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a b s t r a c t

Phosphate has been proved to be one of the main elements causing eutrophication of water bodies. 
However, the elevated phosphate concentrations in the water bodies are often due to the excess dis-
charge of wastewater containing phosphate. Therefore, treatment of elevated phosphate-containing 
wastewater is of vital importance to alleviate the situation. In this study, a novel Fe-La binary (hydro)
oxide adsorbent was synthesized via a facile coprecipitation method for effective phosphate removal 
from wastewater. The adsorbent grains were formed of primary nanoparticles. Batch experiments 
were carried out to investigate adsorption kinetics and equilibrium. The adsorption was fast and 
well fitted by the pseudo-second-order equation, indicating that the adsorption process might be 
chemical sorption. The adsorption isotherms could be well described by Freundlich model and the 
maximal adsorption capacity reached 80.7 mg/g at pH 6.0 ± 0.1 and 67.4 mg/g at pH 9.0 ± 0.1, respec-
tively, much higher than many reported adsorbents. The phosphate adsorption was pH dependent 
and weakly acidic condition was favorable for the adsorption. The phosphatead sorption might be 
mainly achieved via the replacement of surface hydroxyl groups at the solid surface and the forma-
tion of inner-sphere surface complexes. Moreover, the spent adsorbent could be effectively regener-
ated using dilute NaOH solution and used repeatedly. All these results suggest that the adsorbent 
maybe a promising alternative for phosphate removal.
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1. Introduction

As an indispensable macronutrient, phosphorus is very 
essential for biomass growth and the normal functioning of 
ecosystems [1,2]. In aqueous environment, phosphorus exists 
in the pentavalent form as orthophosphate, pyrophosphate, 
longer-chain polyphosphates, organic phosphate esters 
and phosphodiesters, and organic phosphonates, and these 
various phosphorus compounds could be hydrolyzed to 
orthophosphate, the only form of phosphorus that could be 

utilized by bacteria, algae, and plants [3]. However, excess 
discharge of phosphate into water body often causes eutro-
phication, and results in worsening of water quality [4,5]. It 
is thought that algae bloom or red tide will ensue once the 
concentration of phosphate in lakes or sea is over 0.03 mg/L 
[6]. To minimize these health risks, a maximum discharge 
limit of phosphorus of 0.5–1.0 mg/L set by the World Health 
Organization (WHO) has been adopted in many countries 
and regions [7]. Consequently, wastewater containing ele-
vated phosphate must be treated to meet the limit before 
being discharged into natural surface water bodies.
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Various treatment technologies have been studied for 
the removal of phosphate from wastewater, such as chem-
ical precipitation [8], adsorption [9], biological removal  
[10], reverse osmosis [11], membrane [11], ion exchange 
[12], and constructed wetlands [13]. Among these obtain-
able approaches, chemical precipitation and biological 
removal are normally not able to meet the stringent efflu-
ent standards and reverse osmosis is expensive, while the 
adsorption method proves to be more hopeful in term of 
flexibility and simplicity of design, ease of operation and 
high uptake capacity. Another attractive feature of this 
technique is that the nutrient-loaded filters can be used 
in agriculture as phosphate fertilizer and soil conditioner 
[14]. A variety of materials including natural and synthetic 
ones, have been used as adsorbents for phosphate removal 
in the literatures [15–21]. Iron is the second most abun-
dant metal in the earth’s crust and its (hydro) oxides are 
low-cost, environment-friendly. Because of strong affinity 
towards phosphorus species, Fe (hydro) oxides materials, 
including amorphous hydrous ferric oxide, poorly crystal-
line hydrous ferric oxide (ferrihydrite) [22], goethite and 
akaganeite [23,24], have been extensively studied for phos-
phate removal. Most recently, increasing efforts have been 
devoted to the synthesis of novel composite adsorbents 
containing iron oxides, including Fe-Mn [25], Fe-Al [26], 
Fe-Cu [27], Fe-Zr [28], Fe-Ti [29], Fe-Ag [30], Ca-Fe [31], etc. 
These omposites possess superior adsorption performance 
for phosphate than their individual components.

