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Abstract
Lanthanum molybdate/magnetite (M-La2(MoO4)3) with various LaCl3/Fe3O4 mass ratios was synthesized and optimized for
selective phosphate removal from wastewater. M-La2(MoO4)3 (2:1) was selected on the basis of phosphate sorption capacity for
further experiments and characterized by a variety of methods. The phosphate sorption kinetics, isotherms, and matrix effect were
studied. The maximum sorption capacity at initial pH 7 indicates the possible applicability M-La2(MoO4)3 (2:1) in removing
phosphate from the aquatic environment. Phosphate removal by M-La2(MoO4)3 (2:1) with high selectivity was achieved in the
presence of other co-existing anions, while calcium and magnesium ions were found to inhibit the sorption process. The sorption
isotherm study showed that Freundlich and Sips models fit better the Langmuir model, indicating that heterogeneous multilayer
sorption was dominant during the phosphate sorption process. Sorption kinetic results showed that the pseudo-first-order kinetic
model can describe well the phosphate sorption process by M-La2(MoO4)3 (2:1). Consecutive sorption–desorption runs showed
that M-La2(MoO4)3 (2:1) could be reused for a few cycles. Simultaneous removal of phosphate and organic matter was achieved
in real wastewater by using M-La2(MoO4)3 (2:1). The sorption mechanism was inner-sphere complexation.
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Introduction

Phosphorus (P) is one of the main factors that cause eutrophi-
cation in the aquatic environment. Its global reserves are esti-
mated to be exhausted in the next 50–100 years (Cordell et al.

2011; Dox et al. 2019; Peng et al. 2018). Many countries and
regions have thus implemented stringent P concentration stan-
dards. The USEPA suggested that the total phosphorus (TP)
should be below 50 μg P/L in a stream that enters a lake or
reservoir (Loganathan et al. 2014); in Australian and New
Zealand, it was recommended that the TP concentration
should be < 10–25 μg P/L in freshwater lakes and reservoirs
(Loganathan et al. 2014). Therefore, it is necessary to develop
highly efficient methods to realize phosphate removal to a low
level and recovery from wastewater.

Many efforts and treatment technologies have been applied
for P removal. However, traditional biological treatment
methods are sensitive to variations in temperature and phos-
phate concentrations, and chemical precipitation causes ex-
cess sludge to achieve the removal of low P concentrations
(Othman et al. 2018; Zhou et al. 2018). Sorption is a favorable
option because it can remove phosphate effectively even at
low P concentrations, although the regeneration is required
to achieve a sustainable wastewater treatment (Othman et al.
2018). Many sorbents have been developed for P removal,
such as biochar-based materials; however, many of them
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suffer from low sorption capacity and poor selectivity
(Vikrant et al. 2018). Moreover, co-existing anions and cat-
ions in wastewater at concentrations higher than phosphate
affect the phosphate sorption process because of electrostatic
interaction or formation of outer-sphere complexes (Pan et al.
2009). Therefore, it is desirable to develop a sorbent with high
affinity toward phosphate to achieve selective phosphate re-
moval from wastewater.

Recently, lanthanum-based materials have shown unique
properties in wastewater treatment, especially, strong affinity
toward phosphate sorption (Ghiasi andMalekzadeh 2015; Liu
et al. 2018; Wang et al. 2015). La-modified bentonite
(Phoslock®) has been used with real water and lakes. Its max-
imum sorption capacity was only 9.54–10.54 mg/g.
Lanthanum/activated carbon (Zhang et al. 2012), lanthanum/
graphene (Chen et al. 2016), and lanthanum/hydrogel (Dong
et al. 2017) have also been developed to enhance phosphate
removal from wastewater. Furthermore, various molybdate-
based materials with incorporated lanthanide (e.g., lanthanum
molybdate) may have the potential to be used as highly effec-
tive sorbents (Bharat et al. 2014); however, there is limited
knowledge about the application of La2(MoO4)3 for phos-
phate sorption and real-wastewater treatment.

Magnetic separation could achieve fast separation of mag-
netic particles from water compared with sedimentation or
filtration, and the introduction of Fe3O4 nanoparticles benefit
the separation and recovery of adsorbents. Although some
Fe3O4-based adsorbents have been developed for phosphate
removal, low sorption capacity and poor selectivity toward
phosphate restrict their performance in real wastewater
(Fang et al. 2017).

