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[Mg-Al]-LDH and [Zn-Al]-LDH as Matrices for Removal of High Loadings of Phosphate
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Eutrophication is an undesirable environmental process that occurs in water bodies affected by 
high concentrations of phosphate. Different economic sectors are responsible for discharge effluents 
with extremely high phosphate content. Therefore, is important to develop technologies capable of 
remove phosphate from these effluents, before that reach other and larger water bodies. This work 
proposes the use of layered double hydroxide (LDH) as an adsorbent matrix for phosphate removal 
from aqueous solution. Different isomorphic structure of LDH ([Mg-Al]-LDH and [Zn-Al]-LDH) 
were employed to incorporate loadings of phosphate by ion exchange. The obtained materials were 
characterized by X-ray powder diffraction (XRD), scanning electron microscopy (SEM), fourier 
transform infrared spectroscopy (FTIR), and thermal analysis (TG/DTG). The crystalline structure 
of [Mg-Al]-LDH was preserved after phosphate adsorption, however the performance was low in 
comparison to [Zn-Al]-LDH, for which a high phosphate removal efficiency of 116.07 mg P. g-1 
of LDH was achieved. The [Zn-Al]-LDH material showed good potential for use as matrix for the 
adsorption of phosphate in effluents.
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1. Introduction

Wastewaters from different economic sectors and from 
human activities are concerning due to the high phosphate 
content of these effluents. Swine wastes can achieve phosphate 
concentrations around 1000 mg.L-1,1 while the wastewater 
produced by the cochineal extract process to obtain the 
carminic acid colouring pigment (carmin red E120) has 
high concentrations of phosphates, about 3500 mg.L-1.2 In 
a similar way, other activities generate wastewater products 
with high phosphate concentration, like agriculture, animal 
breeding and domestic activities.3-6

In most of the cases, the effluents are not treated and 
are simply thrown into rivers where they contribute to 
eutrophication, which occurs when the concentrations 
of nutrients in water bodies increase, resulting in intense 
reproduction of autotrophic organisms, especially algae and 
cyanobacteria. The increased respiration of autotrophs then 
leads to environments that are hypoxic or anoxic, threatening 
the aerobic fauna and flora.7,8 Thus, the treatment of the 
wastewaters prior the discharge is of crucial importance.

It is extremely important the development of technologies 
capable to remove phosphate from effluents with medium to 
high phosphate concentration content. Biological methods of 
recovery have been employed since the 1950s, although such 

techniques typically remove only 10-30% of the phosphate 
present. Another effective and economic technological option 
for phosphate removal is to use adsorbents.9

Layered double hydroxides (LDHs) are excellent 
materials for removal of phosphate from contaminated area 
due to their unique structure, high specific surface area, and 
low synthesis costs.10 LDHs are a class of two-dimensional 
nanostructured anionic clays whose crystalline structure 
can be described as positive layers of brucite (Mg(OH)2), 
in which trivalent cations replace isomorphically divalent 
cations at the octahedral sites. The net positive charge of the 
LDH lamellae is then counterbalanced by An- species in the 
interlamellar domains. Water molecules can also occupy the 
free space in the interlamellar region.11-14

LDHs can be represented by the following general 
formula: [M2+

1-xM
3+

x(OH)2]
x+(An-)x/n.mH2O, where M2+ and 

M3+ are divalent and trivalent cations, respectively; the 
value of x is equal to the molar ratio M3+/(M2++M3+); A 
is the interlamellar anion with valence of n-. Variation of 
M2+, M3+, x, and An- enables the formation of a broad class 
of isostructural materials with different physical-chemical 
properties.13,14 LDHs have high ion exchange capacity, since 
the interlamellar regions are flexible in terms of the content 
of anionic species. This important characteristic provides 
LDHs with excellent potential for use in the removal of 
contaminants by ion exchange processes.14
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The adsorption at LDHs can occur in, at least, two 
ways involving superficial adsorption or ion exchange in 
the interlamellar space. Superficial adsorption involves the 
adhesion of ionic compounds on the LDH surface, with the 
formation of molecular or atomic films. The ion exchange 
process is mainly influenced by the anionic charge balance 
in the interlamellar space and the charge density of the 
lamellae.14 It has been observed that divalent anions (A2-) 
of LDHs can be easily replaced by monovalent anions.15

