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ABSTRACT: In pursuit of accessing clean water, the phosphate
removal is of great importance for preventing eutrophication
toward sustainable ecology. However, effective adsorbents with
high capacity, selectivity, and long-term stability for treating
phosphate in water still remain desired, which requires further
development. Herein, a type of porous La-based adsorbents, which
are composed of highly dispersed La(OH)3 on amino-function-
alized Caragana korshinskii (CK) nanowires, are designed and
fabricated through simple amination and decoration of lemon bars.
Specifically, the adsorption to phosphate can be quickly completed
within 50 min, and an ultrahigh adsorption capacity of 173.3 mg of
P g−1 is realized. Moreover, these composite adsorbents display
excellent selectivity and anti-interference ability to phosphate in the
presence of common anions (CO3

2−, NO3−, Cl−, and SO4
2−). After four regenerations, there is still a removal rate of 85%. This study

underscores an integrated material model for designing advanced structures toward efficient wastewater treatment.

1. INTRODUCTION
As a pursuit of sustainable ecology and human health, access to
clean water has readily been receiving great research attention.
With the rapid development of industrialization, the growing
amounts of unsustainable pollutants containing total organic
carbon (TOC), heavy metals, and toxic ions have caused
considerable environmental issues.1−4 For instance, toxic heavy
metals have led to serious biosafety issues due to
bioaccumulation and persistence.5 Excessive organic pollutants
in water can produce hazardous reducing gases derived from
anaerobic reactions, severely destructing ecosystems in water
for organism survival.6,7 Pollution treatment in water is of great
importance,8 and various strategies have been devoted to
addressing environmental pollution problems over the past
decades, including sedimentation, coagulation, and liquid
extraction.9 These methods do not eliminate the contaminants
and allow for only simple treatment. Other methods, such as
biological methods, ion exchange, and reverse osmosis,10

generally cause toxic secondary pollution to the environment.
Each approach for water treatment has advantages and
drawbacks, which still needs to be further developed.

Among numerous pollutants, the removal of phosphates in
water is one of the crucial issues for ecological sustainability
since phosphorus is an essential nutrient element for
plants,11,12 but excessive phosphorus nutrients lead to
eutrophic water bodies and algal blooms.13,14 So far, various
treatment technologies have been developed for removing or
recovering phosphate from contaminated waters.15−18 Adsorp-
tion is reckoned as a promising pathway for wastewater

treatment because aqueous phosphorus can be both physically
and chemically accumulated to the surface of adsorbents with
advantageous simple operation, low cost, and high efficiency.19

A variety of adsorbents such as metal oxides/hydroxides,
metal−organic frameworks, zeolites, porous silicon, and
biopolymers20−29 have been employed. Lanthanum (La)-
based compounds have emerged in various adsorbents due
to their strong affinity to phosphates, but the low efficiency is a
limitation, caused by aggregation in water.11,30,31 The
phosphate adsorption capacity can be largely promoted
through nanostructuring La compounds into high-surface-
area adsorbents, which possess improved dispersivity and
exposed active sites.32−40 Although some achievements have
been made in phosphorus removal, most of the reported La-
based adsorbents have drawbacks such as high cost and
unsatisfactory adsorption capacity and stability,19,41,42 which
hinder their practical applications. Therefore, the rational
design and scale-up synthesis of high-performance adsorbents
with desirable cyclability for phosphate removal from water
bodies remains a huge challenge.
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In this work, a porous La-based adsorbent [La(OH)3/CK-
DETA] was prepared by a simple in situ growth method. The
composite adsorbent was prepared by first simple amination of
CK nanowires with diethylenetriamine (DETA) and then in
situ decoration of lanthanum nitrate hexahydrate. The
prepared composite adsorbent has highly dispersed La(OH)3
on the CK surface due to the bonding of amines, which solves
the problem of the severe agglomeration and difficult
dispersion of La(OH)3. Meanwhile, the high specific surface
area of 45 m2/g and the large mesopore size of 29.8 nm of the
adsorbent were favorable for the adsorption of phosphate. This
design not only provides a highly exposed porous structure for
phosphate access and rapid mass transfer but also integrates
physisorption and chemisorption into one composite material,
resulting in an ultrahigh phosphate adsorption capacity and
good cycling stability. As expected, the La(OH)3/CK-DETA
adsorbent exhibits an ultrahigh adsorption capacity of 173.3
mg P g−1 in a chemisorption behavior of a single molecular
layer, surpassing most of the currently reported phosphate
adsorbents. Meanwhile, the adsorption equilibrium can be
reached within 50 min, demonstrating a very fast adsorption
rate to phosphate. Such a composite adsorbent further shows
excellent selectivity to phosphate against Cl−, NO3

−, CO3
2−,

and SO4
2− and good reproducibility (85% retention over 4

cycles) to phosphate in simulated pollution treatment.

