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ABSTRACT

Layered double hydroxides (LDH) usually performed well for the absorptive removal of phos-
phate from aqueous solution. In this study, a very limited amount of zirconium (1:100, presumed
molar ratio between Zr/LDH) was creatively added into the MgAl-LDH precursor solution before
co-precipitation in order to enhance the adsorptive capability of LDH towards phosphate. The
uptake of phosphate on the LDH, Zr/LDH, LDO (layered double oxides) LDO and Zr/LDO achieved
was 9.19, 10.21, 12.18 and 22.37 mg g™, respectively. Compared to the raw LDH and the LDO
which was the oxidation substrate of layered double hydroxides at 500°C, the adsorption capacity
for phosphate by the corresponding LDO and Zr/LDO was improved by 11.1% and 83.7%, respec-
tively. By surface analysis, the synthesized Zr/LDO consists of plate-like particles with sophisti-
cated structures. The introduction of Zr did not change the crystal structures of LDH and LDO
by X-ray diffraction analysis. Weakly acidic and neutral solution pH conditions were favorable
for phosphate adsorption onto Zr/LDO. By Langmuir model, the calculated maximum adsorp-
tion capacity for phosphate at 298 K was 109.4 mg g™'. Thermodynamic analysis indicated that the
phosphate adsorption was spontaneous and exothermic, and the coexisting anions and natural
organic matter could inhibit the phosphate uptake to some extent.
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1. Introduction

Phosphorus is an essential macronutrient that is vital
for human beings and animals as well as plants. However,
excessive phosphorus has made it one of the main pollu-
tions of wide eutrophication resulted from phosphorus
discharge by anthropogenic activities [1]. Eutrophication is
one of the phenomena of water pollution that could result in
the destruction of the entire aquatic ecosystem, compromise
water potability and endanger public health. As such, more
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and more stringent effluent standards were established for
the allowable phosphate concentration of industrial effluent
discharge in China [2]. Hence, the removal and recovery
of phosphate are critically necessary for phosphate-bearing
wastewater prior to its discharge into the water body.
And efficient removal of phosphate from wastewater is of
particular significance [3].

Nowadays there are many technologies proposed for
efficient phosphate removal, and they can be simply clas-
sified as chemical precipitation by using ferric or alumi-
num salts, biological removal and adsorption according to
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the studies [4-6]. Among these technologies, adsorption is
deemed as one appropriate approach due to the convenient,
renewable and low-cost properties of adsorbents [7-10]. A
large number of adsorbents for phosphate recovery and
removals such as iron oxide and hydroxide [11], alumi-
num hydroxide [12], aluminosilicate [13], calcium silicate
[14], sludge waste [15], fly ash [16], metal-loaded orange
waste [17] and mango stone biocomposite [18] have been
reported. Comparatively speaking, layered double hydrox-
ides (LDH) have attracted intensive attention for phosphate
removal as they have exhibited a great potential to remove
harmful oxyanions [19]. LDH is composed of stacks of pos-
itively-charged, mixed-metal hydroxide layers between
which are sandwiched of water molecules and various
anionic species that are exchangeable with other aqueous
anions in the bulk solution [20]. Based on their unique struc-
tures, LDH has the capability for adsorbing a wide range
of oxyanions such as phosphate, borate and nitrate from
water [19]. Furthermore, calcined LDH and layered double
oxides (LDO) usually have a higher adsorption perfor-
mance as a result of the rehydration and reconstruction pro-
cesses [21]. Hence, LDH is considered to have the potential
application for removing environmental contaminants.
Zirconium and zirconium oxide in different forms had
been previously introduced into adsorbents for enhanced
removal of arsenic from aqueous solution [22]. In this study,
the element zirconium was tentatively incorporated into
MgAI-LDH via a facile chemical co-precipitation method
to enhance its adsorption capability for oxyanions removal.
The introduction of Zr might influence the fundamental
structure of MgAI-LDH. In order to maintain the unique
structures of MgAl-LDH as much as possible, the pre-
sumed molar ratio between Zr and LDH was controlled to
be as low as 1:100 during LDH preparation. Both the Zr/
LDH and Zr/LDO (calcined at 500°C) were employed for
the adsorptive removal of phosphate from water. Scanning
electron microscopy, X-ray diffraction patterns and Fourier-
transform infrared spectroscopy (FTIR) were conducted
to explore the properties of the optimized adsorbent
Zr/LDO. A series of batch adsorption experiments were
conducted to investigate the effect of solution pH, adsorp-
tion kinetics and isotherm to understand the adsorption
behavior and mechanism of the Zr/LDO profoundly.

