such as 
phosphate [14], nitrate [15], and humic acid [16] from aque-
ous solution. The crystal structure of LDHs varies with dif-
ferent MII, MIII, x, An− and preparation method [17–19]. The 
influence of different metal precursors have been investi-
gated by previous studies [20,21]. In most studies, LDHs 
were synthesized by conventional coprecipitation method. 
However, the method cannot control different parts of the 
slurry to maintain the same pH value, and it often causes 
strong agglomeration and low crystallinity [22]. The urea 
method uses urea as the precipitating agent. The urea hydro-
lysis process can provide a low degree of supersaturation 
during precipitation [22]. In this study, it is the first time that 
urea method was used to prepare LDHs, chloride and nitrate 
ion were chosen as interlayer anions to study the effect of 
phosphate adsorption.

Coexisting ions may compete with phosphate for the 
adsorption onto LDHs. The affinity sequence is NO3

– < Cl– 
< SO4

2– < HPO4
2– < CO3

2– for LDHs [23]. Anions with high affin-
ity are easily adsorbed onto LDHs. Competitive anions with 
high affinity on LDHs may have adverse impact on the phos-
phate adsorption. Das et al. [24] found competitive anions 
had detrimental effect on the percentage of adsorption. 
However, few studies have been reported on the effects 
of coexisting ions with different concentrations on phos-
phate adsorption using the LDHs. In order to investigate 
to what extent does different competitive anions impact on 
phosphate adsorption, it was shown for the first time that 
the impact of different concentrations coexisting anions on 
phosphate adsorption by Mg-Al-Cl LDHs and Mg-Al-NO3 
LDHs.

In this work, the effects of adsorbents content, initial 
pH and contact time on phosphate removal, and phos-
phate adsorption kinetics were investigated. Moreover, the 
interference effects of Cl–, SO4

2–, and CO3
2– with different 

concentrations on phosphate adsorption onto LDHs were 
also investigated.

2. Materials and methods

2.1. Materials and chemicals

MgCl2·6H2O, Mg(NO3)2·6H2O, AlCl3·6H2O, Al(NO3)2·9H2O, 
KH2PO4, NaOH, Na2CO3, NaCl, Na2SO4, and urea used were 
AR grade. The aqueous phosphate solution used in this 
study was synthetic wastewater, and it was prepared by 
KH2PO4 in distilled water.

2.2. Synthesis

A mixture solution of Mg(NO3)2·6H2O, Al(NO3)3·9H2O, 
and urea (Mg2+ + Al3+ = 1 mol/L, Mg/Al = 3, urea/NO3

– = 3) 
were added into a 500 mL three-neck flask and vigorously 
stirred at 100°C for 7 h. The slurry was subsequently aged at 
90°C for 12 h. It was then centrifuged and washed thoroughly 
with distilled water till the washing was neutral. The precip-
itate was then dried overnight at 85°C.

The synthesis procedure of Mg-Al-Cl LDHs was similar 
to Mg-Al-NO3 LDHs, but the metal salts were MgCl2·6H2O and 
AlCl3·6H2O instead of Mg(NO3)2·6H2O and Al(NO3)3·9H2O.

2.3. Characterization

The images of synthesized Mg-Al LDHs were captured 
by a scanning electron microscope (SEM) (JSM-7500F, 
Japan). The specific surface areas and pore structures of the 
samples were detected by nitrogen adsorption based on 
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda 
(BJH) methods using N2 adsorption–desorption at 77 K on a 
surface area analyzer (ASAP2020, USA). Prior to BET mea-
surement, the samples were degassed at 100°C for 4 h. The 
X-ray powder diffraction patterns of synthesized Mg-Al 
LDHs were carried out by a powder diffractometer using Cu 
Kα radiation at a scanning speed of 2°min−1 (PANalytical B.V., 
Holland). Fourier transform infrared spectroscopy (FTIR) 
spectrum of synthesized Mg-Al LDHs was obtained by FTIR 
spectrometer using KBr pellets over a range of 4,000–400 cm–1 
(Nicolet 6700, USA). The metal ion concentrations were deter-
mined by inductively coupled plasma atomic emission spec-
troscopy (Jarrel-ASH, ICAP-9000) after phosphate adsorption 
by Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs at different pH.

