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prepared by standard coprecipitation and urea hydrolysis methods
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Abstract
Layered double hydroxides (LDHs), known as a class of anionic clays, have attracted considerable attention recently due to their
potential applications in different areas as catalyst materials, energy materials, and adsorbent materials for environmental
remediation, especially for anionic pollutant removal. In this study, magnesium aluminum layered double hydroxide (MgAl-
LDH) was synthesized by two methods: standard coprecipitation and urea hydrolysis. Their textural properties and morphologies
were examined byX-ray powder diffraction (XRD), scanning electronmicroscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), Fourier transform infrared spectroscopy (FTIR), thermogravimetry (TG) and differential (DTG) analysis, and point of
zero charge (pHpzc). The specific surface area was calculated from BET adsorption equation. The results indicated that the
crystallinity and the regularity of the samples prepared by urea hydrolysis were much preferable to those prepared by the
coprecipitation method. Their sorption properties toward phosphate were investigated and the experimental evidence showed
that, at the initial concentration of 100 mg L−1 and at room temperature, the LDH synthesized by urea hydrolysis had a percentage
removal of 94.3 ± 1.12% toward phosphate ions while 74.1 ± 1.34% were uptaked by LDH synthesized by coprecipitation
method, suggesting that the crystallinity affects the sorption capability. The sorption mechanism indicates that phosphate ions
could be sorbed onto LDHs via electrostatic attraction, ligand exchange, and ion exchange.
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Introduction

Layered double hydroxides (LDHs), often identified as
hydrotalcite-like compounds (HTlcs), are anionic clays con-
stituted by a stacking of positively charged sheets (brucite-like
layers) separated by interlayer spaces containing solvated an-
ions. The positive charge of the layers is generated by the
substitution of part of the divalent metal cations by trivalent

ones. The formula of these anionic clays can be generalized to
[M(II)1−x M(III)x(OH)2]

x+(An−
x/n).mH2O, where M(II) = Mg,

Ni, Zn, Co, Mn, M(III) = Al, Cr, Fe, V, Co, the value of x is
generally in the range 0.2–0.33, it is calculated as the molar
ratio of M2+/(M2+ + M3+), An− is the compensating anion
(CO3

2−, SO4
2−, NO3

−, Cl−, organic anions), and m is the con-
tent of co-intercalated water (Cavani et al. 1991). LDHs could
be easily synthesized on laboratory and industrial scales with a
low cost. There are different ways of synthesizing LDHs with
tailored physical and chemical properties suitable for many
applications. LDHs could be prepared by coprecipitation
method at variable and constant pH (Boclair et al. 1999;
Zhao et al. 2002), urea hydrolysis (Costantino et al. 1998),
sol-gel route (Jitianu et al. 2003), anion exchange (Mandal
et al. 2009), and delamination and re-assembly (Liu et al.
2006), and by the calcination/reconstruction process (Miyata
1980). Standard coprecipitation of metallic salts in alkaline
medium using NaOH and/or NaHCO3 or Na2CO3 reagents
is most commonly used to prepare layered double hydroxides.
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This method is relatively easy but results often in particles
with a very large distribution of size and strong agglomeration
in aggregates (Xu et al. 2006a, b). Miyata (1980) and Adachi-
Pagano et al. (2003) found that these aggregates are formed by
strong edge–surface platelet interactions leading to the rigid
spheroidal “sand rose” morphology; this rigid structure pre-
vents accessibility to both the interlayers and external surface
to produce less reactive LDHs, and such a morphology leads
to poorly crystalline materials, very low specific surface areas,
and nearly non-porosity. The use of urea as a precipitation
agent in the presence of metallic salts at reaction temperature
above 60 °C produces the progressive decomposition of urea
in ammonium hydroxide leading to homogeneous precipita-
tion, resulting in the formation of LDHs with good crystallin-
ity degree and narrow distribution of particle size (Costantino
et al. 1998; Ogawa and Kaiho 2002; Zeng et al. 2009).

