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Abstract

Phosphorus removal from wastewater has become urgent because of eutrophication control. Phosphate concentration in control
for phosphate removal and recovery by Mg—Fe oxide has been investigated. The results show that the adsorption capacity of
phosphate by Mg—Fe oxide calcined at 450 °C was 28.3 mg/g, and it was kept at wide optimal adsorption pH ranges (4—10). The
coexisting ions had influenced phosphate adsorption process and the order is CO5>~ > S04%” >NO; > ClI", with the inhibition
rate of CO5” being 43%. Interestingly, phosphate concentration plays an important role in phosphate removal by Mg—Fe oxide.
Under higher initial phosphate concentrations (200-800 mg/L), Sips model was well fitted. In addition, the adsorption kinetics
was well described by the pseudo-second-order kinetic model before 25 min and the pseudo-first-order kinetic model after
25 min. In contrast, Langmuir model and pseudo-second-order kinetic model were fitted under lower initial phosphate concen-
trations (20—200 mg/L). The results of XRD, XPS, SEM, and TEM characterization show that Mg;(PO,), was formed by surface
precipitation under 800 mg/L phosphate solution, and Mg—Fe layered structure was present via the unique memory effect under
20 mg/L phosphate solution. Mg-Fe oxide can be recovered through CO5>~ ion exchange, and the removal efficiency of

phosphate was 56% after seven cycles.
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Introduction

Phosphorus is an essential nutrient and tends to be the most
limiting factor for all life growth on this planet (Hu et al. 2018;
Li et al. 2016b, 2018; Ooi et al. 2017). Any source of excess
phosphate ions entering a water body has the potential to
trigger eutrophication which has impacts on recreation, ecol-
ogy, esthetics, and drinking water treatment (Ajmal et al.
2018; Fu et al. 2018; Lin et al. 2019a). If people drink high
phosphate water, it will lead to the calcium in the body not
being fully absorbed and utilized, which is easy to cause frac-
ture, tooth loss, and bone deformation (Saberzadeh et al. 2016;
Zhong et al. 2015). New regulations call for significant
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reduction in phosphorus concentration in China, so it needs
to find new technology or novel materials for phosphorus
removal (Cai et al. 2012; Li et al. 2019; Zhan et al. 2016).
Biological treatment technique has been wildly applied for
phosphorus removal in wastewater treatment. However, the
temperature, pH, and organic loading of the wastewater have
great influence on the phosphorus removal efficiency; thus, its
effluent has difficulty in meeting emission standard (Bouraiea
and Masoud 2017; Lin et al. 2019b; Zhang et al. 2018).
Adsorption as advanced treatment technique is adopted to
treat phosphorus wastewater because of high removal efficien-
cy (Boeykens et al. 2017; Kong et al. 2019; Ogata et al. 2016;
Rashid et al. 2017). At the same time, adsorption is a very
effective separation technology, which has the characteristics
of low cost, simple design, easy operation, and environmental
friendliness (Foroutan et al. 2019¢, d; Shams et al. 2013;
Shafiee et al. 2019).

Layered double hydroxides (LDHs) have attracted in-
creased attention as sorbents in the removal of aqueous pol-
lutants, such as phosphorous, dyes, and bromate (Guo et al.
2019; Yan et al. 2015; Zhang et al. 2013). Large surface and
high anion exchange capacity make LDHs promising
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materials for phosphorus adsorption from wastewater. An in-
crease of the sorption capacity of LDHs is conducive by their
calcination at 300—500 °C, which results in the formation of a
uniform mixture of double oxides. Calcined LDH products
(CLDHs) in contact with aqueous solution are characterized
by manifestation of the memory effect; thus, anions can be
easily adsorbed to the interlayer spacing and the external sur-
face. Also CLDHs release metal cations and their hydroxides
in aqueous solution to buffer pH; high adsorption capacity
was maintained in ranges of pH 4-10 (Hatami et al. 2018;
Iftekhar et al. 2018). In general, multiple mechanisms includ-
ing surface adsorption, surface precipitation, and anion ex-
change in the interlayer contribute to the removal of phospho-
rus by the LDH-type materials (Li et al. 2016a; Novillo et al.
2014). The predominant adsorption mechanisms are related to
the temperature of heat treatment, metal content, anion con-
centration, and so on (Jia et al. 2016; Seftel et al. 2018). To
date, there are still many open questions and challenges re-
quiring further investigations in role of phosphate ions con-
centration in control for phosphate removal and recovery by
CLDHs (Ding et al. 2017; Yan et al. 2015). Therefore, it is
hypothesized that understanding the CLDH structure in dif-
ferent concentration of phosphate ions aqueous solution is
crucial for realizing high-performance phosphate recovery
and the modification of materials.