2.4. Adsorption experiments

For the adsorption of phosphate, a stock solution 
(500 mg-P/L) was prepared from AR grade KH2PO4. The 
adsorption experiments were carried out in 250 mL conical 
flask by mixing 100 mL potassium dihydrogen phosphate 
solution at 5 mg-P/L with certain amount of LDHs under 
shaking. The mixtures were filtered at once after shaking to 
measure the residual phosphate concentration in the solu-
tion. The effects of initial pH, LDHs content, contact time, 
and temperature on phosphate adsorption were studied. 
The initial pH of the solution was adjusted by addition of 
0.1 mol/L HCl or NaOH solution and the supernatant pH 
was measured after adsorption. The volume of the HCl or 
NaOH added for pH adjustment never exceeded 1% of total 
volume. The residual concentration of phosphate was deter-
mined by molybdate blue spectrophotometric method. Each 
experiment was made induplicate. The adsorption capac-
ity qe (mg/g) and removal rate R (%) were calculated as the 
following Eqs. (1) and (2):

q
C C V
We

e=
−( ) ⋅1  (1)

R
C C
C

e% %( ) = −
×0

0

100  (2)

where C0 is the initial concentration of the P (mg-P/L), Ce is 
the equilibrium or residual P concentration (mg-P/L), V is the 
volume of the solution (L), and W is the mass of adsorbent (g).

2.5. Adsorption kinetics

The pseudo-first-order and pseudo-second-order kinetics 
were used to analyze adsorption kinetic data. The linear form 
of the pseudo-first-order (Eq. (3)) and the pseudo-second-or-
der (Eq. (4)) equations could be expressed as follows [25]:

ln lnq q q k te t e−( ) = − 1  (3)
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2  (4)

where qe and qt (mg/g) are the amounts of phosphate 
adsorbed at equilibrium and at time t (min), respectively. 
k1 (min–1) is the rate constant of the pseudo-first-order model 
and k2 is the rate constant of the pseudo-second-order model 
(g/(mg min)).

3. Results and discussion

3.1. Characteristics of the LDHs

The SEM images were recorded to investigate the mor-
phology of the synthesized LDHs. It can be seen from Fig. 1, 
both of the LDHs showed a well-developed layered with fine 
dispersion of the plate-like particles. The LDHs consist of 
aggregates of primary sheet, and their surfaces were smooth. 
The surface of Mg-Al-NO3 LDHs was more homogeneous.

Nitrogen adsorption isotherm and corresponding pore 
size distribution (PSD) of the LDHs are shown in Fig. 2 and 
the porous structure parameters are compiled in Table 1. The 
PSD of both samples were calculated with BJH method using 
the boundaries p/p0 between 0.05 and 0.35 in the desorp-
tion data of the isotherms. According to the classification of 
IUPAC, the adsorption and desorption branches of the LDHs 
can be classified as type III-like adsorption isotherms with a 
H3-type hysteresis loop for the desorption isotherms, which 
is observed with aggregates of plate-like particles giving 
rise to slit-shaped pores [26]. The average pore diameters of 
Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs showed mesopore 
size (2–50 nm) dominated in the adsorbents. The BET total 
surface area of Mg-Al-Cl LDHs (21.37 m2/g) was larger than 
that of Mg-Al-NO3 LDHs (38.45 m2/g). For adsorbents, a large 
surface area can provide more adsorption sites.

The X-ray diffraction (XRD) patterns corresponding to the 
synthesized LDHs are illustrated in Fig. 3. The patterns of 

Fig. 1. SEM of (a) Mg-Al-Cl LDHs and (b) Mg-Al-NO3 LDHs.
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Fig. 2. Isotherm curve of N2 adsorption–desorption and pore size 
distribution of (a) Mg-Al-Cl LDHs and (b) Mg-Al-NO3 LDHs.
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Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs were similar to each 
other and all diffraction peaks can be attributed to a typical 
crystal structure of the LDHs. The sharp and symmetric peaks 
for (003) and (006) planes and broad peaks assigned to (012), 
(015), and (018) planes were indexed to a hexagonal LDHs 
lattice with rhombohedral 3R symmetry [26,27]. Diffraction 
peaks owing to impurities were not observed. The character-
istics reflection bands of the two materials showed sharp and 
symmetric peaks at lower 2θ values which indicated a good 
crystallinity grade using urea method.