LDHs have been employed for the removal of a variety 
of anions including fluorite,16 selenium,17 arsenate,18 
perchlorate,19 chromium,20 and phosphate.21,22 However, 
the mechanisms of adsorption of phosphate by LDHs have 
received little attention and remain poorly understood.23 The 
aim of this work was to compare the effects of magnesium 
and zinc on LDH adsorption properties of high phosphate 
concentrations, since both have the same valence but very 
different ionic sizes. The [Mg-Al]-LDH is the best known 
and explored type of layered double hydroxide and it was 
used as standard to phosphate adsorption comparison. On 
the other hand, [Zn-Al]-LDH has been extensively used, as 
selenium and fluoride adsorbent.17,18 These materials may 
have different adsorption properties, due to the intrinsically 
associated differences in the structure, since different ionic 
radius will influence on the size of each adsorption site. In 
this sense, the [Mg-Al]-LDH and [Zn-Al]-LDH were chosen 
as inorganic matrices for phosphate adsorption study.

2. Materials and Methods

2.1 Materials

Zinc chloride (ZnCl2), aluminum chloride hexahydrate 
(AlCl3. 6H2O), sodium hydroxide (NaOH), sodium carbonate 
(Na2CO3), and potassium phosphate monobasic (KH2PO4) were 
purchased from Synth (Brazil). Commercial [Mg-Al]-LDH 
hydrotalcite (Pural) was purchased from Sasol (Germany). 
All reagents were used as received. Decarbonated deionized 
water (ρ = 18.2 MΩ cm) obtained from a Milli-Q system 
(Barnstead Nanopure Diamond, Thermo Fisher Scientific 
Inc., Dubuque, IA, USA) was used in all the experimental 
procedures.

2.2 Synthesis of [Zn-Al]-LDH

[Zn-Al]-LDH with M3+/(M2++M3+) molar ratio (x) of 
0.25 was synthesized by the co-precipitation method, with 
pH control.13 The synthesis was carried out in an all-glass 
reactor (capacity of 300 mL) attached to a water circulating 
system to accurately control the temperature at 25.0 ºC (±0.5 
ºC). In a typical reaction, a mixed chloride solution (0.5 mol 
L-1) containing Zn2+ and Al3+ cations was gradually injected 
at a rate of 0.5 mL min-1 into the reactor containing sodium 
hydroxide solution (1.0 mol L-1), under vigorous stirring. At 
the same time, a solution of Na2CO3 (2 mmol L-1) was injected 

at a rate of 0.025 mL min-1 for pH control. Once injection of 
the solutions was complete, agitation was continued for a 
further hour, to age the precipitate. Subsequently, the mixture 
was centrifuged at 11,200 g for 10 min to remove the excess 
NaCl. The precipitate was then purified using three washing-
centrifugation cycles with 1:1 water-ethanol solution, and 
was resuspended in water for storage in a freezer. Finally, 
the material was lyophilized under a vacuum of 1.33×10-4 
bar (Supermodulyo Freeze Dryer, Thermo Fisher Scientific 
Inc., Kansas City, MO, USA), yielding a white powder.

2.3 Phosphate adsorption by ion exchange

The phosphate adsorption capacities of the isomorphic 
structured LDHs ([Mg-Al]-LDH and [Zn-Al]-LDH) were 
evaluated by ion exchange process using different potassium 
phosphate solutions. 500 mg of the LDH was added to 
250 mL of KH2PO4 solution (concentration range from 
112.64 mg L-1 to 4505.60 mg L-1 - this range of values 
includes the phosphate concentrations found at effluents 
from different human activities) that had been previously 
equilibrated at 75 °C, with adjustment to pH 7.0 using 
0.1 M NaOH, to guarantee the well preservation of LDH 
structure. The mixture was continuously agitated for 24 
h and was then centrifuged at 11,200 g for 10 min. After 
the adsorption process, the LDH was lyophilized prior to 
solid-state characterization analyses.