The objective of this study was to determine role of phos-
phate ion concentration in control for phosphate ion removal
and recovery by Mg—Fe hydroxide and Mg—Fe oxide. The
reason for choosing magnesium and iron is that they are less
toxic, environmentally friendly, and cheap (Mortazavi et al.
2011; Ramavandi et al. 2011, 2013). The phosphate ion ad-
sorption mechanism by Mg—Fe oxide under different phos-
phate ion concentrations was explained by the adsorption iso-
therm, kinetics, morphology, crystal structure, and valence
state.

Materials and methods
Materials

The chemical used for this project, including Mg(NO3),-6H,0O
(99.0%), Fe(NO3)3-9H,0 (98.5%), Na,CO3 (99.8%), NaOH
(96.0%), HCI (96.0%), and KH,PO4 (99.5%), were purchased
from Fengchuan Chemical Co. Ltd. All the chemical solutions
were prepared with the deionized water throughout the
experiment.

Preparation of Mg-Fe hydroxide and Mg-Fe oxide
Mg—Fe hydroxide was synthesized by coprecipitation method

with Mg(NOs),-7H,0 and Fe(NO3);-9H,0 (Mg/Fe molar ra-
tio 4:1) at pH 10+0.2 (Wan et al. 2017). Mg—Fe oxide was

obtained by the calcination process of the as-prepared Mg—Fe
hydroxide under different temperatures (200 °C, 300 °C,
450 °C, 500 °C, 600 °C) for 3 h in a tube furnace.

Characterization of the samples

X-ray diffraction (XRD) patterns of the as-prepared samples
were recorded on a Philips Panalytical X’Pert PROX-ray dif-
fractometer (PANalytical, Almelo, The Netherlands), using
Cu Ko radiation, to determine the stacking structures of the
respective samples at a scan rate 0f 0.022 /s~ ' in the 2 0 range
of 5°-90°. The applied current and accelerating voltage were
30 mA and 40 kV, respectively.

The thermal stability of the samples was studied by ther-
mogravimetric analysis (TGA, STA449-F5, NETZSCH,
Germany) in N, atmosphere from 30 to 1000 °C with a ramp
rate of 10 °C/min.

X-ray photoelectron spectroscopy (XPS) patterns of the
samples were recorded on a Thermo Fisher Scientific
ESCALAB250 X-ray spectrometer (Waltham, MA, USA),
fitted with a monochromatic Al excitation source (1486.6 eV,
15 kV, 10 mA). All spectra were calibrated to the C 1 s peak
(binding energy at 284.6 eV) for the adventitious carbon.

The morphology and particle size of the sample were char-
acterized by transmission electron microscopy (JEM-2100,
JEOL, Tokyo, Japan), operated with an accelerating voltage
of 200 kV, and magnification ranges of 0.5—1.5 million times.
All the sample specimens for TEM studies were ultrasonically
dispersed in ethanol, and one or two drops of the upper solu-
tion were pipetted out on a micro-mesh cupper grid. Before
the TEM analysis, the sample specimens were vacuum-dried
in the microscope column for 7—8 min.

Adsorption experiments

All the batch adsorption experiments were performed in
stirred on a shaker equipped with a thermostat at 200 rpm
and 25=+2 °C. The 100 mg/L phosphate ion solutions were
prepared by dissolving KH,PO, in deionized water. The pH of
the phosphate ion solution was adjusted to a certain value by
using 1.0 mol/L NaOH and HCI solutions. After adsorption,
the suspension was immediately filtered with a 0.22-pum
microfiltration membrane. The adsorption capacity (g., mg/
g) of the sorbent material for phosphate ions was calculated
by the mass balance as expressed in Eq. (1).