Layered double hydroxides are promising materials for a
large number of practical applications in catalysis, adsorption,
pharmaceutics, corrosion, and other areas (Carja et al. 2002;
Kang et al. 2018; Wei et al. 2013; Wang and Guo 2019).
There has also been considerable interest in using LDHs to
remove environmental contaminants since environmental pol-
lution has emerged as an important issue in recent decades.
Increasing interest has recently been diverted to evaluating the
ability of LDHs to remove inorganic pollutants such as phos-
phate ions (Xing et al. 2008; Yang et al. 2014). The removal of
phosphate ions through sorption processes onto various sor-
bents has been investigated for a long time. Among the sor-
bents investigated, the following are included: active carbon,
silicates, iron oxides, dried plant particles, and etc. (Chiban
et al. 2011, 2012).

The removal of phosphate by MgAl-LDH prepared by
standard coprecipitation method has been evaluated in several
studies. Nevertheless, to our knowledge, there is no paper
investigating the effect of the synthesis method on sorption
properties. Then, the purpose of this study was to prepare
MgAl-LDHs, with the molar ratio of 3, by two methods: urea
hydrolysis and standard coprecipitation, and to compare their
structural features and textural properties. The effect of the
synthesis method on phosphate removal from aqueous solu-
tion was also investigated. MgAl-LDHs synthesized by
coprecipitation method are denoted LDH-Cop while those
prepared by urea hydrolysis are denoted LDH-Urea, and
LDH-P is a denotation of LDH-Urea after phosphate sorption.

Materials and methods

Synthesis of MgAl-LDHs

For all preparations, the reagents used were magnesium chlo-
ride (LobaChemie > 98%), aluminum chloride (AppliChem >
95%), sodium carbonate (LobaChemie > 99.5%), sodium

hydroxide (LobaChemie > 98%), urea (AppliChem > 99%),
and sodium dihydrogen phosphate (Sigma-Aldrich > 98%)
which were of analytical grade.

Urea hydrolysis method

The same conditions described by Costantino et al. (1998)
were used to synthesize LDHs by urea method: 9 g of
AlCl3·6H2O, 22.9 g of MgCl2·6H2O, and 29.8 g of
NH2CONH2 were added into a three-neck flask containing
150 mL of double-distilled water and stirred at 100 °C for
36 h. The solution pH was approximately 9 due to the release
of ammonia. The solid was separated from the solution by
centrifugation and washed several times with double-
distilled water. Finally, they are dried at 80 °C in an oven
overnight.

Standard coprecipitation method

The standard conditions were used to synthesize LDHs by
coprecipitation method (Adachi-Pagano et al. 2003): 40 mL
of an aqueous solution containing MgCl2·6H2O and AlCl3·
6H2O (Mg2++ Al3+ = 1 M, Mg/Al = 3) was continuously
added to 250 mL of double-distilled water, and the second
solution of NaOH/Na2CO3 (2 M NaOH and 0.5 M Na2CO3)
was dropwise added to adjust the pH to 10. The mixture was
vigorously stirred at room temperature. After the complete
addition of the metallic salts, the suspension was aged at room
temperature for 24 h under stirring. The precipitate was repeat-
edly washed with double-distilled water until a negative Cl
test of the supernatant was obtained by AgNO3 titration, then
centrifuged and dried at 80 °C in an oven overnight.

Characterization of MgAl-LDHs

The crystallographic phase of MgAl-LDHs was investigated
using an X’PERT PRO MPD diffractometer with Cu/Kα ra-
diation (45 kV, 40 mA) at 0.0670° step size. Functional
groups were analyzed using a VERTEX 70 DTGS spectrom-
eter (FTIR) at 4 cm−1 resolution in the range 4000–400 cm−1.
LDH samples were mixed with KBr at a mass ratio of 1:100
and finally powdered to prepare pellets. Quattro ESEM at
accelerating voltage of 10 kV equipped with an energy-
dispersive X-ray analyzer (CNRST, Morocco) was used to
view the morphology of both samples by scanning electron
microscopy and to determine the approximate composition of
samples. The thermal analysis (TG and DTG) was carried out
using a SETARAM LABSYS EVO device, in the following
conditions: linear heating rate 10 °C min−1 from room tem-
perature to 900 °C, dynamic air atmosphere, Al2O3 crucible,
and sample weight approximately 20 mg. The specific surface
area and porosity analysis were measured using a nitrogen
adsorption-desorption technique at 77 K based on the

