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ARTICLEINFO ABSTRACT

Keywords: Although different treatment techniques have been developed to eliminate phosphorus contamination, including
Layered double: hydmxide for wastewater treatment, treated water often fails to meet quality regulations. Amorphous-ZrOz/Mg-Fe layered
Amorphous zirconia double hydroxide (LDH) composites with different molar ratios (Zr/Fe = 0.5-2) were prepared in two-stage
Composite synthesis by the combination of coprecipitation and hydrothermal methods. The requirement of high-
Phosphate L . . .

Adsorption temperature calcination in the LDH for phosphate adsorption could be eliminated by the synthesis of the com-

posite. Moreover, the phosphate adsorption ability of the composite was higher than that of the individual LDH
and amorphous-ZrOs. The additionof ZrOs increased the phosphate adsorption ability of composite at low pH.
The adsorption capacity was iner by decreasing the pH and increasing the temperature (from 290 to 324 K).
The bicarbonate (HCO3) was the most competitive anion for phosphate adsorption. The pseudo-second-order
model provided the best description of the kinetic adsorption data. Furthermore, the adsorbed phosphate was
easily desorbed by 1 N of NaOH solution. The results suggest that the amorphous-ZrO2/Mg-Fe LDH composite is
a promising material for phosphate removal and recovery from wastewater. Ongoing research will investigate the
performance of the composite for real wastewater as well as the mechanism of phosphate adsorption on the
composite surface.
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1. Introduction

Phosphorus is imperative for the growth of all living things and is
also used in food production [1]. However, excessive discharge of
phosphorus in waterbodies often causes serious eutrophication prob-
lems, which leads to algal blooms, the disruption of aquatic ecosystems,
and water quality deterioration [2]. Different treatment techniques have
been developed to eliminate phosphorus (usually existing as phosphate
in water) contamination, including biological and chemical methods,
which have been widely used in wastewater treatment [3]. However,
these methods have some limitations, such as the high cost of neutral-
izing products and handling the produced sludge for chemical methods
[4], and inefficient elimination of trace levels of phosphate for biological
methods [5]. Moreover, the resultant treated water often fails to meet
the strict regulatory quality standard for phosphorus, which has recently
become more stringent for wastewater treatment in some countries [6].
For example, the standard has been revised from 1.0 to 0.5 mg-P L™ in
China, and from 2.0 to 0.2 mg-P L' in some areas of Korea [7]. The
concentration of phosphorus must be maintained as low as possible—-
even in waterbodies that are assessed as having a ‘good’ environmental
condition—in order to conserve the water environment for the next
generation, especially considering the difficulty of restoring eutrophic
waterbodies.

Phosphate rock deposits are a non-renewable resource and experts
estimate that reserves will only last until 2170 given the present usage
and population growth rate [2]. Hence, the recovery and reuse of
phosphorus offer the best strategies to meet the future phosphorus de-
mand. Accordingly, adsorption represents a fascinating separation
technique for phosphate from water because of the possibility of phos-
phorus recovery [5]. Moreover, this approach has many advantages,
such as efficient, easy operating conditions, low sludge production, and
the possibility of regenerating the adsorbent [9].

In recent decades, layered double hydroxide (LDH) materials have
become very attractive as an inorganic anion adsorbent for deterging
pollution in nature by anion exchange in the interlayer [10]. LDH is a
layered material with hydroxide sheets, where a net positive charge is
developed on the layer because trivalent cations partially substitute
divalent cations. Unfortunately, the anion adsorption capacity of LDH is
greatly influenced by the calcination process during the synthesis of
LDH, whereby calcined LDH generally exhibits a higher adsorption ca-
pacity than uncalcined LDH [11,12]. Moreover, a high temperature,
which requires additional energy, is needed both for the synthesis pro-
cess and for the reuse of the material. In this study, a new composite of
LDH is explored to eliminate the high temperature requirement during
the synthesis process.