The interlayer d-spacing d003 and d006 of Mg-Al-Cl LDHs 
were found to be 7.8  and 3.8 nm, which were 8.9  and 4.5 nm 
for the Mg-Al-NO3 LDHs. The d003 was twice as much as 
d006, indicating a favorable layer structure. The d-spacing is 
related to the size of interlayer anions [28]. The d-spacing of 
Mg-Al-Cl LDHs was smaller than Mg-Al-NO3 LDHs, which 
was due to the radius of Cl– is smaller than that of NO3

–.

3.2. Effect of operation parameters on adsorption performance

3.2.1. Content of the LDHs

The addition of Mg-Al-Cl and Mg-Al-NO3 LDHs con-
tent significantly influenced on the phosphate adsorption. 
Variation of adsorbent content on phosphate removal is 
shown in Fig. 4. The removal rate of phosphate was improved 
with the amount of LDHs increasing from 0.01 to 0.05 g in 
100 mL phosphate solution.

With the enhancement of LDHs content, the amount of 
adsorption sites was increased. The removal rate of phos-
phate was more than 98% for both Mg-Al-Cl and Mg-Al-NO3 
LDHs at content of 0.05 g. However, after content of 0.05 g, 

an equilibrium adsorption was obtained. There was no sig-
nificant change in removal rate of phosphate with the con-
tent increased to 0.07 g. The result would be caused by the 
overlapping of active sites at higher content as observed in 
previous study as well [29]. At low adsorbent content, all 
kinds of surface sites were entirely exposed for adsorption. 
But at higher adsorbent content, collision between solid par-
ticles probably created particle aggregation, then causing a 
decrease in the total surface area and active sites [30]. The 
high masses represented a waste of adsorbent. So, 0.05 g was 
considered as optimum content and was used for subsequent 
study.

3.2.2. Contact time

The adsorption as a function of contact time was con-
ducted at 20°C and the initial phosphate concentration was 
5 mg-P/L. As Fig. 5 indicates, the removal rate of phosphate 
was rapidly increased in the first 30 min and reached equi-
librium at about 45 min. With contact time increasing from 
5 to 45 min, the removal rate of phosphate was improved 
from 92.6% to 98.8% for the Mg-Al-Cl LDHs and from 66.4% 
to 99.1% for the Mg-Al-NO3 LDHs. Yu et al. [31] reported 
Zn2Al-PMA-LDHs took approximately 4 h to reach phos-
phate adsorption equilibrium at 293 and 303 K. By contrast, 
the urea synthesized Mg-Al LDHs reached equilibrium 
quicker so as to save much time in practical application. 
In the first 30 min, the phosphate removal of the Mg-Al-Cl 
LDHs was much higher than the Mg-Al-NO3 LDHs. While 
the equilibrium adsorption rate of the Mg-Al-Cl LDHs was 
98.8%, which was slightly lower than that of Mg-Al-NO3 
LDHs (99.1%). The adsorption progress was fast in the first 
30 min may attribute to the sufficient adsorption sites and 
the high solute concentration gradient. At the beginning, 
higher phosphate concentration provided higher driving 
force for the anion from the solution to the LDHs, which led 
higher velocity of phosphate removal. The adsorption sites 
and the solute concentration gradient would decline with 
the proceeding of adsorption, which induced the decrease of 
adsorption rate. Both of the adsorptions reached equilibrium 

Table 1
Porous structure parameters of the LDHs

Adsorbents Surface area 
(SBET) (m2/g)

Pore volume 
(cm3/g)

Average pore 
diameter (nm)

Mg-Al-Cl LDHs 21.37 0.26 23.74
Mg-Al-NO3 LDHs 38.45 0.17 34.62
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Fig. 3. XRD patterns of LDHs.
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Fig. 4. Effect of LDHs content on phosphate removal.
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at 45 min. Therefore, in the following experiments, the 
contact time was set as 45 min.