9. =", (1

where C; and C, are the initial and equilibrium concentration
of phosphate ions in solution after adsorption process (mg/L)
respectively, V is the volume of solution (L), and m is the
sorbent mass (g).
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Fig. 1 TG-DSC curves of the Mg—Fe hydroxide
Kinetic adsorption of phosphate ions

Adsorption kinetics of phosphate ions was carried out by
mixing a series of 2.0 g adsorbent with 600 ml phosphate
ions solution (20, 100, 800 mg/L) in a conical flask. The
mixtures were then constant temperature oscillation at
200 rpm at 25+0.2 °C. Two-milliliter solution sample
was obtained at a series of designated times for the mea-
surement of phosphate ion concentrations. The concentra-
tion of phosphate ions in the filtrates was analyzed.
Pseudo-first-order and pseudo-second-order kinetic
models were used to fit the adsorption experiment date
(Martin et al. 2018).

Adsorption isotherm of phosphate ions

Phosphate ion adsorption isotherms were determined by
mixing 0.1-g sample with 30 mL of a series of P solutions
(pH 5.0, 20-800 mg/L phosphate ions) in a polyethylene cen-
trifuge tube. After overnight mixing, samples were filtrated
through a 0.22-pum microfiltration membrane. The concentra-
tion of phosphate ions in the filtered was analyzed. Langmuir,
Freundlich, and Sips isotherm models were used for phos-
phate ion adsorption isotherms (Jang and Lee 2019; Najib
and Christodoulatos 2019).

Fig. 2 Powder XRD patterns (a) (a)

Table 1 BET area of MgFe-LDH calcined at different temperatures
Material BET area (mz/g) Pore volume (cm?/ 2)
MgFe-LDH 52.1 0.3603

MgFe-200 65.2 0.3875

MgFe-300 85.6 0.4445

MgFe-450 84.8 0.4191

MgFe-500 759 0.3704

MgFe-600 66.2 0.1877

Langmuir, Freundlich, and Sips equations were used to fit
the adsorption isotherm data.

Langmuir equations : ¢, = k,0C,/(1 + k. C,)

Freundlich equations : ¢, = k;C"/"

Sips equations : ¢, = kQCel/"/<1 + kCel/”)

where Q is the maximum adsorption capacity; ¢. is the ad-
sorption capacity at equilibrium; C, is the concentration at
equilibrium; ki, kg, and k are the constants of Langmuir,
Freundlich, and Sips equations respectively; # is the non-
mean system.

The recovery of Mg-Fe oxide and regeneration
experiments

Mg-Fe oxide adsorbed in 20 mg/L phosphate solution
was used for desorption, regeneration, and recycling.
The Mg—Fe oxide adsorbing 20 mg/L phosphate ion so-
lution was washed by 10% Na,CO; (stripping agent) for
12 h. The mixture was filtered, was dried, and then ob-
tained regenerated Mg—Fe oxide by calcinations at 450 °C
for 3 h in a tube furnace. The regenerated Mg—Fe oxide
again adsorbed 20 mg/L phosphate ion solutions. Then
the adsorption—desorption processes were repeated for
seven consecutive cycles.

and the phosphate ions adsorption

capacity (b) of the Mg—Fe
hydroxide

Intensity (a.u.)
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Results and discussion

TG-DSC curves of Mg-Fe hydroxide

The Mg—Fe hydroxide was decomposed in the calcination
process, revealing the transformation of Mg—Fe hydroxide
into Mg-Fe oxides. TG-DSC curves of Mg—Fe hydroxide is
shown in Fig. 1. In the DSC curve, two endothermic peaks
were detected correspondingly in this temperature range. The
first peak at 130.5 °C is present corresponding to the loss of
physically adsorbed water molecules. Then, the peak at
289.9 °C is associated with the removal of H,O and anion in
the interlayer. As the temperature increased to 450 °C, the
anion is completely removed and the total weight loss of the
catalyst reached 39.0% in the TG curve (Foroutan et al. 2018a,
b, ¢). The weight in the three steps became constant when the
temperature exceeded 450 °C.