Many researchers have reported that the functionalization of zirco-
nia (Zr0,), an eco-friendly compound, markedly enhanced the phos-
phate adsorption ability of adsorbents [13-15]. This clearly relates to
the fact that Zr(IV) is easily hydrolyzed to form tetranuclear ions or
octanuclear species, thus producing a large number of hydroxylions and
water molecules, which are involved in the exchange of ligands with
phosphate ions in solution [16]. However, the application of pure zir-
conia is relatively high cost and requires a combination with other
low-cost materials to make it more cost-effective. Since LDH is a
bio-safe, low-cost, and environmentally friendly [17], combining zir-
conia with LDH is an attractive approach to lower the cost of zirconia
application and produce an environment-friendly adsorbent. Moreover,
enabling crystallization of zirconium (hydrloxides on the LDH matrix
can suppress the crystal growth resulting ' nanosized particles, in
which nanosized adsorbents are preferable because the crystal has a
large number of adsorption sites.

Several studies have investigated the adsorption of phosphate by Zr
modified LDH [18-20]. However, the type of modification of Zr to LDH
remains unclear, as research is inconclusive over whether the Zr ions are
distributed in the octahedral sites of the LDH layer, or if the growth of
zirconium (hydr)oxides occurs separately and they form a composite
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with LDH. As reported by Tichit et al. (2002) and Velu et al. (1998), the
mixing of solutions simultaneously containing LDH and Zr ions by a
simple coprecipitation method resulted in the modification and incor-
poration of Zr into the LDH layers [21,22]. Although the uptake prop-
erties of phosphate by Zr modified Mg-Fe layered double hydroxides
(MgFe-LDH), which was synthesized with the coprecipitation method,
were studied by Chitrakar et al. (especially in seawater) [ 18], the effect
of ZrOz on the adsorption stability of composites at low pH, as well as
the adsorption kinetics and thermodynamics of composites, have not yet
been explained.

In this study, a composite of amorphous-ZrOs (am-Zr) and MgFe-
LDH was synthesized and its application for phosphate removal was
systematically examined. The synthesis of the LDH and the addition of
Zr0, to the LDH were performed separately into two stages to minimize
the possibility of the LDH structural layer being modified by Zr ions. This
new preparation method implies further investigation of phosphate
adsorption characteristics of the composite, whereas a different prepa-
ration method could change the phosphate adsorption property of the
same materials [19]. The characteristics of the composite at different Zr:
Fe molar ratios were investigated, and their effect on the phosphate
adsorption capacity was evaluated. The effect of pH and competing
anions on phosphate adsorption to the composite were also ex‘iened.
Furthermore, adsorption kinetics, isotherm, and thermodynamic models
were applied to explain the properties of phosphate adsorption. Mean-
while, the reusability of the composite as phosphate adsorbent was also
considered.

2. Experimental
2.1. Materials

All the chemicals used in this study (FeCly-6H,0, MgCly,-6H,0,
ZrOCly-8H,0, NayCO4, KoHPO,, NaOH, and HCL) were analytical pure-
grade reagents that acquired from Wako Pure Chemical Industries,
Ltd., and used in their conditions as received without further purifica-
tion. DI water was used for the preparation of the metal salt solutions.

2.2, Preparation of am-Zr/MgFe-LDH composites

The composites were synthesized in two stages by the combination (i
coprecipitation and hydrothermal methods. For the first stage, a soluti
containing FeCls and MgCls with an Mg®*:Fe®* molar ratio of 3:1 and a
solution containing 1 M NaOH and 1 M NayCO3 with a 3:1 vol ratio were
added dropwise into 200 mL DI water under vigorous stirring. A pH of
10 was maintained under continuous stirring at room temperature
(~298 K) for 30 min. The obtained gel was filtered and washed five
times with DI water. For the second stage, the fresh LDH gel was dis-
solved into 500 mL of DI water. Different volumes of 1 M ZrOCl, were
added to obtain various Zr contents in{fle composites (0.5, 1.0, 1.5, and
2.0 Zr:Fe molar ratios). Concurrently, a 25% NaOH solution was added
to precipitate out the Zr0O; until a pH of —~10 was reached, and was then
stirred continuously for 30 min. The resultant precipitates were aged at
353 K for 24 h, whereby the gel was left in solution as a means of
improving its crystallization. They were then sepa and washed by
DI water until the filtrate pH was —~7 before being dried in an oven at
353 K for 24 h. As a comparison, MgFe-LDH (hereafter LDH) and am-Zr
were also synthesized separately under the same conditions as those
used for the composite synthesis. Calcined samples were obtained by
heating at 573 K for 3 h.