Therefore, the objectives of this study are to (1) synthesize
and optimize magnetic La2(MoO4)3/Fe3O4 nanocomposites
through a hydrothermal method for phosphate removal, (2)
to examine the selectivity of La2(MoO4)3/Fe3O4 in phosphate
removal, and (3) to elucidate phosphate sorption mechanisms
by incorporating batch experiments and spectroscopic inves-
tigations. This study provides a new sorbent for selective
phosphate sorption from wastewater.

Materials and methods

Chemicals

Iron(III) chloride hexahydrate (FeCl3·6H2O, ≥ 99%), trisodium
citrate (98%), ethylene glycol (≥ 99.5%), sodium acetate (≥
99%), lanthanum(III) chloride hydrate (LaCl3·xH2O, ≥ 99%),
ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, ≥
99%), and potassium dihydrogen phosphate (KH2PO4, ≥
99.5%) were obtained from Sinopharm Chemical Reagent
Co. (Shanghai, China). All other chemicals were analytical
reagents (AR) and used as received. Deionized (DI) water

produced by an ultrapure water system (Pcdxj-10, Pincheng,
China) was used in all experiments.

Synthesis of Fe3O4 nanoparticles and
La2(MoO4)3/Fe3O4 nanocomposites

Fe3O4 particles were synthesized as follows (Chen et al.
2010): 50 mL of ethylene glycol was mixed with 1.5 g of
FeCl3∙6H2O, 0.36 g of trisodium citrate, and 2.4 g of sodium
acetate, followed by stirring for 1 h at room temperature. The
mixture was then transferred into a Teflon-lined stainless-steel
autoclave (100 mL capacity) for heating at 200 °C for 10 h.
After cooling down to room temperature, the black products
(Fe3O4) were washed with ethanol and with deionized water
three times, and then dried under vacuum.

La2(MoO4)3/Fe3O4 nanocomposites were prepared accord-
ing to Li et al. (2017) and Wu et al. (2017) with a few modifi-
cations. LaCl3·xH2O (0.45 g) and 0.04 mol/L (NH4)6Mo7O24

(10 mL) were separately added into the Fe3O4 suspension
(0.45 g of Fe3O4 nanoparticles in 10 mL of DI water). The
above mixture was first stirred for 5 h at 25 °C and then trans-
ferred to a 100 mL of Teflon-lined stainless-steel autoclave.
After reaction at 180 °C for 12 h and then cooling to room
temperature, the final products were washed with deionized
water three times and dried under vacuum. La2(MoO4)3/
Fe3O4 nanocomposites with different LaCl3/Fe3O4 mass ra-
tios (1:1, 2:1 and 5:1) were also prepared with the same
method.

Characterization of magnetic sorbents

Scanning electron microscopy (SEM) images of the compos-
ites were recorded on a Zeiss Sigma 300 electron microscope
(German) operated at 10-kV accelerating voltage. The trans-
mission electron microscopy (TEM) images were collected by
using a JEOL 2010 microscope (Japan) with an accelerating
voltage of 200 kV. The crystal structures of composites were
detected by X-ray powder diffraction (XRD; Shimadzu XRD-
7000, Japan). The magnetic properties were measured with a
vibrating sample magnetometer (VSM, MPMS Squid,
QuantumDesign, USA). The porous properties were measured
by nitrogen adsorption-desorption isotherms analysis (based
on the BET isotherm calculation) with a Micromeritics
ASAP 2460 (USA). The functional groups on the surface of
the composites were examined by Fourier transform infrared
spectroscopy (FT-IR; Bruker Vertex 70, Germany) with KBr
pellets. X-ray photoelectron spectroscopy (XPS; Escalab
250xi, Thermo, USA) was used to detect the binding en-
ergy of composites before and after phosphate sorption,
and the binding energy was calibrated with the C 1 s peak
at 284.8 eV.
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Batch experiments

Batch experiments were conducted to explore the phosphate
sorption performance of M-La2(MoO4)3. The sorption kinet-
ics study was carried out bymixing 0.25 g of sorbents and 500
mL of phosphate solution (5 mg P/L, pH = 7) with mechanical
stirring at 300 rpm. The appropriate amount of the supernatant
was sampled at various time intervals for P concentration
measurement after it was filtered through a 0.22-μm mem-
brane. For sorption isotherm study, a dosage of 0.1 g/L sor-
bents was used to investigate the phosphate sorption capacity
in 100-mL serum bottles with initial phosphate concentrations
ranging from 3 to 20 mg P/L (pH = 7). These vials were
shaken in a water bath shaker (25 °C) for 24 h at 140 rpm.