2. MATERIALS AND METHODS
2.1. Materials. The Caragana korshinskii (CK) was

purchased from Inner Mongolia Co. Ltd. China. Lanthanum
nitrate hexahydrate [La(NO3)3·6H2O], DETA, formaldehyde
(HCHO), hydrochloric acid (HCl), sodium phosphate
monobasic (NaH2PO4), and sodium hydroxide (NaOH)
were all purchased from Sinopharm Chemical Reagent Co.
Ltd. China. All of the chemicals were directly used without
further purification.

2.2. Preparation of La(OH)3/CK-DETA. The La-based
porous adsorbent was synthesized through a facile amino-
functionalization and postdecoration process, as depicted in
Figure 1a. Typically, after crushing the original CK through a
140-mesh sieve, 5.0 g of CK was immersed into 100 mL of
NaOH solution (0.1 M). Then, 16.0 mL of DETA and 16.0
mL of HCHO were added slowly. The mixed solution was
transferred to a thermostatic water bath stirred at 60 °C for 5
h. The mixture was cooled down to room temperature, and the
pH of the solution was adjusted to 2−3. The functionalized
CK-DETA was collected after centrifugation, washed several
times, and dried in an oven. Afterward, 2.0 g of the obtained
CK-DETA was added into 30 mL of deionized water, followed
by the addition of 4.0 g of La(NO3)3·6H2O. After that, the pH
of the solution was adjusted to 10 before the mixture was
stirred at 60 °C for 2 h and then at room temperature for
another 24 h. The final product La(OH)3/CK-DETA was
obtained after centrifugation, washing, and drying in an oven.

Figure 1. Material characterizations of the La(OH)3/CK-DETA composite. (a) Synthetic process of the La(OH)3/CK-DETA composite. (b)
FESEM image and (c−e) TEM images with different magnifications of the La(OH)3/CK-DETA composite. (f) HRTEM image recoded on the
individual La(OH)3/CK-DETA nanorods. (g) WAXRD patterns, (h) nitrogen sorption isotherms, and (i) TGA curves of pure La(OH)3 and the
La(OH)3/CK-DETA composite.
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2.3. Adsorption Experiments. To comprehensively
evaluate the adsorption performance of the adsorbent for
phosphate, a series of adsorption experiments were carried out.
First, a certain amount of Na2HPO4 was dissolved into
deionized water to prepare a phosphate solution with a
concentration of 500 mg P L−1 as the raw solution of simulated
wastewater. Then, 0.1 g of the adsorbent was added to 0.1 L of
diluted phosphate solution (100 mg of P L−1). The resulting
mixture was shaken for 5 h at room temperature at a constant
speed of 40 rpm. Lastly, a 0.45 μm aperture filter membrane
was used to filter the mixture, and the concentration of
phosphate was measured by a UV−vis spectrometer. The
adsorption capacity of the adsorbent for phosphate (qe) is
calculated as follows.

=q C C V m( ) /e 0 e

where C0 and Ce are the concentrations of phosphate in the
initial and equilibrium solutions, respectively. V represents the
solution volume and m is the adsorbent weight. For adsorption
isotherms, 0.1 g of the adsorbent was added to a series of
polyethylene tubes containing 0.1 L of phosphorus solution
with different initial concentrations of 50−500 mg P L−1. The
Langmuir, Freundlich, and Temkin isotherm models were used

to fit the experimental data. All the adsorption results are the
average of three repetitions.