Lanthanum (La), a rare earth element, is considered 
to be non-toxic and environmental-benign. Lanthanum 
(hydro) oxides exhibit specific affinity towards phosphate 
even at trace levels [32,33]. Recently, phosphate removal 
using lanthanum (hydro) oxides has attracted growing 
attention [34,35]. To improve the cost-efficiency for phos-
phate removal, lanthanum (hydro)oxides have also been 
widely doped in metal oxides or loaded in porous materials 
to produce efficient composite adsorbents [7,36–42]. These 
composite adsorbents usually diminish the aggregation 
of nanoparticles, improving the phosphate removal effi-
ciency. Moreover, the binding between lanthanum (hydro) 
oxides and other components may suppress the leakage 
of La ion in to water, which probably decreases biological 
incompatibilities.

In our previous study, a novel Fe-La binary (hydro)oxide 
was synthesized by a facile chemical precipitation method 
at ambient temperature and was found to have a strong 
affinity for arsenate [43]. Phosphorus and arsenic belong to 
the same element group (main group V). Therefore, phos-
phate and arsenate are very similar in molecular structure 
and chemical property. Previous results showed that the 
present phosphate competed strongly with arsenate for 
sorption sites on surface of the Fe-La binary (hydro)oxide 
[43], indicating that it also might be an excellent phosphate 
adsorbent. However, to date, no information is available on 
the phosphate removal by the Fe-La binary (hydro) oxide.

Thus, a novel Fe-La binary (hydro) oxide with a Fe/
La molar ratio of 2:1 was synthesized and tested for phos-
phate removal in this study. The phosphate adsorption 
experiments including adsorption kinetics and adsorption 
isotherm were studied in detail. The influences of vari-
ous experimental parameters, such as solution pH, ionic 
strength, and competitive anions on phosphate removal 

were examined. Furthermore, the removal mechanism 
of phosphate was investigated by both macroscopic and 
microscopic techniques.

2. Materials and methods

2.1. Materials

Anhydrous potassium dihydrogen orthophosphate 
(KH2PO4) are guaranteed grade and other reagents includ-
ing FeCl3·6H2O, LaCl3·nH2O and NaOH are analytical grade. 
Phosphate stock solutions were prepared with deionized 
water and KH2PO4. Phosphate working solutions were 
freshly prepared by diluting phosphate stock solutions with 
deionized water. The concentrations of phosphate species 
were always given as elemental phosphorus concentration 
in this study.

2.2. Adsorbent preparation

The Fe-La binary (hydro) oxide with a Fe/La molar ratio 
of 2:1 was prepared at room temperature (25°C), according 
to the following procedure: Ferric chloride (FeCl3·6H2O, 
0.02 mol) and lanthanum chloride (LaCl3·nH2O, 0.01 mol) 
were dissolved in 500 mL of deionized water. Under vigor-
ous stirring, sodium hydroxide solution (NaOH, 2 mol/L) 
was added drop wise to raise the solution pH to around 
8.5. After addition, the formed suspension was continu-
ously stirred for 1 h, aged at room temperature for 4 h and 
then washed several times with deionized water. The sus-
pension was then filtrated and dried at 55°C for 24 h. The 
dried material was crushed and stored in a desiccator for 
use. The obtained powder adsorbent was named as Fe-La 
binary (hydro)oxide.

2.3. Adsorbent characterization

The morphology of the particles was characterized by a 
field scanning electron microscope (FESEM) coupled with 
energy dispersive X-rayspectroscopy (EDS) (Hitachi S-4800, 
Japan). X-ray diffraction (XRD) analysis was carried out 
on a D/Max-3A diffractometer (Rigaku Co., Japan) using 
Ni-filtered copper Ka1 radiation. The specific surface area 
was measured via nitrogen adsorption using BET method 
with a Micromeritics ASAP 2000 surface area analyzer 
(Micromeritics Co., USA).