The pH effect studies were carried out by adjusting the
initial pH of phosphate solution (5 mg P/L) from 3 to 11 ±
0.1 using 0.1 M HCl or 0.1 M NaOH solution. The leached
La, Mo, and Fe ions concentrations from the composites after
phosphate sorption equilibrium were also tested (see
“Analytical methods” section). The phosphate sorption selec-
tivity was conducted by comparing the sorption capacity of
M-La2(MoO4)3 in the presence of co-existing Cl−, NO3−,
SO4

2−, HCO3
−, Ca2+, and Mg2+. These ions were present

within their typical concentrations in wastewater, i.e., Ca2+

and Mg2+ were at 4–70 mg/L, while the anions ranged from
5 to 100 mg/L (Othman et al. 2018). The vials containing the
initial concentration of 5 mg P/L phosphate solution (pH = 7)
and 0.1 g/L sorbents were shaken in the shaker at 140 rpm and
25 °C for 24 h. The phosphate-loaded sorbents were separated
from water and collected by using a magnet and then dis-
persed in 20 mL of 1 M NaOH solution for 24 h at 25 °C.
The regenerated M-La2(MoO4)3 was washed with DI water
until neutral pH and reused in the succeeding sorption–
desorption cycles. A ratio of the amount of desorbed to the
initially sorbed phosphate was applied as the phosphate de-
sorption efficiency.

Modeling and data analysis

The phosphate sorption capacity removal efficiency of M-
La2(MoO4)3 was calculated with Eqs. (1) and (2), respectively
(Wan et al. 2017).

qt ¼
C0−Ctð Þ � V

m
ð1Þ

R %ð Þ ¼ C0−Ct

C0
� 100% ð2Þ

where qt is the sorption capacity (mg P/g) ofM-La2(MoO4)3 at
time t (min), R(%) is the phosphate removal efficiency, C0 is
the initial phosphate concentration (mg P/L), Ct is phosphate

concentration (mg P/L) at time t (min), V is the volume of the
prepared phosphate solution (L); and m is the mass of sorbent
(g).

The kinetic results were fitted with pseudo-first-order
(Eq. (3)) and pseudo-second-order (Eq. (4)) kinetic models
(Tran et al. 2017).

qt ¼ qe 1−e−k1t
� � ð3Þ

qt ¼
k2qe

2t
1þ k2qet

ð4Þ

where qe and qt are the phosphate sorption capacity at equi-
librium and at time t (min), respectively; k1 (min−1) is the rate
constant of the pseudo-first-order model, and k2 (g/mg-min) is
the rate constant of the pseudo-second-order model.

The sorption isotherm data was fitted with Langmuir (Eq.
(5)), Freundlich (Eq. (6)), Sips (Eq. (7)), and Dubinin–
Radushkevich (D-R) (Eq. (8)) models (Rostamian et al.
2011; Tran et al. 2017).

qe ¼
qmKLCe

1þ KLCe
ð5Þ

qe ¼ K f Ce
n f ð6Þ

qe ¼
QsKsC1=n

e

1þ KsC1=n
e

ð7Þ

qe ¼ qDRexp −KDR RT ln 1þ 1

Ce

� �� �2( )

ð8Þ

herein, qe is the equilibrium sorption capacity of phosphate
(mg P/g), Ce is the equilibrium phosphate concentration (mg
P/L); qm is the maximum phosphate sorption capacity calcu-
lated from the Langmuir model (mg P/g); KL is the Langmuir
constant (L/mg P); Kf is the Freundlich constant ((mg
P/g)(L/mg P)1/nf), and nf is the heterogeneity factor. Qs, Ks,
and 1/n are maximum sorption capacity (mg P/g), equilibrium
constant (L/mg), and exponent of the Sips model, respective-
ly. qDR and KDR are the sorption capacity (mg P/g) and con-
stant (mol2/kJ2), respectively, related to the sorption energy of
the D-R model. R is the gas constant (8.314 J/mol-K) and T is
the temperature (K).