2. Materials and methods
2.1. Materials

Dihydrogen orthophosphate (KH,PO,) and other
chemicals were purchased from Tianjin Kermel Chemical
Reagent Co., Ltd., (Tianjin, China). Other chemicals used
including Mg(NO,),, AI(NO,),, ZrOCl,-8H,O were of ana-
lytical-reagent grade. Deionized (DI) water was used
throughout this study.

2.2. Preparation of adsorbents

Zr-modified layered double hydroxides were prepared
via a facile co-precipitation method. Briefly, a 100 mL solu-
tion containing ZrOCl,-8H,0 (1:100, presumed molar ratio
between Zr and LDH), Mg(NO,),-6H,0, and AI(NO,),-9H,0

(Mg/Al =2.5/1 (molar ratio)) was added, dropwise and with
vigorous stirring, to another 100 mL solution with NaOH
and Na,CO,. The pH value of the solution was kept at
8.5~9.5. The slurry was then aged in a water bath at 80°C
for 3 h. The precipitate was centrifuged, washed with DI
water until the pH of the supernatant was neutral and
dried at 80°C overnight. Subsequently, the dry material was
ground into fine powder and stored in a desiccator for fur-
ther use. The Zr/LDH solid was calcined at 500°C for 3 h to
obtain the corresponding Zr/LDO500, which was denoted
as Zr/LDO in the following tests. Similarly, the Mg/Al LDH
and LDO were also prepared as controls [22-24].

2.3. Characterization

The prepared Zr/LDO was characterized with a Philips
Quanta-2000 (The Netherlands) scanning electron micro-
scope (SEM) coupled with an energy-dispersive X-ray (EDX)
spectrometer. Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku D/MAX-3B X-ray diffractome-
ter (Japan). FTIR spectra (KBr pellets) were recorded on a
Nicolet NEXUS 470 FTIR spectrometer (USA) from 400 to
4,000 cm™. The Zr/LDH500 with a Zr and LDH molar ratio
at 1:100 was measured using X-ray photoelectron (PHI 1600
ESCA, Perkin-Elmer Co., USA).

2.4. Batch adsorption experiments

Batch adsorption experiments were conducted in a
series of 100 mL conical flasks to investigate the adsorption
performance of the Zr/LDO. A stock phosphate solution of
500 mg L™ was prepared by dissolving KH,PO, in DI water.
For the test of adsorption isotherm, 10 mg of the Zr/LDO
was added into 50 mL of phosphate solution with the con-
centration range from 2 to 300 mg L. And for the test of
pH effect, 10 mg of the Zr/LDO was added into 50 mL of
phosphate solution with an initial concentration of 5 mg L.
As preliminary kinetic experiments indicated that 72 h was
sufficient to reach the adsorption equilibrium onto Zr/LDO,
these flasks were shaken on a horizontal shaker for 72 h at
a speed of 140 rpm. In the kinetic study, the beaker contain-
ing 1,000 mL of phosphate solution (5 mg L) and 200 mg
adsorbent were being constantly stirred by a magnetic
stirrer. Samples were collected at the desired time inter-
val. The reaction temperature was controlled at a constant
temperature of 298 K except for the study on the adsorp-
tion isotherm at different temperatures. All the solution pH
values were maintained at neutral pH except for the study
of the pH effect. The solution pH was adjusted by adding
diluted HNO, or NaOH solution.

2.5. Analysis methods

The concentration of soluble phosphate of samples, after
being filtered through a 0.45 um syringe filter, was deter-
mined photometrically with the molybdenum blue method
and then analyzed using an UVmini-1240 spectrophotometer
(Shimadzu) by monitoring at the wavelength of maximum
absorption (700 nm) [25].