2.4. Characterization. The morphologies were observed
on a scanning electron microscope coupled with an energy-
dispersive spectrometer. The morphologies and pore structure
of the as-prepared adsorbent were observed by transmission
electron microscopy (TEM) with a Tecnai F20 transmission
electron microscope (200 kV). The composition and structure
of the samples were gained by powder X-ray diffraction (XRD)
using a PANalytical Empyrean diffractometer with Cu Kα
radiation (k = 1.5406 Å). The surface properties were detected
by Fourier transform infrared spectroscopy (FTIR) on a
Bruker Vector 22. The porosities were evaluated by nitrogen
adsorption−desorption isotherms at ASAP 2460, and the
specific surfaces were analyzed by the Brunauer−Emmitt−
Teller (BET) method. X-ray photoelectron spectroscopy
(XPS) spectra were collected using a Thermo Scientific
ESCALAB Xi+ using Al Kα as the excitation source. The
thermogravimetric analysis (TGA) tests were conducted using
PerkinElmer TGA 4000 equipment from 30 to 800 °C with a
heating rate of 10°/min under the air environment. The
adsorption of phosphate was measured by a UV−vis
spectrophotometer (HITACHI U-3900).

Figure 2. (a) Temkin and (b) Langmuir and Freundlich adsorption isotherm models of the La(OH)3/CK-DETA adsorbent. (c) Phosphate
adsorption capacity of CK-DETA, La(OH)3, commercial La(OH)3, La(OH)3/CK, and La(OH)3/CK-DETA adsorbents. (d) Summarized
adsorption capacities of the reported adsorbents. (e) Adsorption rates of the CK-DETA, La(OH)3, commercial La(OH)3, La(OH)3/CK, and
La(OH)3/CK-DETA adsorbents. (f) Pseudo-first-order and pseudo-second-order and (g) intraparticle diffusion models of La(OH)3/CK-DETA.
(h) Relationship between adsorbed dosage and removal efficiency of the five adsorbents.
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3. RESULTS AND DISCUSSION
3.1. Materials Characterization. The porous La-based

adsorbents can be synthesized through a simple amination and
in situ decoration process (Figure 1a). As shown in the field
emission scanning electron microscopy (FESEM) image, the
La(OH)3/CK-DETA composite in a well-retained nanorod
morphology is fabricated. The uniform La(OH)3/CK-DETA
composite is composed of one-dimensional (1D) strips around
1−2 μm in length and 100−200 nm in width (Figure 1b). In
contrast, pure CK possesses irregular nanorods with a rough
surface, whereas pure La(OH)3 shows lumpy agglomeration at
varied sizes due to excessive aggregation (Figure S1). No
agglomeration of La(OH)3 bulks is observed due to phase
separation in the post decoration procedure, indicating that all
La(OH)3 can be well incorporated within the CK nanorods.
The refinement in smooth and uniform architecture can be
ameliorated by enhancing the degree of amination, as
evidenced by the morphology transformation from random
agglomeration to 1D smooth nanorods with the increase of
DETA content (Figure S2). After a simple ultrasonic
treatment, the TEM image shows a size of 1−2 μm length
for the porous La-based nanorods (Figure 1c,d). Close
inspection further reveals the visualized open mesopores with
a size of around 26.5 nm, indicative of the porous structure
(Figure 1e). The high-resolution TEM (HRTEM) image
demonstrates that the porous frameworks are composed of
well crystallized La(OH)3 nanoparticles with a d-spacing of
0.33 nm, corresponding to the (110) plane of the hexagonal
phase (Figure 1f).

The wide-angle X-ray diffraction (WAXRD) patterns
(Figure 1g) display well-defined diffraction peaks at 15.6,
27.7, 39.4, 48.4, and 55.2°, which can be indexed to the 100,
110, 021, 211, and 112 reflections of the hexagonal phase,
respectively, confirming the formation of the pure hexagonal
phase with good crystallinity. From nitrogen sorption experi-
ments (Figure 1h), both the La(OH)3/CK-DETA composite
and pure La(OH)3 exhibit type IV isotherms at a high relative
pressure P/P0 = 0.8 to 1.0, indicating their uniform
mesoporous structures, as also confirmed by the corresponding
pore size distribution curves centered at 29.8 nm (Figure S3).
The BET surface area and pore volume of the La(OH)3/CK-
DETA composite are calculated to be 45 m2 g−1 and 0.42 cm3

g−1 (Table S1), respectively. Such a good mesoporosity is
capable of exposing more active sites and favoring effective
transportation and contact with phosphate. The thermogravim-
etry (TG) curve of the La-based adsorbents exhibits a weight
loss of 3.5% at around 200 °C, assigned to adsorbed water,43

and a weight loss of 41.3% at 750 °C (Figure 1i), suggesting
that the weight of residual carbon rooted in carbonized CK is
about 37.8%.44 Besides, the FTIR measurements were
employed for further detection (Figure S4). The characteristic
peak at 3440 cm−1 of pure CK, assigned to the stretching
vibration of −OH, indicates the existence of massive hydroxyl
groups post amination. After functionalized by DETA, the
La(OH)3/CK-DETA composite show additional peaks at 1640
and 1448 cm−1, which can be assigned to the stretching
vibration of N−H bonds45 and the symmetric vibration of
NH2, indicative of successful amination.