2.3, Characterization oﬁlm—Zr;’MgFe—LDH composites

XRD patterns were recorded on Rigaku Ultima IV Protectus diffrac-
tometer using Cu-Ku radiation at 40 kV, with a scanning speed of 1°/min
d 20 angle ranging from 5° to 70°. The FTIR spectra of the samples
were recorded on a Jasco FT/IR-4600 spectrophotometer within the
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range of 4000 to 600 em . SEM images were collected by using a JEOL
JSM-7600F field emission SEM at an accelerating voltage of 5 kV, in
which the powdered samy were prepared on a carbon tape coated
with a platinum film. The XPS spectra were obtained using a Thermo
Scientific K-alpha X-ray photoelectron spectrometer.

2.4. Batch adsorption experiments

K:HPO4 [99..:) was used to prepare a stock of phosphate solution,
which was then diluted to the desired concentration using DI water to
obtain the working solution. The solution was adjusted to the desired pH
by using diluted HCl and NaOH. The sample (0.01 g) was shaken in 100
mL of the K,HPO, solution (10 mg-P L~!) at 140 rpm for 24 h. The su-
pernatant was collected using a syringe and filtered through a 0.45 pm
filter. The residual phosphate concentration was analyzed in triplicate
using the ascorbic acid method and a Hitachi U-1800 UV /vis spectro-
photometer at a wavelength of 880 nm. The phosphate adsorption ca-
pacity was calculated using Equation (1):

__C"; Cxv 0 (63
where g, is the amount of adsorbed phosphate (mg-P g7 1), C; and C are
the initial and residual phosphate concentrations (mg L), respectively,
m is the weight of the adsorbent (g), and V is the volume of the solution
(L).

The effects of pH and competing anions on the adsorption capacity
were investigated by shaking 0.01 g of sample in 100 mL of 3 mg-P L~!
phosphate solution at different pH (2—10) and concentrations (0.005 M
and 0.01 M) of anions (Cl~, NO3, SOF ", and HCO3), respectively. The
adsorption kinetics was investigated by shaking a 0.01 g sample in 100
mL of 10 mg-P L~! phosphate solution. At various intervals between 0.5
h and 36 h, supematants were collected for the determination of their
phosphate concentration. The adsorption thermodynamics and adsorp-
tion isotherm were studied by different initial phosphate concentration
(1-50 mg L) at three different temperatures (290, 307, and 324 K) for
24 h.

qe

2.5. Desorption experiments

The desorption ability of the adsorbent was investigated using NaOH
(0.01,0.1, 1, and 2 N) solutions at time intervals between 1 and 60 min.
After the adsorption of 0.1 g of each sample in 10 mg-P L~! of phosphate
solution, the phosphate-loaded samples were filtered and dried at 373 K
for 24 h. The dried samples were subsequently dispersed in 50 mL of
each NaOH solution and shaken at 150 rpm. The phosphate concen-
tration in the supernatants was measured as previously described in
Section 2.4. The reusability of the adsorbent was examined by reusing
the desorbed adsorbent in a seven-cycle adsorption-desorption experi-
ment and measuring the adsorption performance at the end of each
cycle. In each re-adsorption experiment, the sample was dried at 373 K
for 24 h prior to the next adsorption. The desorption efficiency (%) was
calculated using Equation (2):

cv
G Desorption =— x 100 (2)
gm

where C is the phosphate concentration (mg L") after the desorption
process, V is the volume of solution (L), g is the amount of phosphate
adsorbed before the desorption process (mg-P g '), and m is the weight
of adsorbent (g).

3. Results and discussion

3.1. Effect of the Zr molar ratio and calcination

Fig. 1 shows the phosphate adsorption ability of the LDH, am-Zr, and
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Uncalcined samples
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LDH  Zr(0.5)LDH Zr(1)LDH Zr(1.5)LDH Zr2)/LDH
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Fig. 1. Phosphate adsorption on LDH, composites, and am-Zr, before and after
calcination. (Phosphate concentration: 10 mg-P L™; Dosage: 0.01 g; Volume:
100 mL; T = ~298 K; pH = 7; t = 24 h).