The adsorption capacity (g, g,) was calculated by the
following equations:
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where g, and g, (mg g™) are the adsorption capacity at
equilibrium and time t (min), respectively; C, C, and C,
(mg L) are the concentrations of phosphate at the ini-
tial stage, equilibrium and ¢ (min), respectively; V (L) is
the volume of solution, and W (g) is the mass of the LDH
related adsorbents.

3. Results and discussion
3.1. Optimization of the adsorbent

The possible enhancement effect of Zr on the adsorp-
tion of phosphate was investigated and compared when
the presumed molar ratio between Zr and LDH was only
1:100 for the Zr/LDH and Zr/LDO, as illustrated in Fig. 1.
The uptake of phosphate on the LDH, Zr/LDH, LDO and
Zr/LDO achieved 9.19, 10.21, 12.18 and 22.37 mg g, respec-
tively. Similar to other research on LDH and LDO, calci-
nation at 500°C could increase the specific surface area
and the pore volume of LDH [26,27]. Both LDO and Zr/
LDO in this research outperformed the corresponding
LDH and Zr/LDH for the removal of negatively-charged
phosphate. Compared to LDH and LDO, the adsorption
capacity for phosphate by the corresponding LDO and
Zr/LDO was improved by 11.1% and 83.7%, respectively.
The introduction of Zr enhanced the adsorption capabil-
ity for phosphate removal for both LDH and LDO. As to
Zr/LDO, the removal efficiency for phosphate reached as
much as 89.5% and the phosphate remaining in the treated
solution (5.0 mg L) was only 0.525 mg L. The reason
might be that the introduction of Zr into LDH and LDO
could provide more binding sites for phosphate uptake.
Totally, the above demonstrates that only a very limited
amount of Zr could enhance the adsorption capability
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Fig. 1. Effect of Zr content on the adsorption of phosphate.

of LDO significantly, indicating a possible application
of Zr/LDO on treating phosphate wastewater. Accordingly,
Zr/LDO was selected in the following experiments.

3.2. Adsorbent characterization

The SEM morphologies of Zr/LDO were measured.
As presented in Fig. 2, the synthesized Zr/LDO consists of
plate-like particles, which is a characteristic morphology
of LDO. From Fig. 2b, most of the particles are naturally
less than 5 um, while the thickness of these particles is
within 2 pm. From the sophisticated structures of these
particles illustrated in Fig. 2¢, the fine LDO flakes are few
hundred nanometers although they are stacked together
compactly. Additionally, from EDS analysis, the average
Zr content is up to 0.11% (at%), which is quite close to
the Zr content in the precursor solution. The contents of
Mg and Al are 16.15% and 7.86% (at%), respectively. The
ratio between Mg and Al is 2.05, which is lower than the
Mg/Al ratio of 2.5 in the precursor solution.

As shown in Fig. 3, the well-defined powder XRD
patterns of Zr/LDH and Zr/LDO show the characteristic
reflections of the LDH and LDO phase, indicating that the
introduction of Zr did not change the crystal structures of
LDH and LDO. The broad diffraction peaks indicate a high
degree of crystallinity as well. The diffraction peaks of (110)
and (113) at 20 = 60°~62° is quite clear for Zr/LDH, indi-
cating a high purity of the two adsorbents. Differently, the
diffraction peaks at around 29° and 31.5° might contribute
to the Zr hydroxides and oxides. Meanwhile, after calcina-
tions treatment, the diffraction peaks of (003), (006) and (009)
became not so well-defined as those of the raw Zr/LDH.
The diffraction peaks of (110) and (113) on the Zr/LDO almost
combined to one peak. These demonstrated that collapses
of the layered structures of LDH occurred during calcina-
tion treatment, in which the interlayer water and anions
were removed and partially mixed metal oxide formed.