The concentration of phosphorus was determined according 
to the molybdate blue procedure: 5 mL of supernatant was 
mixed with 2 mL of ascorbic acid solution (0.4 M), 0.2 mL 
of citric acid solution (0.03 M), 2 mL of sulfuric acid solution 
(4.7 M), 5.5 mL of ammonium molybdate (0.08 M), and 
0.6 mL of antimony and potassium tartrate (0.05 M). This 
mixture was then allowed to react for 15 min in a water bath 
at 50 ºC, forming a phosphoantimonylmolybdenum blue 
complex. The concentration of the product was determined 
using a Lambda 25 UV-Vis spectrophotometer (Perkin Elmer) 
operated at a wavelength of 880 nm.

2.4 Characterizations

X-ray powder diffraction measurements were performed 
with a Shimadzu XRD 6000 diffractometer, using Ni-filtered 
CuKα radiation (λ = 1.5405 Å). The diffractograms were 
acquired at 2θ of 3-80º, with a scan speed of 2º min-1. The 
FTIR analyses were performed using a Bruker spectrometer 
with spectral resolution of 2 cm-1. The specific surface 
area measurements were performed by applying the BET 
(Brunauer-Emmett-Teller) method to nitrogen adsorption 
isotherm data acquired with an ASAP 2020 instrument 
(Micrometrics). Scanning electron microscopy (SEM) images 
were obtained with a JEOL JSM-6701F microscope operated 
at 15 kV. The thermal properties of the LDH materials were 
evaluated using a TGA Q500 thermogravimetric analyzer 
(TA Instruments, New Castle, DE) operated under the 
following conditions: atmosphere of nitrogen at a flow rate 
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of 60 mL/min; heating rate of 10 °C/min; and temperature 
range of 25-800 °C. The chemical composition for the samples 
were obtained by energy-dispersive X-ray spectroscopy 
(EDX), using a Thermo Noran system coupled to a scanning 
electron microscope (JEM 2010, JEOL).

3. Results and Discussion

3.1 [Mg-Al]-LDH and [Zn-Al]-LDH materials

The X-ray diffractograms of the as-synthesized [Zn-
Al]-LDH showed sharp and intense peaks at low values of 
2θ, together with clear (110) reflections at higher values of 
2θ that were typical of materials such as LDH and could be 
indexed by JCPDS card 48-1023. This result confirm that the 
synthesis method proposed was efficient to obtain crystalline 
[Zn-Al]-LDH material. The commercial [Mg-Al]-LDH 
sample also displayed the characteristic peaks of hydrotalcite 
and could be indexed by JCPDS card 14-0191 (Figure 1). 
For both materials, the indexed diffractions corresponded 
to a hexagonal lattice with rhombohedral 3R symmetry.10,11

3.2 Phosphate adsorption by [Mg-Al]-LDH and 
[Zn-Al]-LDH

The anion exchange capacity properties of [Mg-Al]-LDH 
and [Zn-Al]-LDH were evaluated by placing the materials 
in contact with different phosphate concentrations, under 
vigorous stirring. The X-ray diffractograms of the LDH 
materials after phosphate adsorption are shown in Figure 2. The 
corresponding amounts of adsorbed phosphate are provided 
in Table 1. Also, the adsorption isotherms are represented 
at supplementary information (Fig. S1).