Powder XRD pattern and phosphate ion adsorption
capacity of the Mg-Fe hydroxide under different
calcination temperatures

The powder XRD patterns of the Mg—Fe hydroxide under
different calcination temperatures are shown in Fig. 2a. The
characteristic reflection peaks for (003), (006), (009), and
(110) planes were present when the calcination temperature

Fig. 4 Phosphate ions adsorption

(a)

was under 200 °C, owing to the well-crystallized layered
structure of hydrotalcite-like type material (Bai et al. 2017).
The characteristic peak intensity of hydroxide became ex-
tremely weak and the characteristic peak intensity of oxide
began to appear at 300 °C. The diffraction intensity of LDH
becomes weak with the increase of the temperature, as a result
of the interlaminar collapse. The characteristic reflection
peaks for layer structure completely disappeared and all
diffraction peaks were corresponding well to the MgO
when the calcination temperature was more than 450 °C.
The adsorption capacity initially increased with increasing
temperature and decreased after 450 °C. Table 1 present
the BET area of MgFe-LDH calcined at different tempera-
tures, similar with the tread of its adsorption capacity, in-
dicating that surface area was important in the adsorption
process (Wang et al. 2016a, b; Lai et al. 2016; Sadeghalvad
et al. 2017). The adsorption capacity of phosphate by Mg—
Fe oxide calcined at 450 °C was 28.3 mg/g. There was no
the characteristic diffraction peaks of iron oxide in the
XRD results of the Mg—Fe oxide.

The phosphate ion adsorption by Mg—Fe hydroxide under
different calcination temperatures is illustrated in Fig. 2b. The
max adsorption phosphate ion capacity was 28.3 mg/g by the
Mg-Fe oxide with the treatment of calcination at 450 °C,
which was 2.46-fold higher than that of the Mg—Fe hydroxide
without calcination.

(b)
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Table 2 Standard
thermodynamic constant (AG®,
AS°, AH®) with phosphate
adsorption on MgFe-LDH

Influence of pH value and competitive ion
on phosphate ions adsorption by the Mg-Fe oxide

The pH is one of the important parameters to control the sur-
face charge of the adsorbent and species of adsorbate in an
aqueous medium (Esvandi et al. 2018; Foroutan et al. 2019b).
As shown in Fig. 3a, the capacity of phosphate ion adsorption
at solutions with different initial pH range (4-10) was negli-
gible change proving that Mg—Fe oxide kept strong adsorption
performance at wide optimal adsorption pH ranges. In addi-
tion, the last pH value after adsorption experiments was main-
tained at 11-12 owing to the buffering capacity of ‘OH groups
on the surface of Mg—Fe oxide. With the elevation of pH, the
amount of positive charge in the aqueous solution declines,

Fig. 5 Adsorption kinetics of the
Mg-Fe hydroxide (a) and the
Mg-Fe oxide (b, ¢) under differ-
ent initial phosphate ion concen-
trations (20 mg/L, 100 mg/L,
800 mg/L)

@ Springer
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2019b).

and thus the competition between pollutants and positive ions
to occupy the adsorbent surface diminishes (Foroutan et al.

Municipal and industrial waters always contain coexistent
anions, including Cl, NO; ", SO427, and C0327, which may
compete with phosphate ions for the binding sites. The influ-
ence of competitive anions on phosphate ion adsorption varies
based on different adsorbent species. As shown in Fig. 3b, the
influence order on the adsorption capacity of phosphate ions is
CO;* >SS0, >NO; >CI . In the presence of 200 mg/L
CO5?, the adsorption capacity of phosphate ions was lower
than that without CO32_, the inhibition efficiency was 43.0%.
This fact indicates that CO;>~ has stronger combination ability
with Mg—Fe oxide than other anions.
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Table 3 Phosphorus removal capacity of different adsorbents

Material pH q. (mg P/g) Reference

Fe;0,@Zr0O, NA 27.93-69.44 (Wang et al. 2016b)
Fe-Si-La NA 27.80 (Lai et al. 2016)

Ni-Fe HPI NA 29.89 (Sadeghalvad et al. 2017)
Ceramic 4-10 5.96 (Wang et al. 2016a)