45768 Environ Sci Pollut Res (2020) 27:45767–45774



Brunauer–Emmett–Teller (BET) isotherm model
(Micromeritics/3 Flex). The point of zero charge (pHpzc) of
the prepared LDHs was determined by batch equilibrium
method, and 1 M NaOH/HCl solutions was used to adjust
the initial pH values of 50 mL of 0.1 M NaCl to a pH range
of 2–12. Then, 0.5 g of the adsorbent was added to each
solution and the obtained suspension was shaken for 48 h.
The adsorbent was filtered and the final solution pH was mea-
sured. The pHpzc was determined from the intersection of the
curve of the final vs. initial pH (Sepehr et al. 2017).

Phosphate removal tests

A stock solution (100 mg/L) of phosphate ions was prepared
fromNaH2PO4.12H2O salt. Residual phosphate concentration
experiments were performed in the batch experiment at room
temperature (around 25 °C) using a solid/liquid ratio of 1.25 g-
sorbent/L at initial pH value 5.4, and contact time varied from
2 to 30 min. In order to investigate how adsorption was affect-
ed by solution pH, the pH of the solution was adjusted from 4
to 12 using 0.1 M of NaOH or 0.1 M of HCl. The mixtures
were shaken for 24 h and the sorbent was filtered out. The
residual concentration of phosphate ions in the filtrate was
determined using the ascorbic acid method (Rodier et al.
2009) by monitoring the absorbance at 700 nm using
SELECTA spectrophotometer UV-2005. The percentage re-
moval (%R) of phosphate ions from aqueous solutions was
calculated as follows (1):

%R ¼ C0−Ctð Þ
C0

� 100 ð1Þ

where C0 (mg/L) and Ct (mg/L) are the phosphate concen-
tration in the liquid phase before and after sorption on LDH,
respectively. Experiments are performed in duplicate and re-
sults are expressed as mean ± standard deviation of the mean

Results and discussion

Characterization of MgAl-LDHs

TheXRDpatterns of LDH-Cop and LDH-Ureawere illustrated
in Fig. 1. It could be seen that the diffraction peaks of sample
synthesized by standard coprecipitation method are broad and
asymmetric with relatively low diffraction intensities, indicat-
ing that disorder may be present in the stacking of the layers
and materials are poorly crystallized. However, the diffraction
peaks of LDH prepared by urea method are narrow and sharp,
and show an excellent symmetry. These phenomena suggest
that higher crystallinity and regularity exist in the structure of
the layered materials synthesized by the urea method.

The crystallite size of the LDHs was calculated from the
XRD result using Scherrer formula (Cullity 1978):

D ¼ 0:9λ
βcosθ

ð2Þ

whereD (nm) denotes the size of the crystalline phase, λ is the
wavelength of Cu Kα radiation (λ = 0.15404 nm), and β is the
full width at half maximum (FWHM) intensity in radians. The
(003) reflection was used to define the FWHM intensity of the
crystalline phase. All the diffraction peaks can be indexed on a
hexagonal unit cell with a space group R-3 m, thus revealing
that the LDHs are crystallized in a rhombohedral structure
(Bruun Hansen and Koch 1995). The lattice parameters (a

Fig. 1 XRD patterns of LDHs

Table 1 Cell parameters of LDHs prepared by coprecipitation and urea
methods

d003 (Å) d006 (Å) d110 (Å) a (Å) c (Å) D (nm)

LDH-Cop 7.611 3.794 1.523 3.046 22.833 22.5

LDH-Urea 7.613 3.797 1.522 3.044 22.839 33.8

Fig. 2 FTIR spectra of LDHs
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and c) of the hexagonal structure of MgAl-LDH are expressed
as follows (Cullity 1978):

1

d2
¼ 4

3

h2 þ hk þ k2

a2

� �
þ l2

c2
ð3Þ

where d is the lattice spacing between two different crystallo-
graphic planes; h, k, and l are the Miller indexes of the reflec-
tion planes. Thus, the c parameter (which represents the thick-
ness of three layers plus the interlayer space between them)
was calculated as c = 3d(003). The dimension (which represents
the shortest distance between two cations of the layer) was
calculated as a = 2d(110). The cell parameters of both samples

are included in Table 1. The results matched with those re-
ported by other research (Oh et al. 2002).