The crystalline structure of [Mg-Al]-LDH was well 
preserved, even when the material was exposed to higher 
phosphate concentrations. On (003) diffraction plane no 
displacements were observed. The highest concentration of 

adsorbed phosphate was 0.90% (32.62 mg PO4
3-.g-1 LDH) 

when the initial phosphate concentration was 3604.48 mg 
L-1. Therefore, the adsorbed phosphate probably interacted 
with hydrotalcite at the external surface. A mechanism of 
interaction at the external surface involves electrostatic 
attraction between the negatively charged phosphate species 
and the surface, which is positively charged due to the 
presence of protonated hydroxyl groups (-OH2

+).23

Other materials, with low costs production, has been 
investigate for phosphorous removal from water. The steel 
slag is an industrial waste derived from a steel factory, 
however the maximum phosphate adsorption capacity of this 
material was 5.3 mg P/g.24 Mesoporous silica materials has the 
maximum adsorption capacity around 0.40 mmol/g.25 These 
results demonstrated the high potential of LDH materials as 
inorganic matrices for removal of phosphate by adsorption.21

The crystalline structure of [Zn-Al]-LDH, was clearly 
modified as the amount of adsorbed phosphate increased. 
The typical crystalline structure of the material was well 
maintained up to the phosphate concentration of 1576.96 mg 
L-1. While for 2252.80 mg L-1 PO4

3- and higher concentrations 
the formation of zinc hydroxide (Zn(OH)2) (JCPDS: 36-1451) 
was observed, in addition to the typical crystalline structure 
of [Zn-Al]-LDH. The formation of new phases ((Zn(OH)2)) 
during phosphate adsorption could be explained by the 
processes of dissolution and reprecipitation of [Zn-Al]-
LDH, with the ion exchange process occurring in two steps, 
involving LDH dissolution followed by reprecipitation of 
the new phase.26 The formation of new phases during the 
adsorption of phosphate on LDH has also been described 
in previous studies.27,28 The chemical composition for [Zn-
Al]-LDH samples are represented at supporting information 
(Fig. S2-S5).

Although crystalline phosphate phases were not observed, 
there was interaction between the phosphate ions at [Zn-Al]-
LDH, as revealed by the adsorption of 54.26 mg PO4

3-.g-1 
[Zn-Al]-LDH (Table 1, Figure 3B).29 As in the case of the 
commercial hydrotalcite, phosphate could interact with 
[Zn-Al]-LDH on the external surface, but [Zn-Al]-LDH 
showed greater efficiency in the adsorption of phosphate 
by ion exchange in the interlamellar space.

FTIR (Figure 3) was used to identify the interaction 
of phosphate with [Mg-Al]-LDH and [Zn-Al]-LDH. An 
intense band at approximately 3450 cm-1 could be attributed 
to the vibration of water molecules present in the interlayer 
space,30 while bands above 1350 cm-1 were indicative of the 
presence of CO2.

31 Vibrations corresponding to metal-oxygen 
bonds were observed at around 650, 550, and 450 cm-1.32 For 
[Zn-Al]-LDH the vibrations around 550 cm-1 are correlated 
to the formation of Zn(OH2) during the phosphate adsorption 
process. A successful phosphate interaction was verified by 
the presence of new bands at 1145 and 960 cm-1, related to 
PO4

3- stretching, confirming the interaction of phosphate with 
the hydrotalcite layers. Similarly, [Zn-Al]-LDH presented 

Figure 1. X-ray diffractograms for (A) commercial [Mg-Al]-LDH 
and (B) the synthesized [Zn-Al]-LDH.
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Figure 2. X-ray diffractograms of (A) [Mg-Al]-LDH and (B) [Zn-Al]-LDH. (0) Pure water; (1) 112.64 mg L-1 PO4
3-; (2) 901.12 mg L-1 

PO4
3-; (3) 2252.80 mg L-1 PO4

3-; (4) 4505.60 mg L-1 PO4
3-. *: Zinc hydroxide (Zn(OH2)).

Table 1. Amounts of phosphate adsorbed by the [Mg-Al]-LDH and 
[Zn-Al]-LDH materials.