the composites both before and after calcination at 573 K. The com-
posites are denoted as Zr(x)/LDH, where x stands for the Zr/Fe molar
ratio in the LDH. Calcination caused a significant increase in the phos-
phate adsorption of the LDH. This was due to the surface adsorption and
memory effect (layered structure reconstruction) phenomena in the
calcined LDH, while in the uncalcined LDH, most of the phosphate
adsorption was only caused by anion exchange [23]. The addition of
am-Zr to the LDH matrix in the calcined samples markedly decreased the
adsorption capacity. The calcination process crystallized am-Zr to
tetragonal ZrOs by eliminating the hydroxyl groups that were involved
in the adsorption of phosphate as active sites, thus resulting in a sig-
nificant reduction in phosphate adsorption.

The introduction of am-Zr in the LDH matrix in the uncalcined
samples increased the adsorption capacity as the Zr content increased. In
particular, a significant increase in the adsorption capacity occurred as
the Zr/Fe molar ratio increased from 0 to 1.5 (from 30.40 mg-P g~ to
35.40 mg-P g~ '); however, only a slight increase was observed (to 35.70
mg-P g~!) when the molar ratio was further increased to 2. The com-
posites, except Zr(0.5)/LDH, had much higher adsorption capacities
than the LDH (17.99 mg-P g ') and am-Zr (32.00 mg-P g~ ') samples
individually. By eliminating the calcination process during the synthe-
sis, the energy consumption of the adsorbent production in the real
application can be reduced. Based on this result, the Zr(1.5)/LDH sam-
ple was chosen for the following adsorption study, and the term ‘com-
posite’ is used hereafter to refer specifically to this sample.

3.2, Characterization

The XRD patterns of the uncalcined LDH, am-Zr, composites are
illustrated in Fig. 2a. A broad halo around 20-40° of 20 was observed in
am-Zr, which is the typical pattern of amorphous ZrOz [20]. The un-
calcined LDH exhibited sharp peaks at 20 of 11.6°, 23.14°, 34.24°,
38.46°, 45.64°, 59.64°, and 60.92°, which correlated with planes (003),
(006), (009), (015), (018), (110), and (113) of LDH, respectively [24].
These typical peaks of LDH were also observed in the composites. The
lattice parameters ¢ and a of the LDH, which are related to the distance
between two neighboring LDH layers and mean cation—cation space,
respectively, were calculated using ¢ = dygy + 2dyps + 3dpge and a =
2d110 [25]. These parameters were approximately the same between the
LDH (c = 23.16 A and a = 3.08 A) and the Zr (1.5)/LDH composite (c =
23.20 A and a = 3.1 A), thus indicating that the LDH layers were not
modified by Zr atoms. In addition, the broad halo of the am-Zr was also
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Fig. 2. X-ray powder diffraction patterns of LDH, composites, and am-Zr (a)
before caleination, and (b) after caleination.

observed in all of the composites, which indicates that they were the
combination of the LDH and am-Zr with no other observed phase. Witha
lowering of the crystallinity, the adsorption capacity of the composite
increased. This signifies that the lowering of the crystallinity corre-
sponded to an increased specific surface area of the composite and an
increased amount of hydroxyl groups that acted as active sites [26].
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Fig. 2b displays the XRD pattemns of samples after calcination at 573
K for 3 h. The am-Zr showed the typical diffraction peaks for tetragonal
Zr0s. However, none of the composites exhibited diffraction peaks for
crystalline ZrOs, thus indicating that ZrOs had just started to be crys-
tallized and had a very small tetragonal crystal, which was due to the
interference of the LDH structure that collapsed during the calcination
process. The patterns for the LDH and composite indicate that the
layered structure of the LDH completely collapsed due to the removal of
structural water and carbonate anions from the interlayer.

The FTIR spectra of the LDH, composite, and am-Zr samples before
calcination in the range of 4000-600 cm ™! is shown in Fig. 3a. The OH
stretching yibration and LDH interlayer carbonate regions can be found
in this on. The intense and broad absorption band centered at
around ~3430 cm ! and the band at ~1640 cm ™! in all spectra could be
attribu'i to the O-H stretching and bending vibrations caused by hy-
droxyl groups and physically adsorbed water molecules in the samples,
respectively [27]. By comparingg$he FTIR spectrum of the composite
with that of LDH and am-Zr, the bands of the Zr-OH bending vibration
were observed round ~1353 cm ' and ~1565 cm_l, and the band
indicating co3” antisymmetric stretching in the interlayer was detected
at ~1358 cm ! [28,29].