3.2. Adsorption Performances. 3.2.1. Adsorption Iso-
therms. The adsorption isotherm is the relationship between
the initial concentration and adsorption amount when the
whole adsorption reaction has reached an equilibrium state.

For the adsorption isotherm experiments, a set of phosphate
concentrations from 50 to 500 mg of P/L were prepared.
Three different isotherm models, Langmuir, Freundlich, and
Temkin, were used (Figure 2a,b and Table S2). The Langmuir
model had the best fit (R2 = 0.99) compared to the Freundlich
and Temkin models, which suggests that the adsorption of the
La(OH)3/CK-DETA adsorbent is in the form of mono-
molecular layer adsorption. In the fitting curve, the adsorption
amount first increases sharply and then tends to be stabilized
with the gradual increase of the initial concentration. The
maximum adsorption amount of phosphate by La(OH)3/CK-
DETA reaches 173.3 mg P g−1, much higher than 127.5 mg P
g−1 of La(OH)3/CK, 107.3 mg P g−1 of pure La(OH)3, 85.4
mg P g−1 of commercial La(OH)3, and 45.8 mg P g−1 of CK-
DETA (Figure 2c). The high adsorption capacity is attributed
to its porous structure, high surface area, and numerous amino
groups, which enables synergistic adsorption of phosphate
physically and chemically. In addition, the adsorption capacity
of phosphate by the synthesized La(OH)3/CK-DETA is also
superior among most of the reported adsorbents (Figure 2d
and Table S3), demonstrating its potential as a promising
alternative for phosphate removal from eutrophic water.
3.2.2. Adsorption Kinetics. Adsorption kinetics is one of the

important factors in evaluating adsorption behavior. In this
scenario, the effect of contact time on phosphate adsorption by
La(OH)3/CK-DETA, La(OH)3, and CK-DETA samples was
investigated in order to underline the adsorption kinetics. To
obtain the adsorption kinetic parameters of each adsorbent, 0.1
g of each adsorbent was added to 0.1 L of a phosphate solution
for adsorption experiments. After 30 min, the La(OH)3/CK-
DETA composite displays a faster adsorption rate, mainly
attributed to the tremendous adsorption active sites on the
surface as well as sufficient amino groups for both
chemisorption and physisorption (Figure 2e). However, with
the increase of adsorption time, the available adsorption active
sites and amino groups gradually decrease, and the adsorption
is dominated by intraparticle diffusion, which leads to gradual
alleviation of the adsorption rate. The adsorption equilibrium
is finally reached after 50 min, which is extremely fast. In
contrast, the adsorption equilibrium of pure La(OH)3 is
reached after 150 min, possibly due to the single
chemisorption and undesired transportation in the agglom-
erated structure.

These adsorption behaviors were further investigated using
pseudo-first-order and pseudo-second-order models (Figure 2f
and Table S4). The pseudo-second-order kinetic model better
reflects the experimental data with a high correlation
coefficient (R2 = 0.99), suggesting that the main mode of
adsorption for phosphate by La(OH)3/CK-DETA is chem-
isorption. Besides, the intraparticle diffusion model also fits the
kinetic data (Figure 2g), which can be divided into three
stages. The first stage has a high slope and exhibits a fast
surface adsorption process in which surface diffusion is the
rate-limiting step. The second stage involves a slow adsorption
process, mainly controlled by intraparticle diffusion before the
final adsorption equilibrium in the third stage. Furthermore,
the effect of the adsorbent dosage on the removal rate was also
explored. The La(OH)3/CK-DETA adsorbent exhibits a high
removal rate of 99.8% of phosphate at a solid−liquid ratio of
1(Figure 2h), while La(OH)3/CK, pure La(OH)3, commercial
La(OH)3, and CK-DETA can remove only 75.8, 72.5, 56.8,
and 45% of phosphate, respectively.
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3.2.3. Effect of pH, Interference Anions, and Reusability.
In wastewater adsorption, pH also plays a crucial role in the
electrostatic interaction between adsorbents and adsorbates;
thus, phosphorus adsorption performances of La(OH)3/CK-
DETA at varied pH values in simulated wastewater were
characterized. Typically, the phosphorus adsorption and
removal rate of La(OH)3/CK-DETA change considerably as
the initial pH increases from 2 to 12 (Figure 3a). Under a
strong acidic condition, the dissolution phenomenon occurs in
the La(OH)3 component, which leads to the depletion of La
and consequently reduces the phosphorus adsorption. When
pH > 3, La(OH)3 is almost insoluble, and since the solution
pH is lower than the adsorbent pHPZC, the adsorbent is easy to
be protonated and positively charged, favoring strong electro-
static attraction to negatively charged HPO4