Analytical methods

The phosphate concentration was measured with the ammo-
nium molybdate method by using a UV/vis spectrometer
(UV-1600PC, Mapada, China) at a wavelength of 700 nm.
The concentrations of typical anions in this study were
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determined using ion chromatography (ICS-1100, Thermo
Scientific, USA). Total organic carbon (TOC) of Huxi River
inWuhan, China, was analyzed using a TOC analyzer (Muclti
N/C 2100, Jena, Germany). The concentrations of cations (in
water and wastewater) and leached La, Mo, and Fe ions were
measured using an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES; Optima 8300 DV, Perkin-
Elmer, USA).

Results and discussion

Optimizing the La/Fe mass ratio of M-La2(MoO4)3 for
phosphate sorption

Figure 1 shows the phosphate sorption capacity differences of
La2(MoO4)3/Fe3O4 nanocomposite with different mass ratios.
Pure Fe3O4 was also tested for comparison. Using LaCl3 alone
formed bare La2(MoO4)3, which had a highest phosphate sorp-
tion capacity compared with Fe3O4 and La2(MoO4)3/Fe3O4

nanocomposites. Phosphate sorption capacity of M-
La2(MoO4)3 increased from 25.33 to 31.57 mg-P/g as the
LaCl3/Fe3O4 mass ratio varied from 1:1 to 5:1, and phosphate
sorption capacities of the M-La2(MoO4)3 were up to eight
times that of pure Fe3O4. These results imply that
La2(MoO4)3 was the dominant component of M-La2(MoO4)3
for phosphate sorption, and that the contribution of Fe3O4 to
phosphate removal appeared to be minor. To minimize La
usage, La2(MoO4)3/Fe3O4 (2:1) was selected for further sorp-
tion tests and characterization.

Characterization of La2(MoO4)3/Fe3O4 nanocomposite

Transmission electron microscopy image of Fe3O4 and elec-
tronmicroscopy ofM-La2(MoO4)3 (2:1) are depicted in Fig. 2.

The particle size of Fe3O4 was ~ 200 nm (Fig. 2a), and the
Fe3O4 nanoparticles exhibited a well monodisperse feature.
After loading of La2(MoO4)3, the Fe3O4 nanoparticles were
successfully entrapped within the La2(MoO4)3 nanoparticles.
The particle size of La2(MoO4)3 was ~ 700 nm, which was
much smaller than that of the previous study (Bu et al. 2007).

The XRD patterns of La2(MoO4)3/Fe3O4 before and after P
sorption are shown in Fig. 3. The characteristic peaks at 27.9°,
33.5°, and 45.7° can be indexed to the (112), (200), and (204)
planes of the body-centered tetragonal La2(MoO4)3 phase
(JCPDS No.045-0407) (Ding et al. 2010). The characteristic
peaks at 35.5°, 43.1°, and 63.0° can be indexed to the (311),
(400), and (440) planes of the cubic Fe3O4 phase (JCPDS no.
019-0629) (Fang et al. 2017); this demonstrates that the
La2(MoO4)3/Fe3O4 nanocomposites have the crystal structure
of both La2(MoO4)3 and Fe3O4.

The BET analysis of Fe3O4 and M-La2(MoO4)3/Fe3O4

(2:1) is listed in Table S1. The results show that the incorpo-
ration of La2(MoO4)3 caused a decline of the surface area for
Fe3O4 particles from 61.98 to 20.81 m2/g, which probably
resulted from nanocomposite aggregation and increased the
particle size (Wu et al. 2017). The total pore volume of
Fe3O4 and La2(MoO4)3/Fe3O4 (2:1) were 0.14 and 0.05 cm3/
g, respectively.

The VSM analysis indicated the superparamagnetic prop-
erty of M-La2(MoO4)3 (2:1) nanocomposites (Fig. 4a), which
can benefit sorbent separation and redispersion for phosphate
sorption and recovery (Fang et al. 2018). The saturation mag-
netization value of M-La2(MoO4)3 (2:1) was 19.07 emu/g,
which was less than that of 75.00 emu/g for Fe3O4, but was
sufficient to separate the M-La2(MoO4)3 (2:1) from water
(Fig. 4b). Similar results were also shown in other studies
(Fang et al. 2018; Hao et al. 2019).