The lattice vibrations for all samples can be observed in the range of
550-350 cm ! in the FTIR spectra as shown in Fig. 3b. All the bands
marked for the LDH reference sample in Fig. 3b represent the bending
and stretching vibration of M—0, M—0-M, and O-M-0 (M = Mg and Fe)
[30-36]. The as-prepared am-Zr sample shows strong absorption bands
~380 cm~! and ~389 em ! which are indicative for amorphous zirco-
nia [37,38]. Moreover, the tetragonal zirconia (t-Zr0Os) bands [37,
39-44] are also found in the am-Zr sample as shown in Fig. 3b, which
demonstrate that the nucleation of the metastable t-ZrOs phase occurred
at a few favored points inside the amorphous phase of the am-Zr sample
during synthesis. This was predictable since the amorphous zirconium
hydroxide has a similar structure with +Zr0O,, and consequently it pro-
motes the crystallization of +ZrO; nanocomposite from amorphous
structure [45]. All the observed bands in am-Zr and LDH samples are
found in the spectra of the composite sample, which signifies that the
composite comprises the two primary components, i.e. am-Zr and
MgFe-LDH.

The SEM images of the LDH, am-Zr, and composite are presented in
Fig. 4a—c. The image of the LDH shows the formation of a platelet-like
layered structure, which is characteristic of LDH materials, while the
image of am-Zr appears to show nanosized particles agglomerated to a
coral-like shape. The micrograph of the as-prepared composite reveals
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Fig. 3. FTIR spectra of LDH, compaosite (Zr (1.5)/LDH), and am-Zr before calcination in the range of (a) 4000-600 cm™, and (b) 550-350 cm™.
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Fig. 4. Scanning electron micrographs of (a) LDH, (b) am-Zr, (¢) composite before adsorption and (d) composite after adsorption, and (e) XPS spectra of composite

before and after phosphate adsorption.

that the platelet-like structure of the LDH was demolished and broke
into smaller nanoparticles with many pores. This combination sup-
pressed the growth of the crystal size and reduced the agglomeration of
ultrafine sized Zr0s. The morphology of the composite after adsorption
(Fig. 4d) was changed by the formation of a phosphate substance lagr
on its surface. From the typical XPS spectra shown in Fig. 4e, the
adsorption of phosphate onto the composite surface was confirmed by
the appearance of the P2p peak at 134.08 eV after adsorption [46].

3.3. Effect of solution pH

The initial pH dependence graph of phosphate adsorption on the
adsorbents is displayed in Fig. 5. The composite and am-Zr exhibited a
high phosphate adsorption capacity in very acidic conditions (pH < 3),
while the adsorption ability of the LDH decreased sharply, which was
possibly due to the potential dissolution of Fe and Mg in the LDH at very
low pH [47]. The composite could maintain its adsorption ability at pH
2, which was mainly due to the high chemical inertness of Zr0, even
though the LDH could not preserve its structure at such low pH.

~=- LDH
1001 g = —s— Composite
N e am-Zr
e L
£ s0- . S
é 601 o .
3 A
g N i i T
& On ——m ’.‘n..__ .__‘_:
20
U T T T T T T T T T

Initial pH

Fig. 5. Effect of initial pH on phosphate adsorption. (Phosphate concentration:
3 mgP L''; Dosage: 0.01 g; Volume: 100 mL; T = ~298 K; t = 24 h).

The high phosphate adsorption at low pH was primarily caused by
the positively charged adsorbent surface due to protonated hydroxyl
groups (OH3), which strongly attracted phosphate anions [48]. On the
other hand, the decreased removal efficiency at high pH was attributable
to the adsorbent surface, which gradually became more negative due to
the increased OH™ ions at higher pH. This led to a higher competition
with phosphate ions for binding sites on the surface [49]. Moreover,
H,PO; exists at low pH (2.1-7.2) and is more easily adsorbed on hy-
drated metal oxides than HPOj that exists at pH 7.2-12.36, thus
resulting in a lower adsorption capacity at high pH [50].