In order to clarify the adsorption kinetics of phosphate 
onto LDHs, the pseudo-first-order and pseudo-second-order 
kinetics models were used. The first-order and second-order 
equations describe the kinetics of the solid–solution sys-
tem based on mononuclear and binuclear adsorption [32]. 
For fitting of pseudo-first-order and pseudo-second-order 
models, all the data points were used. The fitting curves for 
pseudo-first-order and pseudo-second-order models were 
presented in Fig. S1 and the kinetic parameters and correla-
tion coefficients (R2) are listed in Table 2. The greater kinetic 
rate constant value of Mg-Al-Cl LDHs indicated higher 
velocity of phosphate removal than that of Mg-Al-NO3 
LDHs. The results were in agreement with the experiment 
results. The greater correlation coefficient values were 
obtained in the pseudo-first-order model comparing with 
pseudo-second-order, and the theoretical uptakes qe (cal) 
were in better agreement with the experimental uptakes qe 
(exp) for the pseudo-first-order model. So, it concluded that 
phosphate adsorption on the LDHs was better fitted to the 
pseudo-first-order model. Similar results have been reported 
for the adsorption of phosphate on Mg-Al LDHs [24].

3.2.3. Temperature

Effect of temperature on the adsorption of phosphate 
by LDHs was studied. The results are shown in Fig. 6. 
Temperature had a very small influence on the adsorption 
for both adsorptions. There was no distinct variation trend 
when the temperature changed between 10°C and 40°C.

The removal rates of phosphate were 98.8% and 99.1% for 
Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs, respectively. The 
removal rates were higher than that of activated carbon resi-
due [33]. With the temperature further increasing from 40°C 
to 70°C, the removal rate of phosphate slightly decreased 
to 98.6% for both Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs, 
respectively. So, the influence of temperature on the adsorp-
tion of phosphate for the Mg-Al-Cl LDHs and Mg-Al-NO3 
LDHs was negligible. Moreover, the LDHs showed a good 
stability under high temperature condition.

3.2.4. pH

The pH value is one of the most important parameters in 
adsorption experiments. The effect of different initial pH val-
ues ranging from 2 to 12 on the adsorption of phosphate was 
studied. The results are represented in Fig. 7(a). It was clear 
that the phosphate removal rate of Mg-Al-Cl LDHs (~98%) 
and Mg-Al-NO3 LDHs (~99%) was steady when pH value was 
in the range of 4–10. It came to a conclusion that LDHs had a 
good adsorption capacity in a wide range of initial pH value. 
Under strongly acidic (pH = 2) or alkaline (pH = 12) condi-
tion, the inhibitory effect on phosphate removal was obvi-
ous, and the impact on the performance of the Mg-Al-NO3 
LDHs was much greater than on the Mg-Al-Cl LDHs. LDHs 
are alkaline materials, and the adsorption capacity would 
be greatly reduced because of layer structure destroyed by 
strong acid. Under strongly alkaline condition, OH– would 
compete with phosphate and influence the adsorption per-
formance. The dissolution properties of Mg-Al-Cl LDHs and 
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Fig. 5. Effect of contact time on phosphate removal.

Table 2
Kinetic parameters and correlation coefficients (R2)

Adsorbent qe, exp (mg/g) Pseudo-first order Pseudo-second order

qe, cal (mg/g) k1 (min–1) R2 qe, cal (mg/g) k2 (g/mg min) R2

Mg-Al-Cl LDHs 10.47 10.45 0.5595 0.9872 10.58 0.2821 0.8578
Mg-Al-NO3 LDHs 9.91 9.89 0.2200 0.9981 10.53 0.0396 0.9062
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Fig. 6. Effect of temperature on phosphate removal.
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Mg-Al-NO3 LDHs under different pH were detected and the 
results are compiled in Table S1. Under strong acid condi-
tion, the structures of Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs 
were destroyed due to the serious dissolution effect of Mg 
and Al. From this result, it can be concluded that the struc-
ture of Mg-Al-NO3 LDHs was more easily destroyed under 
extreme condition. For Mg-Al-Cl LDHs, the structure was 
relatively stable. The phosphate removal rate was nearly 
80% when pH decreased to 2. The metal ions content in the 
solution were decreased under weak-acidic and alkaline con-
dition, indicating the dissolution effect was weaken and the 
structures could keep stable. At pH of 12, Mg content was not 
detected because of the released Mg2+ react with phosphate 
to form precipitate. So, phosphate was mainly adsorbed 
onto Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs through ion 
exchange with the interlayer anions. Under alkaline condi-
tion, the removal of phosphate was partially contributed by 
dissolved Mg ions to form precipitate.