Initial PO4
3 

concentration
(mg L-1)

[Mg-Al]-LDH
(mg PO4

3-.g-1 LDH)
[Zn-Al]-LDH

(mg PO4
3-.g-1 LDH)

112.64 0.47 14.36

225.26 1.39 24.45

450.56 1.38 39.14

901.12 3.91 43.76

1576.96 12.21 54.26

2252.80 17.93 72.69

3604.48 32.62 73.87

4505.60 33.18 116.07

Figure 3. FTIR spectra for (A) [Mg-Al]-LDH and (B) [Zn-Al]-LDH. (0a) Commercial [Mg-Al]-LDH; (0b) pristine [Zn-Al]-LDH; (1) 
112.64 mg L-1 PO4

3-; (2) 901.12 mg L-1 PO4
3-; (3) 2252.80 mg L-1 PO4

3-; (4) 4505.60 mg L-1 PO4
3-.

new bands at around 1135 and 960 cm-1, suggesting strong 
interaction of this anion with the [Zn-Al]-LDH matrix, 
in accordance with the phosphate adsorption capacity of 
[Zn-Al]-LDH as seen at Table 1.33,34

Figure 4 shows SEM images of [Mg-Al]-LDH and 
[Zn-Al]-LDH, before and after the phosphate adsorption 
process. The [Mg-Al]-LDH material exhibited the typical 
hydrotalcite structure, composed of quasi-hexagonal layers 
(Figure 4A). The typical hexagonal structure was maintained 
even after the phosphate adsorption (Figures 4B and 4C) 
in agreement with the XRD results. In contrast, substantial 
modifications of the [Zn-Al]-LDH structure were observed 
after phosphate adsorption. Figure 4D shows the pristine 
[Zn-Al]-LDH, with an irregular nanostructure and layers 
without the presence of hexagonal structures. The XRD 
data (Figure 2B) showed that when intermediate phosphate 
concentrations were adsorbed by [Zn-Al]-LDH, two different 
crystalline phases were produced, one related to [Zn-Al]-LDH 
and the other to zinc hydroxide. The corresponding SEM 
image (Figure 4E) also suggests the presence of these two 
phases, with predominance of irregular plaques, together with 
evidence of the deposition of a secondary phase, which was 
probably zinc hydroxide. When [Zn-Al]-LDH was exposed 



5[Mg-Al]-LDH and [Zn-Al]-LDH as Matrices for Removal of High Loadings of Phosphate

Figure 4. SEM micrographs: (A) Commercial [Mg-Al]-LDH; [Mg-Al]-LDH after adsorption of 2252.80 mg L-1 PO4
3- (B) and 4505.60 

mg L-1 (C); as-synthesized [Zn-Al]-LDH (D); [Zn-Al]-LDH after adsorption of 2252.80 mg L-1 PO4
3- (E) and 4505.60 mg L-1 (F).

to a high phosphate concentration (Figure 4F), the irregular 
plaques were replaced by elongated rods, with possible 
deposition of a secondary phase that was small and highly 
agglomerated, consistent with zinc hydroxide.35

The thermogravimetric and differential thermogravimetric 
analysis of [Mg-Al]-LDH and [Zn-Al]-LDH loaded with 
phosphate are shown in Figure 5 and provide further 
information concerning the compositions of the materials.

TG/DTG for [Mg-Al]-LDH exhibited the same profiles, 
with sharp peaks regardless of the phosphate concentration 
(Figures 5A-5C). A small mass loss at around 39 °C could 

be attributed to desorption of water from the surface.36 A 
mass loss of 12% above 200 °C was related to the removal 
of water adsorbed in the hydrotalcite layers, while a mass loss 
of 5% at 278 °C was associated with the dihydroxylation of 
[Mg-Al]-LDH. Finally, a 7% mass loss at 405 °C was due to 
the loss of CO3