Phosphate sorption by La2(MoO4)3/Fe3O4 (2:1)
nanocomposite

Sorption kinetics

Figure 5a and Table S2 show the kinetic results of phosphate
sorption by the M-La2(MoO4)3 (2:1). There is fast phosphate
uptake in the initial 6 h, with the removal efficiency reaching
66%, and then the sorption process gradually reached equilib-
rium within 24 h. Table S2 shows that the correlation coeffi-
cient (R2) for the pseudo-first-order and pseudo-first-order ki-
netic models were 0.987 and 0.982, respectively, implying that
both kinetic models could fit well the experimental kinetic data.
However, the predicted equilibrium sorption capacity of the
pseudo-first-order kinetic model (8.37 mg P/g) was closer to
the experimental data (8.63 mg P/g) as compared with the
pseudo-second-order kinetic model (9.91 mg P/g). Thus, the
pseudo-first-order model better described the kinetic sorption
experimental results.
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Fig. 1 Phosphate sorption capacity of the La2(MoO4)3/Fe3O4

nanocomposites with different LaCl3/Fe3O4 mass ratios. Experimental
conditions for sorption experiments: dosage of sorbent: 0.1 g/L; initial
phosphate concentration: 5 mg P/L; pH: 7.0; temperature: 25 °C
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Sorption isotherms

Langmuir, Freundlich, Sips, and D-R models were used to fit
the phosphate sorption experimental data, as shown in Fig. 5b
and Table S3. According to the R2 differences between the
four models, the experimental result matched the sorption iso-
therms in the following sequence: Sips > Freundlich >
Langmuir > D-R isotherm model. The value of 1/n = 0.56
(< 1) indicated that the isotherm was more of a Freundlich
form rather than Langmuir (Dong and Wang 2016).
Therefore, P sorption by M-La2(MoO4)3 (2:1) might be het-
erogeneous multilayer sorption. The maximum phosphate
sorption capacity calculated by the Sips model was
84.39 mg P/g. Compared with other sorbents, the maximum
phosphate sorption capacity of M-La2(MoO4)3 (2:1) was rel-
atively high, as shown in Table S4.

Effects of coexisting ions

High selectivity is a favorable property of sorbents for phos-
phate removal and recovery. However, the co-existing ions in
sewage may compete for the sorption sites on the surface of

sorbents and interfere in the sorption process. Figure 5 c
shows the sorption performances for phosphate by the M-
La2(MoO4)3 (2:1) in the presence of these ions. It was obvious
that Cl−, NO3

−, and SO4
2− exhibited negligible effects on the

phosphate sorption capacity of M-La2(MoO4)3 (2:1), and that
HCO3

− could enhance the phosphate sorption capacity. The
molar ratio of competing anions to phosphate such as Cl−,
NO3

−, and SO4
2−was up to 15, indicating the highly selective

sorption for phosphate by M-La2(MoO4)3 (2:1). The results
were similar to phosphate sorption by other La-based mate-
rials due to the affinity of La towards phosphate (Hao et al.
2019; Su et al. 2015), which was reasonably interpreted via
the inner-sphere complexation mechanisms (see “Reusability
of La2(MoO4)3/Fe3O4(2:1) nanocomposite and phosphate
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removal from real water” section). Compared with the outer-
sphere complexation, the increasing ionic strength can hardly
affect inner-sphere complexation, which can overcome the
competitive sorption from background ions (Ding et al. 2010;
Fang et al. 2018). However, Ca2+ andMg2+ showed a negative
effect on phosphate sorption by M-La2(MoO4)3 (2:1), and the
calcium-induced effect was stronger. The surface of M-
La2(MoO4)3 (2:1) was negatively charged at pH 7.0 (see
“Effects of solution pH” section), and we removed phosphate
via ligand exchange of the hydroxyl groups on the sorbents
surface. Ca2+ and Mg2+ may also compete for the hydroxyl
groups. Therefore, the available number of hydroxyl groups
on the surface of sorbents is less, possibly suppressing the
phosphate sorption process (Lin et al. 2019; Suresh Kumar
et al. 2018).