The composite showed the highest adsorption over a wide initial pH
range of 4-10, thereby indicating that adsorption on the composite was
less dependen@n the surface charge in comparison to the LDH and am-
Zr. The am-Zr on the surface of the LDH likely increased the number of
active sites and surface area, which minimized the competition of OH™
ions at high pH. The Lewis acid-base reaction was involved in adsorption
under alkaline conditions and was intensified at high pH [46]. The
active sites of the adsorbent acted as the Lewis acid, especially Zr atoms
that have empty d-orbitals, whereas phosphate anions acted as the Lewis
base and donated electrons to form a bond. This result implied that the
composite has a wide applicable scope of the pH ranging from 2 to 10,
which is suitable for practical utilization, considering that some adsor-
bents are susceptible to a wide pH range and become a serious problem
for wastewater treatment applications that require a long contact time.

3.4. Effect of competing anions

Some anions, such as chloride (Cl™), nitrate (NO3), sulfate (SO%‘),
and bicarbonate (HCO3), exist along with phosphate ions in waterbodies
and wastewater and compete for adsorption sites on adsorbents. The
phosphate removal efficiency in some ion solutions was measured to
examine the selectivity of phosphate adsorption on the composite. The
results are shownin Fig. 6, which illustrates that the coexistence of C1~,
NO3, and SO%_ ions had no significant effect on phosphate adsorption,
whereas the presence of HCO; considerably decreased the removal ef-
ficiency. The HCO; ion at a high concentration (high ratio of CO4/PO,)
and pH > 7 has been found to generate a highly competitive effect with
phosphate [51], whereby HCO3 also forms inner-sphere complexation
with metal hydroxide surfaces [52]. The strong pentacyclic complex
formed between Zri and HCO3 in the surface of the composite greatly
inhibited the adsorption of phosphate on the composite [53]. Moreover,
the addition of HCO3 would be expected to raise the original solution pH
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Fig. 6. Effect of common competing anions Cl~, NO3, SO7 , and HCOj3 on the
phosphate removal efficiency. (Phosphate concentration: 3 mg-P L; Dosage:
0.01 g; Volume: 100 mL; T = ~298 K; t = 24 h).

to a basic condition which would, in turn, also decrease adsorption ca-
pacity. The results indicate that the composite is unsuitable for reme-
diating phosphate from wastewater with a high HCO3 concentration.

3.5. Adsorption kinetics

The phosphate adsorption kinetics of the synthesized LDH, com-
posite, and am-Zr are presented in Fig. 7a. A rapid phosphate adsorption
onto the composite was observed within the initial 6 h, which then
became slower until reaching equilibrium. This adsorption rate was
faster than that of am-Zr, which became slower and reached equilibrium
after 9 h. The LDH reached equilibrium for —3 h, but the adsorption
capacity was markedly lower than that of the other samples.

To investigate the phosphate adsorption characteristics of the com-
posite, the adsorption kinetics were analyzed using pseudo-first-order
and pseudo-second-order models. These models are given by Equa-
tions (3) and (4), respectively:

In{g. — q,) =In(g.) — kit (3)

‘= _1 s+ ! 1 (4
g kq g

where g, and ¢ (mg g~!) are the amount of adsorbed phosphate at
equilibrium and time t, respectively; k; (h™') and ks (g mg~-h™!) are
the rate constant of the pseudo-first-order model and pseudo-second-
order model, respectively.

The linear regressions of the pseudo-first-order and pseudo-second-
order models are presented in Fig. 7b and ¢, respectively, and the
detailed parametric data are shown in Table 1. The obtained correlation
coefficient (R?) of the pseudo-second-order model was higher than that
of the pseudo-first-order model. The experimental value of g, (36.13 mg-
P g~ 1) obtained from the pseudo-s -order model was close to the
calculated value of g. (36.90 mg g'l). This indicates that the phosphate
adsorption process by the am-Zr/LDH composite followed the pseudo-
second-order model and chemisorption took control of the adsorption
[54].

3.6. Adsorption isotherm

To understand the type of phosphate adsorption onto the composite,
the adsorption isotherm was calculated using Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich (D-R) isotherm models which are
defined by Equations (5)-(8) respectively:
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Fig. 7. The plots of: (a) phosphate adsorption capacity of LDH, composite, and
am-Zr vs. contact time, (b) pseudo-first-order model of composite, and (¢)
pseudo-second-order model of composite. (Phosphate concentration: 10 mg-P L
1; Dosage: 0.01 g Volume: 100 mL; T = ~298 K; pH = 7).