Mg-Al-Cl LDHs can be applied to treat acidic sewage 
without adjustment of pH value. The pH values of wastewa-
ter fluctuate widely. After adsorption by LDHs the pH would 

be adjusted to a certain range due to the buffering capacity. 
This was beneficial to subsequent treatment. Therefore, the 
pH values after the equilibrium of the adsorption are shown 
in Fig. 7(b). The results revealed that the LDHs had a strong 
buffering capacity, because the final pH remained from 4 to 
6 for an initial pH range of 4–10. The buffering capacity of 
Ca-based LDHs was also reported [21].

3.3. Effect of competitive anions

Common anions, such as CO3
2–, SO4

2–, and Cl–, are gen-
erally presented in phosphate containing wastewater. The 
anions may compete with phosphate for adsorption onto 
LDHs. The effect of competitive anions was studied using 
solutions containing 5 mg-P/L phosphate and different con-
centration gradients of the competitive anions. The lowest 
concentrations of anions were up to the concentration have 
negligible impact on phosphate adsorption. The highest 
concentrations of anions were up to the concentration could 
make the removal rate of phosphate below 50%. The stud-
ies for competitive anions were conducted without adjusting 
the pH of the solution. The initial pH of the experiments for 
competitive anions was about 6–7. The results are presented 
in Fig. 8. The performance of Mg-Al-Cl LDHs and Mg-Al-
NO3 LDHs on phosphate removal showed a similar trend 
interrupted by CO3

2–, SO4
2–, and Cl–, but the inhibitory effect 

on Mg-Al-Cl LDHs was stronger.
With the increase of coexisting anion concentration, the 

phosphate removal efficiency of the two LDHs decreased. 
The influence of carbonate ions on the adsorption was the 
largest. When the concentration of carbonate ions added to 
100 mg/L, the removal rate dropped to 18.6% for the Mg-Al-Cl 
LDHs and 17.1% for the Mg-Al-NO3 LDHs. Only when the 
concentration of carbonate ions was lower than 1 mg/L the 
inhibitory effect of carbonate could be neglected. Chloride 
ions had minimal adverse effect on the phosphate adsorp-
tion. 1,000 mg/L of chloride almost had no influence on the 
adsorption efficiency of the LDHs. With the concentration of 
chloride increasing to 50 g/L, the removal rate decreased to 
58.8% for the Mg-Al-Cl LDHs and 60.1% for the Mg-Al-NO3 
LDHs. Similar conclusions were also achieved by other stud-
ies on the influence of coexisting anions [32,34]. The results in 
this study confirmed the anion affinity toward LDHs follow 
the trend: CO3

2– > SO4
2– > Cl–. The LDHs have more affinity 

toward divalent anions compared with monovalent anions, 
and the anions with a higher charge density have a more 
intense interfering effect.

To elucidate the interaction mechanisms between phos-
phate and LDHs, FTIR analyses and XRD pattern changes 
of Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs before and after 
adsorption with the disturbance of competitive anions 
(100 mg/L CO3

2–; 5,000 mg/L SO4
2–; 50 g/L Cl–) were conducted. 

FTIR spectra are shown in Fig. 9. Broad and intense absorp-
tion bands around 3,500 cm–1 (O–H stretching vibration) and 
about at 1,700–1,610 cm–1 (O–H bending vibration) indicated 
the presence of interstitial water molecules [23]. Absorption 
band at 664 cm–1 (σO-M) and at 446 cm–1 (σO-M-O) is character-
istic of lattice vibrations of [Mg,Al] octahedral sheets which 
evidences the crystallization of the LDHs phase [35]. The 
bands around 1,384 cm–1 (Fig. 9(b)) were observed, implying 
the large amount of NO3

– species intercalated in the interlayer 
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Fig. 7. (a) Effect of pH on phosphate removal and (b) the 
equilibrium pH after adsorption.
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space of Mg-Al-NO3 LDHs [23]. After intercalation with the 
phosphate solution, a new band characteristic of phosphate 
ion appeared at 1,066 cm–1 (Fig. 9(a)) and 1,056 cm–1 (Fig. 9(b)) 
that validated the adsorption of phosphate on LDHs through 

ion exchange [32]. From the presence of new peak, it could be 
deduced that the surface hydroxyl group (M-OH) of LDHs 
was exchanged by the adsorbed phosphate (M-O-P), indicat-
ing a ligand exchange process occurred during adsorption [14].