IR analysis may be suitable to determine the presence of other
anions in the interlayer spaces, and to identify the type of bonds
formed by the anions and their orientation (Cavani et al. 1991).
Figure 2 shows the IR spectra of the samples prepared by both
coprecipitation and urea methods. The FT-IR spectrum for
MgAl-LDHs was typical of hydrotalcite-like materials (Novillo
et al. 2014). Broad absorption bands in the 3400–3600 cm−1

region can be assigned to OH stretching vibrations of hydroxyl
groups. The band at 1621 cm−1 was attributed to the HOH bend-
ing vibration of physically adsorbed water (Titulaer et al. 1994).

Fig. 3 SEM pictures and
corresponding EDS of LDHs

Fig. 4 TG–DTG profiles of
LDHs
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The carbonate anion in a symmetric environment is characterized
by aD3h planar symmetry, with three IR active absorption bands,
as well as in the case of the free carbonate anion. In most LDHs,

the three bands are observed at 1358 cm−1 (υ3), 873 cm−1 (υ2),
and 686 cm−1 (υ4) (Cavani et al. 1991). The bands at 540–650
cm−1 were ascribed to the vibration of Mg–O and Al–O groups
in the layers (Khitous et al. 2016).

Figure 3 displays the SEM images of LDHs and the corre-
sponding EDS spectrum. LDH-Urea image revealed large and
regular hexagonal platelets of LDH. The morphology of the
platelets reflected a good crystallinity; however, LDH-Cop
image showed some deformed LDH particles. The presence
of deformed particles confirmed the X-ray result of this sam-
ple. The EDS spectrum confirms that LDHs consisted of

Table 2 Summary of BET analysis results of LDH prepared by
coprecipitation and urea methods

BET surface
area (m2/g)

Pore volume
(cm3/g)

Pore size (Å)

LDH-Cop 50.5 0.0651 51.544

LDH-Urea 91.5 0.1538 67.221

Fig. 5 N2 adsorption–desorption
isotherms of LDHs prepared by
coprecipitation method and urea
method
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magnesium, aluminum, oxygen, carbon, and chlorine with a
chemical composition that agreed well with MgAl-LDHs.

The TG-DTG curves of LDH-Cop and LDH-Urea are pre-
sented in Fig. 4. For both LDHs, the first weight loss in the
TG-DTG curves is ascribed to the elimination of surface and
interlayer water molecules. The second weight loss is due to
the decomposition of carbonate anions and to the dehydrox-
ylation of layers. At temperature 800 °C, the samples exhibit-
ed a net weight loss of 42% for LDH-Cop and 37% for LDH-
Urea, with the second weight loss being larger than the first
one. These results are in agreement with literature data for
hydrotalcite-like materials (Tanasoi et al. 2009).

The typical nitrogen adsorption–desorption isotherms of
MgAl-LDHs prepared by coprecipitation and urea methods
were shown in Fig. 5. The specific surface area, pore volume,
and average pore size were listed in Table 2. The average pore
diameter and pore volume of LDH synthetized by urea hydro-
lysis were larger than that prepared by coprecipitation. The
BET surface area of LDH-Urea was 91 m2/g, conversely,
and the LDH-Copwas 50m2/g. This result could be explained
by the difference in crystallinity and regularity in the structure
of the layered materials as confirmed by XRD and SEM anal-
ysis. For adsorbent, a large surface area can offer more active
adsorption sites. Therefore, LDH-Urea might have a higher
sorption capacity than LDH-Cop.

The point of zero charge (pHpzc) is the point at which the
surface charge density of the material is zero. Therefore, the
surface of LDH is positively charged when pH is below pHpzc

and negatively charged for pH above pHpzc. As seen in Fig. 6,
the results showed that the pHzpc values of LDH-Urea and
LDH-Cop are around 7.3 and 7.7 respectively.