2− and H2PO4
− in

wastewater. Hence, the highest phosphate adsorption can be
obtained at pH = 4, at which a zero-point charge value is
reached (Figure 3b), and the phosphorus removal rate can
reach 95%. With the increase of the pH value (pH > 4), the
decline of positive charges on the adsorbent surface results in
reduction of the electrostatic attraction to phosphate, leading
to a gradual decrease of phosphorus adsorption. When the pH
is close to 12, the presence of OH− in solution can inhibit the
ligand exchange reaction, further negatively affecting adsorp-
tion performance. These results indicate the significance of pH
in adsorption of the La(OH)3/CK-DETA composite. A
suitable pH value that allows for both facilitating electrostatic
interaction and retaining the stable adsorbent is necessary for
realizing optimal adsorption performance.

Figure 3. (a) Effects of the initial pH value on the adsorption capacity for the La(OH)3/CK-DETA composite. (b) Zeta potentials of the
La(OH)3/CK-DETA adsorbent at varied pH values. (c) Effects of coexisting anions on phosphate adsorption. (d) Recycling of the La(OH)3/CK-
DETA adsorbent.

Figure 4. (a) Relationship between final and initial pH values of the solution after adsorption. (b) FTIR spectrum of the La(OH)3/CK-DETA
composite after adsorption. (c,d) Full-scale and high-resolution XPS spectra before and after phosphate adsorption of the La(OH)3/CK-DETA
adsorbent. (e) Schematic illustration of the adsorption mechanism for phosphorus removal in the La(OH)3/CK-DETA composite.
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In terms of further demonstrating the adsorbent selectivity
to phosphate, phosphate removal experiments were carried out
in simulated industrial and domestic wastewater containing a
series of harmful anions (0.5 M CO3

2−, NO3
−, Cl−, and

SO4
2−). The intrinsic removal rate of phosphate can be 96%

without the addition of any coexisting anions. With the
presence of coexisting anions, the phosphate removal of the
La(OH)3/CK-DETA adsorbent also remains over 95%, which
is comparable to the intrinsic rate with no coexisting anions
(Figure 3c), demonstrating the excellent selectivity to
phosphate. The unaffected phosphate adsorption can be
attributed to the unique affinity of lanthanum hydroxide to
phosphates. Moreover, the reusability of this adsorbent was
measured by conducting the phosphorus adsorption process
for 5 cycles after desorption with 0.5 M NaOH. As shown in
Figure 3d, the phosphate removal rate of the La(OH)3/CK-
DETA adsorbent is as high as 96% after the first regeneration,
showing a negligible decrease. After four regeneration cycles,
the phosphate removal by La(OH)3/CK-DETA can be
maintained at 85%, indicating good cycling stability. The
slightly decreased activity is mainly due to the unavoidable
precipitation of lanthanum metal during desorption,44 as well
as the partial occupation of adsorption sites from incomplete
removal of phosphate during desorption.