The FTIR spectra of Zr/LDH and (b) Zr/LDO were
recorded as a comparison, which is presented in Fig. 4.
For the two sorbents, there are not typical characteris-
tic absorptions of Zr species. The absorption band at
3,200~3,700 cm™ is attributed to the O-H stretching vibra-
tion of the metal hydroxide and interlayer water, while
the weak band at 1,626 cm™ corresponds to the bending
mode of the absorbed water. The sharp band at 1357 cm™
is typically assigned to the interlayer anions CO,* [28,29].
Compared to Zr/LDH, the bands at 554, 636 and 767 cm™
almost disappeared on Zr/LDO due to collapses of layered
structures during calcination at 500°C, which indicates the
various lattice vibrations associated with metal hydroxide
sheets [30].

3.3. Adsorption kinetics under different pH conditions

In order to further understand the adsorption prop-
erties, the following kinetic models were utilized to fit the
experimental data [31,32]:

Nonlinear pseudo-first-order model

q,=q,(1-¢™) 3)
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Fig. 2. SEM micrographs of the Zr/LDO under different proportions.
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Fig. 3. Powder XRD patterns of (a) Zr/LDH and (b) Zr/LDO. Fig. 4. FTIR spectra of (a) Zr/LDH and (b) Zr/LDO.
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where g, (mg g7) and g, (mg g') represent the adsorption
capacities of the adsorbent at equilibrium and at time t (min),
respectively; while k, and k, mean the related adsorption rate
constants for pseudo-first-order and pseudo-second-order
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models, respectively; at the same time, 4 is the constant
number and k is adsorption rate constant.

Solution pH usually influences the phosphate uptake
on LDH and LDO to a large extent. Herein the effect of
solution pH on the adsorption kinetics of phosphate
onto Zr/LDO was investigated at pH 5.0, 7.0 and 9.0,
respectively. The above kinetic models were used to
fit the experimental data.

As demonstrated in Fig. 5a and b, the experimental
data was comparatively simulated by linear kinetic mod-
els including the pseudo-first-order and pseudo-second-
order models. The parameters simulated for the two models
are listed in Table 1 as well.

As the pK,, pK, and pK, values of phosphoric acid
are 2.15, 7.20 and 12.33, respectively. It can be deduced
that, within the pH range of 3.0~10.0, negatively charged
H,PO; and HPO?" are the prevailing species of phosphate.
As such, below the pH_ , Zr/LDO is more negatively
charged with decreasing solution pH, which facilitates
the adsorption of phosphate species evidently. The fitted
results are in accordance with the analysis. The correlation
coefficients of pseudo-second-order kinetic model were all

2504 (b)
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Fig. 7. Linear (a,b) and non-linear (c) adsorption kinetics for pseudo-first-order, pseudo-second-order and Elovich simulation for

the adsorption of phosphate onto Zr/LDO.
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Table 1
Linear kinetic parameters simulated for the adsorption of phosphate onto Zr/LDO

Linear pseudo-first-order model

Linear pseudo-second-order model

q, (mg g k; (min™) R? q, (mg g™) k, (mg g min”) R
pH=5.0 13.75 9.61 %10 0915 20.70 3.60 x 10 0.998
pH=7.0 12.93 1.04 x 107 0.919 20.76 4.37 x 10" 0.999
pH=9.0 12.10 8.30 x 10 0.906 18.86 4.77 x 10" 0.999

above 0.998, which was especially higher than those of the
pseudo-first-order model. The calculated g, (mg g™) values
were much close to the experimental values using pseudo-
second-order kinetic model. Apparently, pseudo-second-
order kinetic model fitted the experimental data better. As
pseudo-second-order kinetic model was used to describe
chemisorption process, it might be inferred that chemisorp-
tion occurred between phosphate molecules and the Zr/
LDO surface. In literature, similar kinetic results have been
obtained for the adsorption kinetics of various inorganic and
organic pollutants on different adsorbent materials [33-35].
Meanwhile, the experimental kinetic data at pH 5.0,
7.0 and 9.0 were fitted by the three non-linear kinetic mod-
els, and the simulated curves are also presented in Fig. 5c.
At the same time, the calculated kinetic parameters were
listed in Table 2. Apparently, it was noted that the pseudo-
second-order model fitted the experimental data better
than the pseudo-first-order and Elovich kinetic models
because the experimental points were much closer to the
simulated curves of the pseudo-second-order model. The
correlation coefficients (R? of the pseudo-second-order
model were the highest and most of them were above 0.981,
which demonstrated that the overall adsorption process
was controlled by a chemisorption process. This conclu-
sion was consistent with the above conclusion derived from
the linear pseudo-first-order model and pseudo-second-
order model. It should be mentioned that Elovich model
suitably described the adsorption kinetics to some extent,
in which the rate-determining step might be diffusion in