Efficiency of phosphate ion removal by MgAl-LDHs

The performance of the MgAl-LDH samples in the adsorption
process of phosphate ion removal from aqueous solutions was

investigated. Figure 7 shows that, at equilibrium time, LDH
prepared by urea hydrolysis might remove 94.35 ± 1.12% of
phosphate ions from aqueous solutions, while only 74.15 ±
1.34% of these ions could be removed by LDH prepared using
coprecipitation method. Figure 8 shows that, in the range of
pH values (4–12), LDH-Urea has much higher phosphate
sorption capacity than LDH-Cop.

Sorption mechanisms

FTIR and XRD analyses of LDH-Urea after phosphate sorp-
tion could be helpful to understand the interaction mecha-
nisms between phosphate ions and LDH adsorbents. The
FTIR spectra of LDH-Urea after phosphate sorption (LDH-
P) were shown in Fig. 2. The peak located at 1059 cm−1 was
attributed to the bending vibration of adsorbed phosphate P–O

Fig. 8 Percentage removal of phosphate ions by LDH samples as a
function of pH (LDH dose = 1.25 g/L; C0 = 100 mg/L; t = 24 h; T = 25
°C) (error bars represent means ± standard deviation from the mean of
duplicate experiments)

Fig. 7 Residual phosphate concentration using LDH samples (pH = 5.4;
LDH dose = 1.25 g/L; C0 = 100 mg/L; T = 25 °C) (error bars represent
means ± standard deviation from the mean of duplicate experiments)

Fig. 6 Point of zero charge of LDHs prepared by coprecipitation method
and urea method
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(Liu et al. 2008). The new peak appeared after phosphate
sorption onto LDHs, possibly indicating the information of
inner-sphere surface complex (M–O–P) between phosphate
ions and LDHs. Therefore, it was deduced that the surface
hydroxyl groups (M–OH) of LDHs could be exchanged by
the adsorbed phosphate ions. The XRD pattern of LDH-P was
shown in Fig. 1; it can be seen that the characteristic peaks of
the LDH structure appear in the XRD pattern of the sample,
and the features at d003 (7.623 Å) and d006 (3.783 Å) are
essentially retained after phosphate adsorbed, which indicates
the sorption of phosphate on MgAl-LDH is by ion exchange.
Consequently, these results are similar to those obtained by
other teams of researchers (Xing et al. 2008; Yang et al. 2014).
Since the pH of the medium is below the pHzpc of the adsor-
bent, an electrostatic attraction between negatively charged
phosphate ions (H2PO4

− and HPO4
2−) and electropositive

LDH surface occurs. Then, as illustrated in Fig. 9, the phos-
phate ions could be adsorbed onto LDH particles via electro-
static attraction, ligand exchange, and ion exchange

Conclusion

The present investigation evaluated the structures and mor-
phologies of MgAl layered double hydroxide particles pre-
pared by two methods: standard coprecipitation and urea hy-
drolysis. The obtained materials were characterized and used
for the removal of phosphate ions from aqueous solutions.
The result from FT-IR and XRD analysis suggests that the
intercalation of phosphate ions into LDHs is performed suc-
cessfully. The XRD, FTIR, TG-DTG, SEM-EDS, and BET
surface area analyses also show that LDH prepared by urea
hydrolysis exhibits higher specific surface area and higher
crystallinity and regularity in the structure counter to that pre-
pared by standard coprecipitation. The phosphate removal
performance of these samples was evaluated and showed that
the synthesis method affected the amount of phosphate uptake

onto MgAl-LDHs. Indeed, LDH prepared by urea hydrolysis
has much higher phosphate sorption capacity than that pre-
pared by standard coprecipitation method. The sorption mech-
anism of phosphate ions onto LDHs supposed to be electro-
static attraction, ligand exchange, and ion exchange.
Therefore, MgAl-LDHs have potential for future applications
in materials and physico-chemical processes at liquid/solid
interfaces, especially for inorganic pollutant removal.
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