A zeta potential analyzer (Zetasizer 2000, Malvern, UK) 
was used to analyze the zeta potential of the Fe-La binary 
(hydro) oxide particles before and after phosphate adsorp-
tion. The content of the Fe-La binary (hydro) oxide in the 
solution was about 200 mg/L and phosphate concentration 
was 15 mg/L. NaNO3 was used as background electrolyte 
to maintain an approximately constant ionic strength of 
0.01 M. After mixing for 72 h to ensure the achievement of 
adsorption equilibrium, 5 mL of the suspension was trans-
ferred to a sample tube. Zeta potential of the suspension 
was then measured by electro kinetic analysis.

FTIR spectra were collected on a Nicolet IS10 FTIR spec-
trophotometer (Thermo scientific, USA) using a transmis-
sion model. Samples for FTIR determination were ground 
with spectral grade KBr in an agate mortar. IR spectra of 
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phosphate adsorbed onto the Fe-La binary (hydro) oxide 
were obtained from dry samples in KBr pellets correspond-
ing to 5 mg of sample in approximately 200 mg of KBr. All 
IR measurements were carried out at room temperature.

X-ray photoelectron spectra (XPS) were collected on 
an ESCALab-220i-XL spectrometer with a monochromatic 
Al Ka X-ray source (1486.6 eV). C1s peaks were used as an 
inner standard calibration peak at 284.7 eV. For wide-scan 
spectra, an energy range of 0–1100 eV was used with pass 
energy 80 eV and step size 1 eV. The high-resolution scans 
were conducted according to the peak being examined with 
pass energy 40 eV and step size 0.05 eV. The XPS results 
were collected in binding energy forms and fitted using a 
nonlinear least-squares curve-fitting program (XPSPEAK41 
Software).

2.4. Batch adsorption tests

2.4.1. Adsorption kinetics

The kinetics experiments were carried out at room tem-
perature (25 ± 1°C). Predetermined amount of phosphate 
stock solution and NaNO3were added in a 1000-mL glass 
vessel and then diluted to 500 mL with deionized water.
The initial phosphate concentration was 5 mg/L. The ionic 
strength of the solutions was 0.01 M. After the solution pH 
was adjusted to 6.0 ± 0.1 by adding 0.1 M HNO3 and/or 
NaOH, 0.1 g of Fe-La binary (hydro) oxide was added to 
obtain a 0.2 g/L suspension. The suspension was mixed with 
a magnetic stirrer at an agitation speed of 170 rpm, and the 
pH was maintained at 6.0 ± 0.1 throughout the experiment 
by addition of dilute HNO3 and/or NaOH solution. Approx-
imately 5 mL samples were taken from the glass vessel at 
predetermined times. The samples were immediately filtered 
through a 0.45-μm membrane filter and residual phosphate 
concentrations in filtrates were determined. The adsorbent 
powders were taken out for further characterization.

2.4.2. Effect of solution pH and ionic strength 

The influences of solution pH and ionic strength on the 
phosphate adsorption were investigated by adding 10 mg 
of Fe-La binary (hydro)oxide into 100-mL plastic vessels, 
containing 50 mL of phosphate solution. Initial phosphate 
concentration was 15 mg/L and the sorbent dosage was 0.2 
g/L. The ionic strength of the solutions varied from 0.001 to 
0.1 M by adding different amounts of NaNO3. The pH of the 
solutions was adjusted every 4 h with dilute HNO3 or/and 
NaOH solution to designated values in the range 3–11 during 
the shaking process. The equilibrium pH was measured and 
the supernatant was filtered through a 0.45-μm membrane 
for phosphate measurement after the solutions were mixed 
for 24 h. In addition, to evaluate the leaching of Fe and La 
from the adsorbent at different pH, the Fe and La concen-
trations in the supernatant solutions were also measured by 
ICP-OES.