Tablel'
Kinetic model parameters for phosphate adsorption by am-Zr/MgFe-LDH
composite.

Kinetics model Parameter Value

Pseudo-first-order g (mg-Pg ) 36.13
g (mgg " 17.29
ky(h'h) 0.3277
R? 0.8834

Psendo-second-order g (mg-Pg ) 36.13
g (mgg " 36.90
kafgmg 'hh) 0.0268
R? 0.9996
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where C, (mg-P L) is the phosphate equilibrium concentration; g, (mg-
P g~ 1) is the equilibrium adsorption capacity of the adsorbent; q,, (mg
g~ 1) is the theoretical maximum adsorption capacity of the adsorbent;
k(L. mg~!) is the Langmuir adsorption constant associated with the
adsorption energy; ky (mg g~ 1) is the Freundlich adsorption constant
associated with the adsorption capacity; n is a constant related to
adsorption intensity or surface heterogeneity; k; (L g_l) and b, (Jmol™ 1)
are an equilibrium binding constant and a constant related to the heat of
adsorption, respectively; E (kJ mol™) is the mean free energy of
adsorption; R is the universal gas constant (8.314J K~ mol™); and T
(K) is the absolute temperature.

As shown in Fig. 8, the amount of phosphate adsorbed increased by
increasing the initial concentration of the phosphate solution and the
surrounding temperature. This was due to the increased collision
probability and frequency between phosphate ions and composite active
sites. The non-linear fitting plots of adsorption using the Langmuir,
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Table 2 .
Isotherm relative parameters for phosphate adsorption by am-Zr/MgFe-LDH
composite.
Isotherm Isotherm constant Temperature
290 K 307 K 324 K
Langmuir ki (Lmg ) 0.062 0.243 0.189
Gm(mgg 1) 66.08 58.59 64.49
R 0.9113 0.8960 0.9568
Freundlich ke(Lg ") 11.07 20.56 18.59
1/n 0.39 0.27 0.32
R 0.9688 0.9984 0.9865
Temkin kgl 22,90 2816 11.00
be (3 mol ) 409.43 347.22 297.33
R 0.8285 0.9387 0.9407
D-R E (kJ mol ) 4.53 14.30 11.21
Gm(mgg 1) 44.56 47.94 51.14
R 0.8449 0.7704 0.8500

Freundlich, Temkin, and D-R equations are shown in Fig. 8a-d, and the
relative parameters of the models are summarized in Table 2. The R?
values of the Freundlich model (0.9688-0.9984) were greater than those
of the other isotherm models for all observed tempe
dicates that the Freundlich model was the best model to describe the
adsorption of phosphate onto the am-Zr/LDH composite. This suggests
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Fig. 8. The non-linear fitting plots of adsorption using the (a) Langmuir, (b) Freundlich, (¢) Temkin, and (d) D-R isotherm equations at different treatment tem-
peratures. (Dosage: 0.01 g; Volume: 100 mL; pH = 7; t = 24 h).
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that adsorption might have taken place on the surface containing het-
erogeneous binding sites with different energies, and that adsorption
was generated in multilayers on the surface [3,55]. This type of
adsorption involves both physical and chemical rption [56]. The
values of 1/n were lower than 0.4, which signified that the adsorption of
phosphate onto the composite was essentially favorable.

3.7. Adsorption thermodynamics

The thermodynamic parameters of phosphate adsorption can be
calculated from the adsorption isotherm at different temperatures by
using Equations (9)-(11):

ki =go 9)

AG"= —RT Inky (10)
ASY A

In k; = "R (11)

where kyis the distribution coefficient, AG? (kJ mol™') is the change of
Gibbs energy, and A8 (kJ mol™! K™') and AH® (kJ mol™") are the
change of entropy and enthalpy, respectively. The values of 45° and AH®
were determined by the plot of In kg and 1/T, where the intercept and
the slope of the plot correspond to AS°/R and AH? /R, respectively.