2- as CO2.
37 The dihydroxylation temperature 

for hydrotalcite is generally observed at around 300°C and 
indicates the thermal stability of the structure, because once 
dihydroxylation and the loss of the interlayer anion occurs the 
hydrotalcite structure collapse which leads to the formation 
of the metal oxide and spinel formation. As the presence of 
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phosphate on [Mg-Al]-LDH did not interfered on the thermal 
degradation profile, the TG/DTG technique corroborates the 
poor interaction of [Mg-Al]-LDH with phosphate. However, 
in the case of [Zn-Al]-LDH, significant differences were 
observed between the thermogravimetric profiles obtained at 
the increasing phosphate concentration adsorbed (Figures 5 
D, 5 E and 5 F). With the increase of phosphate concentration 
adsorbed, the temperature of loss related to surface water 
desorption reduces- from around 140°C to 120°C- as well 
as the mass loss. When 14.36 mg.L-1 of phosphate was 

adsorbed at [Zn-Al]-LDH the mass loss related to desorption 
of the surface water was around 9%, while the adsorption of 
72.69 and 116.07 mg.L-1 of phosphate leads to mass loss of 
surface water of 5% and 6%, respectively. This event may 
be related to the phosphate interaction with LDH surface, 
where phosphate may be interacting with LDH and competing 
with water molecules for the bond sites. In addition, the 
bond strength between water and [Zn-Al]-LDH surface is 
weakened, requiring less energy to be lost, as observed by 
reduction of the temperature of desorption of surface water. 

Figure 5. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of samples loaded with PO4
3- by ion exchange 

using different initial PO4
3- concentrations: (A) [Mg-Al]-LDH (112.64 mg L-1 PO4

3-); (B) [Mg-Al]-LDH (2252.80 mg L-1 PO4
3-); (C) [Mg-

Al]-LDH (4505.60 mg L-1 PO4
3-); (D) [Zn-Al]-LDH (112.64 mg L-1 PO4

3-); (E) [Zn-Al]-LDH (2252.80 mg L-1 PO4
3-); (F) [Zn-Al]-LDH 

(4505.60 mg L-1 PO4
3-).
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Considering the mass loss due to the loss of structural water, 
only the sample with 72.69 mg.L-1 of phosphate adsorbed 
had the peak displaced to higher temperatures, therefore this 
phenomenon may not be related to the phosphate adsorption 
by [Zn-Al]-LDH.

Regardless the amount of phosphate adsorbed on [Zn-Al]-
LDH, all the samples loss the phosphate around 498°C with 
mass loss around 4%.38,39 That means, that the same fraction 
of phosphate is weakly interacting with [Zn-Al]-LDH, but 
considering the samples with higher phosphate concentration 
adsorbed (Figures 5 E and 5 F and Table 1), a major fraction 
of the phosphate are forming thermostable phosphate phase.

Considering one wastewater effluent confined, the 
obtained phosphate load-LDH could be recovery by 
traditional techniques (flocculation and/or decantation) and 
be applied as phosphate fertilizer with controlled or slow 
release avoiding future widespread contamination by better 
fertilizer management along time.29,40,41

4. Conclusions

This work proposes the use of layered double hydroxides 
(LDHs) as adsorbent matrices for the removal of phosphate 
from effluents from human activities with high phosphate 
content. The [Zn-Al]-LDH adsorbent provided efficient 
removal of phosphate from aqueous solution by means of ion 
exchange processes. No alteration of the crystalline structure 
was observed for [Mg-Al]-LDH exposed to different phosphate 
concentrations. On the other hand, [Zn-Al]-LDH exhibited 
changes in the crystalline structure following phosphate 
adsorption, reflecting higher adsorption capacity. At low 
and intermediate concentrations of PO4

3-, the crystalline 
structure of [Zn-Al]-LDH was well preserved, demonstrating 
that the ionic interaction mainly occurred on the external 
surface of the material. At high phosphate concentrations, 
there was formation of crystalline zinc hydroxide and 
non-crystalline zinc-phosphate phase. The [Zn-Al]-LDH 
material exhibited potential for use in phosphate removal 
from effluent with high phosphate concentration. In order 
to the effluent reach discharging standards, combination of 
great methods of phosphate removal could be practiced. The 
phosphate load-LDH recovered from the confined effluent 
treatments could be applied as phosphate fertilizer, avoiding 
future contamination by the better fertilizer management.
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