Effects of solution pH

The pH effect on phosphate sorption by the M-La2(MoO4)3
(2:1) was investigated and presented in Fig. 6.When the initial
pH ranged from 3 to 10, the phosphate uptake first increased
and then decreased. The maximum reached pH 7.0 with a
sorption capacity of 29.73 mg-P/g (Fig. 6b). Zhang et al.
(Zhang et al. 2011) also found that the amount of phosphate
increased at pH 2.0–3.0 and maintained this level between pH
3.0 and 7.0, followed by a deceased sorption capacity between
pH 10.0 and 2.0. Other La-based sorbents also presented sim-
ilar performances in phosphate sorption (He et al. 2015).
Figure 6a shows that a pHpzc of M-La2(MoO4)3 (2:1) was
around 4.0, indicating that the surface of the sorbent was pos-
itively charged when the pH was below 4.0, and negatively

charged when pH was below 4.0. At pH 3.0, H2PO4
− is the

major species with a small amount of H3PO4, which can bare-
ly be adsorbed byM-La2(MoO4)3 (2:1). Furthermore, the high
lanthanum leaching concentration of M-La2(MoO4)3 (2:1) al-
so led to relative low sorption capacities. As the pH increased
from 3.0 to 4.0, the proportion of H3PO4 decreased and that of
H2PO4

− rapidly peaked. The positively charged surface is
beneficial to phosphate removal by electrostatic attraction,
thus enhancing the phosphate sorption capacity. When the
pH was above 4.0, the surface of M-La2(MoO4)3 (2:1) was
negatively charged; thus, the phosphate removal was mainly
attributed to ligand exchange (discussed in “Reusability of
La2(MoO4)3/Fe3O4(2:1) nanocomposite and phosphate re-
moval from real water” section). In the pH range of 7.0–
11.0, the phosphate sorption capacity also decreased because
the dominantly divalent HPO4

2− has a lower affinity to the
sorbents (Shi et al. 2019).

Reusability of La2(MoO4)3/Fe3O4 (2:1) nanocomposite
and phosphate removal from real water

The exhausted M-La2(MoO4)3 (2:1) from phosphate was re-
generated by various solutions, as shown in Fig. S2(a). P
desorption was very low in alkaline conditions; this could be
attributed to the formation of LaPO4 via ligand exchange (see
“Removal mechanisms of phosphate by M-La2(MoO4)3
(2:1)” section). Though coexistence of OH− (pH 11.0) hin-
dered the sorption of phosphate (Fig. 6b); the complex could
not be desorbed byOH− (1MNaOH), once the phosphate was
adsorbed by sorbents. The desorption efficiency increased
from 11.98% in 0.01 M HCl to 88.88%. The reusability of
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the M-La2(MoO4)3 (2:1) was enhanced under acid conditions
because of the release of LaPO4.

Eight successive sorption–desorption cycles were conduct-
ed to evaluate the reusability of the M-La2(MoO4)3 (2:1) in
phosphate removal. The desorption efficiency ranged between
14.81 and 106.91% during the eight cycles, and we observed a
30% decrease in the sorption capacity in the eighth cycle. The
enhancement of sorption capacity during the second cycle was
possibly due to the conversion from La2(MoO4)3 to La(OH)3
phase under conditions with excess OH−, which can be proved
by the XRD pattern after the desorption process (Fig. S3).
Thus, more efforts are necessary for developing the effective
regenerating solution with more than 1 M NaOH solution to
increase the phosphate desorption efficiency such as high-
temperature and high-pressure conditions (Xie et al. 2014).

M-La2(MoO4)3/Fe3O4 (2:1) was also applied for real water
and phosphate, and natural organic matter sorption was tested.
The characteristics of the Huxi River in Wuhan, China are
shown in Table S5. As shown in Fig. S4, the phosphate re-
moval rate increased from 20.67 to 56.72% when the M-
La2(MoO4)3/Fe3O4 (2:1) dosage increased from 0.1 to 0.5
g/L. Considering that the organic matter existed widely in
the aquatic environment (Hao et al. 2019), we also performed
simultaneous removal of phosphate and organic matter. The
results showed that the TOC removal efficiency was around a
stable level of 56.74%. No uptake of anions such as Cl−, SO4

2

−, and NO3
− was detected by ion chromatography method,

which was in accordance with the highly selective sorption
of phosphate as mentioned above. These results demonstrate
the potential of using M-La2(MoO4)3 (2:1) as a recoverable

sorbent for selective phosphate removal to a low level for real-
wastewater treatment.