Adsorption isotherms of phosphate ions by Mg-Fe
hydroxide and Mg-Fe oxide

Adsorption isotherms describe the relationship between the
equilibrium adsorbate concentration in the solution and the
amount of phosphate ions adsorbed on the adsorbent.
Adsorption isotherms of phosphate ions by the Mg—Fe hy-
droxide and the Mg—Fe oxide are shown in Fig. 4. The phos-
phate ion adsorption amount was increased dramatically and
then reached equilibrium gradually with the increase of initial
phosphate ion concentration from Fig. 4a. Freundlich model
(R*=0.98, n=1.78, ky=1.425) was fitted and calculated qm
close to the value determined by the experiment, assuming
multilayer coverage on the Mg—Fe hydroxide surface with
identical adsorption sites (Ashekuzzaman and Jiang 2017,
Xi et al. 2019). In addition, the equilibrium uptake capacity
of phosphate ions was increased with the rise of temperature.
Table 2 presents standard thermodynamic constant (AG®,
AS®, AH®) with phosphate adsorption on MgFe-LDH. The
adsorption process of phosphate ions by the Mg—Fe hydroxide
was endothermic reaction because of AG® <0 (Halajnia et al.
2013). Interestingly, adsorption isotherm of phosphate ions by
Mg—Fe oxide was divided into two stages: Langmuir model
was fitted under lower initial phosphate ions concentrations
(20-200 mg/L), suggesting that the adsorption sites on the
Mg—Fe oxide of surface were homogeneous and the adsorp-
tion was monolayer adsorption (Fig. 4b) (Bonyadi et al. 2019;
Foroutan et al. 2020). Under higher initial phosphate ion con-
centrations (200-800 mg/L), the Sips model was better fitted
(Foroutan et al. 2019a). The Sips isotherm model is a versatile

Fig. 6 Powder XRD patterns of (

=]
'

isotherm expression that can simulate both Langmuir and
Freundlich behaviors (Vikrant et al. 2018; Yang et al. 2019).
The adsorption process was attributed to multiple adsorbent—
adsorbate interactions such as hydrogen bonding, 77t stack-
ing, and pore filling (Okoli et al. 2014). Thus, different phos-
phate ion concentrations have different adsorption mecha-
nisms by Mg—Fe oxide.

Kinetic adsorption under different phosphate ion
concentrations

Kinetic adsorption is one of the most important factors in
evaluating the efficiency of an adsorbent (Esvandi et al.
2018; Foroutan et al. 2019¢). Kinetic adsorption of phos-
phate ions by Mg—Fe hydroxide and Mg—Fe oxide under
different phosphate ion concentrations is shown in Fig. 5.
The adsorption of phosphate ions by Mg—Fe hydroxide
has reached equilibrium quickly at 40 min under 20 mg/
L, 100 mg/L, and 800 mg/L phosphate ion concentrations
(Fig. 5a). All kinetic data for Mg—Fe hydroxide under
different phosphate ion concentrations could be well de-
scribed by the pseudo-second-order kinetic model, indi-
cating that the chemisorption involving sharing or ex-
change of electrons dominates the whole adsorption pro-
cess (Yang et al. 2014). Similarly, the kinetic adsorption
of phosphate ions by Mg—Fe oxide was well described by
the pseudo-second-order kinetic model under 20 mg/L
and 100 mg/L phosphate ion concentrations (Fig. 5b).
Differently, the kinetic adsorption under 800 mg/L phos-
phate ion concentration was well described by the pseudo-
second-order kinetic model before 25 min and the pseudo-
first-order kinetic model after 25 min (Fig. 5c). The phos-
phate ion adsorption capacity strongly depended on the
initial phosphate ion concentration of solution. Table 3
presents phosphorus removal capacity of different adsor-
bents. Under higher phosphate ion concentration, the ad-
sorption capacity of phosphate ions by Mg—Fe oxide was
larger than that by other adsorbents.
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Fig.7 XPS spectra of the Mg—Fe (a)r - (b)Y 5
hydroxide (a) and Mg—Fe oxide s
(b) of before adsorption phos- R Felp
phate ion and after phosphate ion o | i Fenraranide AN . P
uptake ; 4 1y 3 L ¢ oXMie
E Mg-Fe hydroxide (20 mg P/L) £ § Meg-Fe oxide (20 mg P/L) L
= =
J_,«‘\___-—-‘J__‘J‘_‘LL J_—/‘\___——L_J_‘L
Mg-Fe hydroxide (800 mg P/L) Mg-Fe oxide(800 mg /L)
1200 900 600 300 0 1200 900 600 300 0
Binding energy Binding cnergy
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Fig. 9 Typical TEM, HRTEM,
the corresponding SAED
patterns, and EDS of a Mg—Fe
oxide, b Mg—Fe oxide (20 mg
P/L), and ¢ Mg—Fe oxide (800 mg
P/L)

. Mg-Fe oxide (20 mg P/L)

i Mg-Fe oxide

-j ﬁg'fl“ev_:ide (800 mg P/L)