Table 2

nature. It could be concluded that chemisorption occurred
between phosphate molecules and Zr/LDO adsorbent.

3.4. Adsorption isotherms

As illustrated in Fig. 6, for simplicity, only the adsorp-
tion isotherm at 298 K was fitted by the nonlinear Langmuir,
Freundlich, Temkin and Redlich-Peterson models. The fit-
ting parameters for the four models were also tabulated
in Table 3. The Langmuir adsorption isotherm has been
the most widely used adsorption isotherm to express the
adsorption of a solute from a liquid solution. The saturated
monolayer isotherm can be represented as [36]:

— quLCe

8
T 1vkC ®

The Freundlich isotherm, an empirical equation describ-
ing the adsorption onto a heterogeneous surface, is com-
monly presented as [37]:

1

9. =kC ©)
The Temkin isotherm can be written as [38]:
q,=A+BInC, (10)

The three-parameter Redlich-Peterson isotherm equa-
tion is proposed to improve the fit by the Langmuir and
Freundlich equation and is given by Eq. (11) [39]:

Non-linear kinetic parameters simulated for the adsorption of phosphate onto Zr/LDO

Model pH=5.0 pH=7.0 pH=9.0
Pseudo-first-order model

k, (min™") 5.06 x 10°° 5.6 x107° 5.83 x 1073
q,(mgg™) 19.22 19.51 17.55

R? 0.972; 0.902 0.961; 0.901 0.963
Pseudo-second-order model

k, (g mg™ min™) 3.36 x 10+ 4.08 x 10+ 4.61 x10°
q,(mgg™) 20.59 20.63 18.62

R? 0.981; 0.971 0.982; 0.967 0.984
Elovich model

a (g mg™ min™) -4.74 —4.36 -3.44

k (mg g 3.04 3.07 2.70

R? 0.953; 0.984 0.975; 0.982 0.967
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where g, is the amount of the adsorbed adsorbate (mg g™')
at equilibrium, g, is the monolayer adsorption capac-
ity of the adsorbent (mg g™), C, is the concentration of
adsorbate in the solution at equilibrium (mg L), k, is the
Langmuir isotherm constant (L mg™) that is related to the
adsorption energy, k, is the Freundlich constant, 1/n is
the adsorption intensity, A and B are isotherm constants.

From Fig. 6, generally speaking, Langmuir, Freundlich
and Redlich-Peterson models could better fit the exper-
imental data as the experimental points are quite close
to the simulated curves. Based on the correlation coeffi-
cients (R?) listed in Table 3, at the three temperatures, the
R? values from Redlich-Peterson model are the highest
among the four isotherm models and this demonstrates
that Redlich-Peterson model is the best to fit the experi-
mental data, which is consistent with other study [40]. The
R? values from Langmuir model are slightly higher than
those from Freundlich model, indicating that the phosphate
adsorption process on Zr/LDHO was saturated monolayer
adsorption to a large extent. From Langmuir model, the
calculated maximal adsorption capacities for phosphate at
288, 298 and 308 K were 148.1, 109.4 and 95.5 mg g, respec-
tively. It is obvious that the adsorption capacity decreased
with increasing temperature, indicating that the adsorp-
tion process is exothermic in nature. Similar endothermic
adsorption behavior was reported for many adsorbent-
pollutant systems in literature [41,42]. Nevertheless, from a
practical point of view, Zr/LDO with such a high adsorption
capability is expected to be used as an alternative to com-
mercial adsorbents for phosphate recovery and removal
from aqueous solutions.