Removal mechanisms of phosphate by M-La2(MoO4)3
(2:1)

A series of complementary analysis was performed to explore
the sorption mechanisms of phosphate by M-La2(MoO4)3
(2:1). Figure 7 shows the FTIR results of the M-La2(MoO4)3
(2:1) before and after phosphate sorption (neutral pH) in terms
of functional groups. The broadband at around 3432 cm−1

represents the O–H vibration (Ding et al. 2010). The peak at
711 cm−1 is in accordance with the Mo–O bond (Li et al.
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2017), and the band below 740 cm−1 is attributable to the Mo–
O–Mo vibration (Bharat et al. 2014). A new peak at about
1055 cm−1 appearing after phosphate sorption is due to the
P–O vibration from the PO4

3− group (Shi et al. 2019). Also,
the new peaks at 615 and 542 cm−1 resulted from the O–P–O
vibration (Zhang et al. 2012), which implies the formation of
inner-sphere complexation between phosphate and sorbents
via ligand exchange.

The surface complexation of phosphate with M-La2(MoO4)3
(2:1) was further investigated byXPS analysis. Figure 8 present-
ed the wide-scan and high-resolution XPS spectra of M-
La2(MoO4)3 (2:1) nanocomposites before and after phosphate
sorption. Both the wide-scan and P 2p high-resolution XPS
spectra showed a new peak that appeared at 133.9 eV after
phosphate sorption, suggesting the chemical bonding of phos-
phate and M-La2(MoO4)3 (2:1) (Fig. 8a–c). Figure 8d shows
that the typical peaks of both La 3d5/2 and La 3d3/2 shifted
by 0.6–0.7 eV to higher values after phosphate sorption, imply-
ing the formation of La–O–P inner-sphere complexation, which

caused the electron transfer in the valence band of La 3d (Shi
et al. 2019;Wu et al. 2017). It was noted that the satellite energy
separation of La 3d5/2 after phosphate sorption (3.6 eV) was
similar to that of LaPO4·xH2O (Sunding et al. 2011). Figure 3
also shows that the presence of a new peak at 31.0° after phos-
phate sorption is in accordance with the (012) planes of the
LaPO4 phase (JCPDS No.032-0493). These results confirmed
that LaPO4 formed during phosphate sorption by M-
La2(MoO4)3 (2:1).

Figure 8e and f show the O 1 s high-resolution XPS spectra
before and after phosphate sorption, and Table S6 lists the
fitted peak parameters. The O 1 s XPS fitting peaks at 530.4,
531.4, and 533.3 eV correspond to O2−, OH–/O–P, and H2O,
respectively (Fang et al. 2015; Shi et al. 2019). The OH−/O–P
content increases from 26.80 to 63.22%, and the O2− de-
creases from 65.94 to 36.78% after phosphate sorption was
possibly due to the binding of phosphate with La–O or Fe–O,
and the La–O–P and Fe–O–P inner-sphere complexation oc-
curred (Fang et al. 2018).
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Implications

Magnetic M-La2(MoO4)3 nanocomposites can be used for
effective phosphate removal from wastewater in batch tests.
Considering the real conditions phosphate removal from
wastewater or natural water in a continuous mode, a fluidized
bed process combined with a magnetic separation unit will
achieve the sustainable phosphate removal and recovery. To
achieve this goal, it is necessary to conduct a pilot-scale ex-
periment, and investigate (1) the production of this type of
sorbent in commercial scale, (2) the environment and econom-
ic aspects of the sorbent (3) phosphate recovery and sorbent
reuse. and (4) the comparison of its performance and cost-
effectiveness with other sorbents.

Conclusion

Magnetic M-La2(MoO4)3 nanocomposites were fabricated
and optimized for selective phosphate removal fromwastewa-
ter. M-La2(MoO4)3 (2:1) exhibited a high sorption capacity,
favorable magnetic separation property and good selectivity
for phosphate in the presence of competing ions. The pseudo-
first-order kinetic model could better describe the phosphate
sorption process byM-La2(MoO4)3 (2:1), and we achieved the
sorption equilibrium at 24 h. The sorption tests show that the
maximum sorption capacity reached at pH 7.0. Overall, these
findings implied that M-La2(MoO4)3 (2:1) exhibited potential
for application in wastewater treatment. The FTIR, XRD, and
XPS spectra showed that phosphate sorption was attributed to
the formation of inner-sphere complexation.
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