2.4.3. Adsorption isotherms

The phosphate adsorption isotherm was determined using 
batch tests at respective pH, 6.0 ± 0.1 and 9.0 ± 0.1. The pH of 
suspensions was adjusted with 0.1 M HNO3 and/or NaOH 

during the experiment. Initial phosphate concentration varied 
from 2 mg/L to 60 mg/L. In each test, 10 mg of Fe-La binary 
(hydro) oxide was loaded in a 100-mL plastic vessel contain-
ing 50 mL phosphate solution of predetermined concentra-
tion. Ionic strength of the solution was adjusted to 0.01 M with 
NaNO3. The vessels were shaken on an orbit shaker at 170 rpm 
for 24 h at 25 ± 1°C. Then, all samples were filtered by a 0.45-
µm membrane filter and analyzed for phosphate. The quantity 
of adsorbed phosphate was calculated by the difference of the 
initial and residual amounts of phosphate in solution divided 
by the weight of the adsorbent. 

2.4.4. Effect of coexisting anions

The effect of common coexisting ions in wastewater 
such as Cl–, CO3

2–, SO4
2– and SiO3

2– on the phosphate adsorp-
tion was investigated by adding NaCl, Na2CO3, Na2SO4 and 
Na2SiO3 to 10 mg/L (about 0.0003 M) of phosphate solu-
tion, respectively. The anion concentrations ranged from 
0.0001 to 0.01 M. The solution pH was adjusted to 6.0 ± 0.1 
with dilute HNO3 or/and NaOH solution. 10 mg of Fe-La 
binary (hydro) oxide was added in each of the vessel and 
the solutions were mixed at 170 rpm for 24 h at 25 ± 1°C. 
After filtration by a 0.45 μm membrane filter, the residual 
concentration of phosphate in the samples was analyzed.

2.4.5. Regeneration and reusability of the Fe-La binary 
(hydro) oxide

The regeneration and recycle of the spent adsorbent 
were studied. For the adsorption test, 400 mg of the Fe-La 
binary (hydro) oxide was introduced into 2 L phosphate 
solution of 10 mg/L. The solution was stirred continuously 
for 24 h at 170 rpm and 25 ± 1°C. The pH of the solution was 
maintained at 6.0 ± 0.1 during adsorption process. Then the 
spent adsorbent was separated by filtration and was used 
for desorption test after drying at 55°C for 2 h. The residual 
phosphate concentration n the filtrates was measured using 
the ICP-OES. For the desorption tests, the spent adsorbent 
was added into 100 mL NaOH solution of 0.5 mol/L. The 
mixture was stirred for 4 h and then separated from the 
NaOH solution. After washing and drying, the adsorbent 
was to be used in the next adsorption-desorption cycle. The 
regeneration/recycle experiment was conducted for four 
cycles to evaluate the re usability of the adsorbent.

2.5. Analytical methods

Phosphate concentration was determined by an ICP-
OES (Optima 7100 DV, Perkin Elmer Co. USA). Prior to 
analysis, the aqueous samples were acidified with concen-
trated HCl in an amount of 1% and stored in acid-washed 
glass vessels. All samples were analyzed within 24 h after 
collection.

3. Results and discussion

3.1. Characterization of the Fe-La binary (hydro) oxide

The morphology and surface element distribution of 
Fe-La binary (hydro) oxide were examined by FESEM and 
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EDS. The SEM image (Fig. 1A) shows that it was aggregates 
formed compactly by nano particles with a size range of 
20–40 nm and nanoflakes with a size range of 50–150 nm, 
which resulted in an irregular and rough surface and a 
porous structure. The EDS analysis (Fig. 1B) revealed that Fe 
and La were evenly distributed on the surface and the Fe/
La molar ratio on the surface was about 2.18, a little higher 
than that of bulk, which was in the range of 1.93–2.07.

The powder X-ray diffraction pattern of the Fe-La 
binary (hydro) oxide is illustrated in Fig. S1 (supplementary 
materials). It showed some sharp and symmetric reflections 
for (100), (101), (201) and (300) planes, which were similar to 
the XRD pattern of La(OH)3 (JCPDS 36-1481) [44]. In addi-
tion, no other peaks were detected, indicating that the Fe 
(hydro) oxide component was amorphous.