-
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Adsorption mechanism of phosphate ions
by the Mg-Fe hydroxide and the Mg-Fe oxide
under different phosphate ion concentrations

The XRD, XPS, SEM, and TEM characterization of Mg—Fe hy-
droxide and Mg—Fe oxide in the adsorption process was further to
study phosphate ion adsorption mechanism. Figure 6 illustrates
the powder XRD patterns of the Mg—Fe hydroxide and the Mg—
Fe oxide after adsorption under different phosphate ion concen-
trations. As shown in Fig. 6a, the powder XRD patterns of the
Mg-Fe hydroxide have indicated sharp and symmetric reflections
assigned to the basal (003), (006), and (009) planes together with
the asymmetric, according to highly crystalline hydroxide layer
structures. The calculated basal spacing of Mg—Fe hydroxide is ~
0.802 nm, while the spacing of Mg—Fe hydroxide after absorbing
phosphate ions is smaller than the precursor. It is further proved
that phosphate ions can be adsorbed through anionic exchange.
As shown in Fig. 6b, the sample after absorbing 20 mg/L phos-
phate ion concentration by Mg—Fe oxide has already appeared
characteristic diffraction peaks of Mg—Fe hydroxide (PDF#) be-
cause the Mg—Fe oxide can take place the spontaneous rehydra-
tion, and LDH structure is recovered in aqueous solutions. After
absorbing 100 mg/L phosphate ion concentration of Mg—Fe ox-
ide, the characteristic diffraction peaks of MgO (PDF#) were
present. After absorbing 800 mg/L phosphate ion concentration,
the characteristic diffraction peaks for Mg3(PO,4), (PDF#) suggest
ion precipitation on the surface of Mg—Fe oxide. The predominant
adsorption mechanism contributes to reconstruction process at
lower phosphate ion concentrations and the surface precipitation
at higher concentrations.

Iron was not found in the XRD patterns; XPS spectra of
Mg—Fe hydroxide and the Mg—Fe oxide were further investi-
gated. The XPS spectra of the Mg—Fe hydroxide and the Mg—
Fe oxide after adsorption under 20 mg/L and 800 mg/L phos-
phate ion concentrations are shown in Fig. 7. The presence of
Mg, Fe, and O was detected in all XPS spectra. After phos-
phate ion adsorption, the spectrum of phosphate ions (2p) at a
binding energy of 132-136 eV was present in the post-
adsorption sample.

Removal rate (%)
o =1] =
(=] o o

N
o
T

1 2 3 4 5 6 7
Regeneration cycles

Fig. 10 The removal efficiency of phosphate ions by the regenerated
Mg-Fe oxide

@ Springer

XPS spectra of oxygen element were conducted to investigate
the surface chemical state of oxygen before and after adsorption
of 20 mg/L and 800 mg/L phosphate ions. As shown in Fig. &,
the O 1 s peaks for the Mg—Fe hydroxide, Mg—Fe hydroxide
(20 mg/L), and Mg—Fe hydroxide (800 mg/L) could be well
fitted with two overlapped O 1 s peaks, including oxide oxygen
(O?") and metal hydroxyl group (Me-OH). The binding energy
of oxide oxygen after the phosphate ion adsorption was shifted to
higher energy, indicating that P-O was instead of N-O by anion
exchange. Mg—Fe oxide has a more peak corresponding to metal
oxide (Me-O). After adsorption, Mg—Fe oxide (20 mg/L) only
appeared O°~ and —OH of two overlapped O 1 s peaks, similar
with Mg—Fe hydroxide, demonstrating reassembled hydrotalcite
structure. The binding energy of oxide oxygen after 800 mg/L
phosphate ion adsorption was shifted to 532.9 eV corresponding
to Mg3(POy), peak.