According to Equations (9)-(11), the thermodynamic parameters
were determined from the slope of In Ky and T~! (Fig. 9). The detailed
thermodynamic parameter values are listed in Table 3. The calculated
AG® values were negative, which indicates that the adsorption at all
observed temperatures occurred spontaneously. This value decreased
with increased temperature, thus indicating that adsorption was more
feasible at higher temperatures. The positive value of AH® reveals that
the adsorption process was endothermic. Furthermore, the positive
value of AS® suggests increasing randomness at the solid-solution
interface during the adsorption process.

3.8. Phosphate desorption and adsorbent reusability

The recycling performance of the composite was highly affected by
phosphate desorption from the composite. Fig. 10a shows the results of
the phosphate desorption in NaOH solutions of different concentrations
and shaking times, whereby the desorption percentage increased

9.4+

8.2 y=-2952.08x + 18.42 =
R? = 0.9829

8.0

T T
0.0033 0.0034

T'(K)

T T
0.0031 0.0032

Fig. 9. The plot of the relationship between In K; and T~ ! for the caleulation of
thermodynamic parameters of phosphate adsorption.
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Table 3
Thermodynamic parameters for phosphate adsorption by am-Zr/LDH
composite.
Temperature ka AGY (k] AHY (k] ASY (g
(K) mol ) mol ) mol ')
290 3679.46 ~19.81 24.54 0.1532
307 7282.72 ~22.71
324 1064885  -24.99
[ 710.01 N NaOH (@)
~100 E=—10.1 N NaOH
X 1 N NaOH
o
E’ 80+
B
o 60+
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B 404
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Fig. 10. (a) Phosphate desorption by different concentrations of NaOH solu-
tion, and (b) the reusability of comp@ite for phosphate adsorption with
desorption solution of 1 N of NaOH (the numbers above the bar are adsorption
retain ratio of phosphate adsorption by the composite).

remarkably from 0.1 N to 1 N of NaOH. The optimum desorption of
87.37% was achieved at 2 N of NaOH solution for 40 min desorption
time. This optimum desorption time was applied for the adsorbent
reusability experiments. Despite the fact that 2 N of NaOH yielded
higher desorption than did 1 N, the increase in the desorption was
insignificant in comparison to that from 0.1 N to 1 N; hence, 1 N of
NaOH was used in the reusability experiments to reduce costs.

Fig. 10b displays the reusability of the composite during seven cy-
cles. After the first cycle, the composite retained 95% of the adsorption
ability of the fresh composite. Subsequently, its adsorption ability
gradually declined continuously to 78% after the seventh regeneration
cycle. The decreasing adsorption ability of the composite reflects the
decreasing availability of binding sites on the composite surface after
each previous adsorption. The results of the reusability study demon-
strated that the composite can hold its removal efficiency at approxi-
mately 92% after 4 cycles, emphasizing the practicality and stability of
the composite in adsorbent reusability and phosphorus recovery.
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4. Conclusions

The am-Zr/MgFe-LDH composite was successfully prepared and used
for phosphate removal from aqueous solutions. The XRD analysis
showed that the modification of Zr on the LDH layers was eliminated by
a two-staged synthesis, which confirm t the synthesized adsorbent
was purely composite. The uncalcined composite with a Zr/Fe ratio of
1.5 at pH 7 had a phosphate adsorption capacity of 35.40 mgP g1,
which was higher than the uncalcined LDH (17.99 mg-P g ) and am-Zr
(32.00 mg-P g 1). It was also much higher than the calcined samples,
which demonstrated that the requirement of calcination in the LDH for
phosphate adsorption could be eliminated as a means of reducing energy
consumption. The adsorption ability of the composite was considerably
stable over a wide pH range and significantly increased at pH < 3, which
is suitable for practical application. However, this composite may not be
applicable to wastewater that contains a high HCO3 concentration. On
the other hand, this study elucidates the effect of ZrOs on the adsorption
ability of composites at low pH, as well as the adsorption kinetics and
thermodynamics of the adsorbent which was previously unexplained.
The regeneration study showed that the synthesized composite is a po-
tential adsorbent for phosphate removal and recovery from water.
Ongoing research aims to explain the adsorption mechanism of phos-
phate on the composite surface and will also test the composite using
real wastewater to validate our experimental findings.
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