3.3. Adsorption Mechanism Analysis. As mentioned
above, the presence of abundant positively charged amino
groups in the adsorbent provides strong electrostatic
interaction with negatively charged phosphate ions, which
plays an indispensable role in promoting the adsorption
capacity of the La(OH)3/CK-DETA composite. The pHpzc of
La(OH)3/CK-DETA at 4.0 confirms that the adsorbent can be
easily protonated and positively charged (Figure 3b).
Alternatively, the deprotonation effect of M−OH is enhanced
at pH = 12, leading to undesired electrostatic repulsion
between M−O− and the phosphate anion. In addition, other
interactions apart from electrostatic force were also inves-
tigated. The pH of the simulated wastewater gradually
increased after adsorption, indicating that a large amount of
OH− was generated during phosphate adsorption (Figure 4a),
which is the main feature of the ligand exchange reaction.
When the catalyst is added to the phosphate solution, the
hydroxyl groups on the metal oxide/hydroxide adsorbent are
exchanged with phosphate anions in solution and chemically
immobilized on the adsorbent. During this process, the
massive amount of OH− exchanged into solution results in
an increase of the pH value. It is inferred that the ligand
exchange between hydroxyl and phosphate on the La(OH)3/
CK-DETA adsorbent plays a considerable role in phosphate
adsorption. The partial contribution is derived from lanthanum
phosphate generated by ligand exchange and deposited on the
adsorbent surface.

We further performed SEM characterization of the product
after phosphate adsorption. It is founded that a large number
of white dots appeared, while the elements La, O, C, and P are
uniformly distributed, indicating the successful adsorption of
phosphate (Figure S5).46,47 FTIR analysis also shows the
characteristic peak at 1053 cm−1, assigned to the bending
vibration of P−O bond,48 and the peak at 577 cm−1 related to
the vibration of the La−O−P bond49 for the La(OH)3/CK-
DETA-P sample after phosphate adsorption (Figure 4b). The
full-spectrum XPS analysis indicates an obvious P 2p peak at
133.5 eV after adsorption of phosphate (Figure 4c,d),
confirming the occurrence of phosphate adsorption. Besides,

a slight shift to higher binding energies for La 3d3/2 and 3d5/2
after phosphate adsorption can be ascribed to the electron
transfer during the formation of the valence band and La−O−
P inner-sphere complexes (Figure S6a), implying that the
inner-sphere complexes partially contribute to the phosphate
adsorption, which is corroborated with the FTIR results.
Meanwhile, the O 1s spectrum displays three overlapping
peaks at 529.8, 531.5, and 533.1 eV, corresponding to the
peaks of O2−(M−O), −OH, and H2O, respectively (Figure
S6b). It is obvious to note a decrease of −OH groups and
H2O, along with an increase of O2− after adsorption. This
phenomenon validates the formation of the complex La−O−P
during phosphate adsorption.

Based on the above observations, the excellent adsorption
performance to phosphate can be attributed to the
combination of both chemisorption and physisorption of the
designed La(OH)3/CK-DETA composite. The contribution of
phosphate adsorption consists of electrostatic attraction, inner-
sphere complexation, and ligand exchange (Figure 4e). First,
the amination with DETA affords the introduction of plenty of
amino groups, which could transform to positively charged
NH3+ by protonation to adsorb H2PO4

− or HPO4
2− through

electrostatic attraction. At the same time, by inner-sphere
complexation and ligand exchange of lanthanum, certain
lanthanum phosphate precipitates can be generated and
attached to the interior cavity of the high-surface-area
adsorbent. Such a uniform porous nanostructure for exposure
of active sites, in combination with abundant functionalized
amino groups for advantageous chemisorption, contributes to
the superior adsorption capacity, selectivity, and cyclability of
the designed La(OH)3/CK-DETA composite adsorbent.

4. CONCLUSIONS
In summary, an environmentally friendly, low-cost, and highly
efficient La(OH)3/CK-DETA adsorbent was prepared by a
simple functionalization and in situ growth method. The
La(OH)3 was homogeneously anchored in nanorods, which
increased its dispersibility and facilitated the adsorption of
phosphate with its high specific surface area and large pore
size. The maximum adsorption capacity of the La(OH)3/CK-
DETA adsorbent was 173.3 mg P g−1, much higher than that of
most of the reported adsorbents. Also, the adsorption
equilibrium could be reached within 50 min, showing the
ultrafast adsorption of phosphate. In addition, in the presence
of 0.5 M anions (CO3

2−, NO3
−, Cl−, and SO4

2−), the
composite adsorbent showed excellent selectivity and
immunity to phosphate. Mechanistic studies showed that
electrostatic attraction, inner-sphere complexation, and ligand
exchange reactions together contributed to excellent phosphate
adsorption behavior. Our study provides a comprehensive
design solution for realizing high-performance adsorbents for
wastewater treatment.
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