The morphology of the Mg—Fe oxide before and after adsorp-
tion characterized by HRTEM is shown in Fig. 9. The Mg—Fe
oxide was the collapsed plate-like structure upon the calcination
process. After adsorption of 20 mg P/L, Mg—Fe oxide was layer
structures because that phosphate ions take part in the reconstruc-
tion of the LDH through “memory effect” (Fig. 9b). The surface
of Mg—Fe oxide (800 mg P/L) has particle formation (Fig. 9c¢).
Some sets of selected area electron diffraction (SAED) pattern
respectively from the Mg—Fe oxide, Mg—Fe oxide (20 mg P/L),
and Mg-Fe oxide (800 mg P/L) matrix can be distinguished
clearly. The as-observed lattice spacing in the HRTEM image
was calculated to be 0.21 nm and 0.15 nm, matching well with
the (200) and (220) plane of hexagonal Mg—Fe oxide. It indicated
the (200) and (220) facet of mixed metal oxide lattice. Lattice
spacing of Mg—Fe oxide (20 mg P/L) in the HRTEM image was
calculated to be 0.265 nm, matching well with the (110) and
(111) plane of Mg—Fe oxide (20 mg P/L) and consisting with
XRD of patterns. Lattice spacing of Mg—Fe oxide (800 mg P/L)
in the HRTEM image was calculated to be 0.3 nm, indicating the
precipitation of magnesium phosphate ions. The EDS elemental
mapping images of Mg, Fe, O, and P of Mg—Fe oxide before and
after phosphate ion adsorption were presented. The green dots
representing phosphate ion elements distributed uniformly on the
entire surface of Mg—Fe oxide as shown in Fig. 9b, determining
the fact that the phosphate ions were intercalated into the inter-
layer galleries of Mg—Fe oxide via reconstruction process for
Mg—Fe oxide (20 mg P/L). It was observed the Mg, Fe, and O
distribution overlapped well with phosphate ions in the whole
sample surface for Mg—Fe oxide (800 mg P/L), which further
explain that the magnesium phosphate ions had formed on the
surface of Mg—Fe oxide.

Solid adsorbent regeneration
In order to investigate the recycle of Mg—Fe oxide under

20 mg/L phosphate ion solution, desorption through
Na,COs was tested and the removal efficiency of phosphate
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Fig. 11 The phosphate ion
adsorption mechanism by Mg—Fe
oxide under different phosphate
ion concentrations
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ions by regenerated Mg—Fe oxide is shown in Fig. 10. The
reusability of the solid adsorbents is considered a potential
economical parameter, investigated by reusing the solid adsor-
bent that embedded phosphate ions. The removal efficiency of
phosphate ions was decreased with the increased of recycle
times, which still can maintain above 56% for phosphate ion
adsorption after seven times. Therefore, the results indicated
the sodium carbonate as the better efficient desorbed for
adsorbed phosphate ions on Mg-Fe oxide. It implied that the
Mg—Fe oxide shows good stability and reusability for phos-
phate ion adsorption.

The phosphate ion adsorption mechanism by Mg—Fe oxide
under different phosphate ions concentrations is illustrated in
Fig. 11. For lower phosphate ion concentration, the recon-
struction process assisted the adsorption of phosphate ions
onto Mg-Fe oxide (Okoli et al. 2015). With the increase of
phosphate ion concentration in the external environment, the
phosphate ions directly bind with the surface of Mg—Fe oxide
by surface complexation (Okoli et al. 2014; Okoli and
Ofomaja 2019). For higher phosphate ion concentration, the
precipitation of Mg3(PO,4), was formed. Thus, different con-
centration phosphate ions could be adsorbed by Mg—Fe oxide
with different ways.

Conclusion

In this study, the role of phosphate concentration in control for
phosphate removal and recovery by Mg—Fe oxide was inves-
tigated. After calcination of Mg—Fe LDHs, Mg—Fe oxide has
higher adsorption capacity of phosphate and was kept at wide
optimal adsorption pH ranges. The coexisting ions (CO5%,
SO4*", NO; ™, CI") had influenced phosphate adsorption
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process. Combined with the characterization of XRD, XPS,
SEM, and TEM, the adsorption isotherm and kinetics on
phosphate ion adsorption by Mg—Fe hydroxide indicates that
an anion exchange is the main adsorption mechanism in the
wide concentration of phosphate ion concentration. However,
Mg-Fe oxide has different adsorption mechanisms under dif-
ferent phosphate ion concentrations. The results confirmed
anionic exchange at lower phosphate ion concentrations and
surface precipitation at higher phosphate ion concentrations in
the adsorption process. Efficient desorption of phosphate ions
and regeneration of adsorbents using CO5*  made the devel-
oped adsorbents a viable alternative to the common adsor-
bents available for treatment of aqueous phosphate ion pollu-
tion. Finally, the results are the importance of the understand-
ing the interaction between the Mg—Fe oxide and phosphate,
which is better to prepare the higher efficiency adsorbent and
optimization of the adsorption process.
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