3.5. Effect of natural organic matter and coexisting anions

Natural organic matter and coexisting anions are
usually capable of influencing the uptake of phosphate.

Table 3
Simulated isotherm parameters for phosphate adsorption at
different temperatures

288 K 298 K 308 K
Langmuir
9o (Mg g7 148.1 109.4 94.5
k, (Lmg™) 0.021 0.021 0.019
R? 0.997 0.992 0.998
Freundlich
k. 11.32 9.35; 9,947 6.87
n 2.17 2.28 2.16
R? 0.953 0.984 0.975
Temkin
A -20.53 -7.03 -11.93
B 25.35 16.91 15.59
R? 0.937 0.927 0.940
Redlich-Peterson
A 2.61 3.92 1.97
B 0.00820 0.121 0.0295
g 1.14 0.78 0.94
R? 0.998 0.994 0.998

The effect of natural organic matter and coexisting anions
on phosphate uptake on Zr/LDO was investigated and
the results are presented in Fig. 7. Humic acid (HA), as a
typical natural organic matter, is a kind of macromolecule
organic compound widely existing in natural water body.
As illustrated in Fig. 7a, the uptake of phosphate reduced
from 20.7 mg g in the absence of HA t017.3 mg g™ in the
presence of 5 mg L of HA. A slight decrease of 16.4% indi-
cates a weak influence of HA on the phosphate uptake.
On the other hand, the ubiquitous coexisting anions such
as CI, SOF and HCO; are commonly occurring anions
in natural environment, which are supposed to compete
with phosphate for active sites of a given adsorbent to
some extent. Fig. 7b demonstrates that the total adsorp-
tion of phosphate decreased with an increasing concentra-
tion of these competing anions. The uptake of phosphate
decreased from 20.7 mg g in the absence of anions to
17.4, 16.1 and 10.6 mg g™ in the presence of 0.1 M of CI,,
SOz and HCO;, respectively. The competitive effect of
these anions can be ranked in the order HCO, > SO > CI,
which agrees with the ionic potential z/r, where z is charge
of the anion and r is size of the anion. Nevertheless, due
to a higher ionic potential z/r of bi-and tri-valent anions,
bi- and tri-valent anions are more competitive than mon-
ovalent anions with the exception of HCOj. The reason of
HCO; showing a higher influence on phosphate adsorp-
tion was probably attributed to the fact that the hydrolysis
of CO? increased the competing OH™ concentration and
consequently reduced phosphate uptake. Furthermore,
in most cases, the presence of the three inorganic anions
decreased the adsorption capacity far less than 50%, sug-
gesting that H,PO; has a high affinity to Zr/LDO and that
anion-exchange might not be the predominant mechanism
for phosphate adsorption on Zr/LDO.
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Fig. 7. Effect of natural organic matter (a) and coexisting anions (b) on phosphate adsorption.

4. Conclusion

A very limited amount of zirconium (1:100, presumed
molar ratio between Zr/LDH) was creatively introduced
into the Mg/Al LDH substrate via a facile co-precipita-
tion method to enhance its adsorption capability towards
phosphate. By comparing the adsorption capability of
LDH, Zr/LDH, LDO and Zr/LDQO, it was found that Zr/
LDO, which was subjected to calcination at 500°C, out-
performed other adsorbents. By surface analysis, the
synthesized Zr/LDO consists of plate-like particles with
sophisticated structures. The high adsorption performance
was observed at weakly acidic and neutral solution pH.
Kinetic analysis indicated that phosphate adsorption on Zr/
LDHO well fitted by the pseudo-second-order model. The
Redlich—Peterson model did the best job to fit the adsorp-
tion isotherm data. By Langmuir model, the calculated
maximal adsorption capacity for phosphate at 298 K was
109.4 mg g'. Thermodynamic and kinetic experiments
demonstrated that the phosphate adsorption was a spon-
taneous, exothermic and chemically adsorptive process.
The coexisting anions and natural organic matter could
inhibit the phosphate uptake to some extent.
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