With the addition of competitive anions, interlayer ions 
were partly replaced by carbonate ions [ν (CO3

2–): 1,357 cm–1 
(Fig. 9(b))] [36] and sulfate ions [ν (SO4

2–): 1,120 cm–1 
(Fig. 9(a))] [23]. It can be speculated that the adsorption on 
Mg-Al-Cl and Mg-Al-NO3 LDHs mainly via ion exchange. 
The FTIR spectra did not show such a strong band for phos-
phate in Fig. 9(b), which may due to less phosphate was 
adsorbed onto Mg-Al-NO3 LDHs in competitive ion solu-
tion. The results indicated greater affinity of the synthesized 
LDHs toward carbonate and sulfate than phosphate. The 
FTIR spectra confirmed ion exchange and ligand progress 
during the adsorption.

The XRD patterns after phosphate adsorption in sin-
gle and binary system are shown in Fig. 10. Those patterns 
presented a similar pattern as the original precursor, and 
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Fig. 8. Effect of competitive anions with different concentrations 
on phosphate removal. (a) carbonate, (b) sulfate, and (c) chloride.
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Fig. 9. FTIR of (a) Mg-Al-Cl LDHs and (b) Mg-Al-NO3LDHs ((I): 
LDH; (II): phosphate; (III): phosphate + carbonate; (IV): phos-
phate + sulfate; (V): phosphate + chloride).
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the layered structure was retained in all cases. However, 
the d-spacing d003 changed to different degree after adsorp-
tion of phosphate and other competition anions. This result 
indicated that the adsorbed anions were intercalated into the 
interlayer, the layered structure retained after the adsorp-
tion, but the interlayer spacing changed. From XRD and 
FTIR analyses, it can conclude that anions adsorption onto 
Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs via ion exchange.

4. Conclusion

In this study, both Mg-Al-Cl LDHs and Mg-Al-NO3 
LDHs showed significant adsorption abilities for phos-
phate. The removal of phosphate depended on the process 
parameters. The adsorption of phosphate onto Mg-Al-Cl and 
Mg-Al-NO3 LDHs reached completely equilibrium within 
45 min. Phosphate adsorption on Mg-Al-Cl and Mg-Al-NO3 
LDHs were better fitted to pseudo-first-order kinetic model. 
The pH had a detrimental influence on phosphate adsorp-
tion under strong acidic and alkali condition. The structure 
of Mg-Al-Cl LDHs was steadier than Mg-Al-NO3 LDHs. At 
pH range of 4–10, the maximum removal rates of Mg-Al-Cl 

and Mg-Al-NO3 LDHs for phosphate were more than 98%. 
The results were superior to activated carbon residue. The 
effects of coexisting anions on the phosphate adsorption 
capacity declined with the following order: CO3

2– > SO4
2– > Cl–, 

and the inhibitory influence increased with the elevating of 
the concentration of coexisting anions. The results of FTIR 
spectra and XRD indicated that ion exchange and ligand 
exchange were mainly responsible for phosphate adsorp-
tion by Mg-Al-Cl LDHs and Mg-Al-NO3 LDHs. The results 
derived from this study suggested that the Mg-Al-Cl LDHs 
and Mg-Al-NO3 LDHs are promising adsorbents for the 
removal of phosphate in aqueous solution.
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Supplementary

Table S1
The dissolution properties of Mg-Al-Cl LDHs and Mg-Al-NO3 
LDHs

pH Mg-Al-Cl LDHs Mg-Al-NO3 LDHs

Mg (mg/L) Al (mg/L) Mg (mg/L) Al (mg/L)
2 34.2 30.4 57.2 53.3
6 6.18 0.28 6.49 0.07
12 ND 2.38 ND 3.35

ND: not detected.
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Fig. S1. Fitting of kinetics for (a) Mg-Al-Cl LDHs and 
(b) Mg-Al-NO3 LDHs.
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