The N2 adsorption and desorption isotherms of the Fe-La 
binary (hydro) oxide are shown in Fig. S2A. The adsorption 
and desorption isotherms of Fe-La binary (hydro) oxide 
were type IV according to the IUPAC classification [45]. The 
Fe-La binary (hydro) oxide material was possibly meso-
porous, as it demonstrated a hysteresis loop for the desorp-
tion isotherm [45]. The adsorption isotherms of Fe-La binary 
(hydro) oxide did not present a plateau at high P/Po values, 
indicating that these pores might be produced by aggrega-
tion of random layer structure-like particles. The data of spe-
cific surface area, average pore diameter, and average pore 
volume of Fe-La binary (hydro) oxide are listed in Table S1. 
It could be seen that the Fe-La binary (hydro) oxide had a 
high specific surface area of 120.1 m2/g with a pore volume 
of 0.168 cm3/g. The pore size distribution of this adsorbent is 
shown in Fig. S2B. The adsorbent presented a wide pore size 
range from 30 to below 3 nm.

3.2. Batch adsorption experiments

3.2.1. Kinetics of phosphate adsorption by the Fe-La binary 
(hydro) oxide

Adsorption rate is an important factor in terms of eval-
uating the adsorption efficiency and mechanism of the sor-
bent. Therefore, the kinetics of phosphate adsorption on 

Fe-La binary (hydro) oxide was investigated in this study 
and the kinetics data is shown in Fig. 2A. The adsorption 
increases fast in the initial period, and over 95% of the equi-
librium adsorption capacity is achieved within the begin-
ning 1 h. Afterwards, the adsorption process slows down 
and about 12 h are required to reach the adsorption equilib-
rium. Therefore, all other batch experiments are carried for 
24 h to ensure complete adsorption.

In order to evaluate the kinetic mechanism that controls 
the adsorption process, kinetic data analysis for phosphate 
adsorption was studied with the pseudo-first-order model 
[46], the pseudo-second-order model [47], the elovich 
model [48] and the intraparticle diffusion model [49]. The 
mathematical representations of the models are given in: 

dq
dt

k q qt
e t= −1( ) � (1)

dq
dt

k q qt
e t= −2

2( ) � (2)

q A k tt = + 3 ln �  (3)

q k tt p= 0 5. � (4)

where qe and qt are the adsorption capacities (mg/g) of the 
adsorbent at equilibrium and at any time t (h), respectively; 
k1(h

–1), k2 (g/mg·h), k3 and kp are the related adsorption rate 
constants; A is constant; and C is a constant gained from the 
intercept of plot of qt against t0.5.

The rate constants obtained from the pseudo-first-order, 
the pseudo-second-order and the Elovich models are sum-
marized in Table 1. It could be found that the experimental 
data fitted the pseudo-second-order model (the higher cor-
relation coefficient values) better than the pseudo-first-or-
der and the elovich models, and the chemical adsorption 
was the potential rate controlling step in the phosphate 
adsorption. Since the pseudo-second-order kinetic model 
is based on the assumption that the rate-limiting step may 
be chemisorption involving valence forces through sharing 
or exchange of electrons between sorbent and sorbate [47]. 

 
Fig. 1. SEM micrograph (×100000) (A) and EDS surface analysis (B) of the Fe-La binary(hydro) oxide.
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The reaction kinetics is well fitted to the pseudo-second 
order rate model, but this model is limited in accuracy by 
considering adsorption as a single, one-step binding pro-
cess [28]. However, the intraparticle diffusion model may 
provide a more comprehensive view of adsorption as a 
series of distinct steps [49]. Therefore, it was also applied 
to fit the experimental data. From Fig. 2B, it can be clearly 
found that the whole plot includes three linear sections and 
this multi-linearity indicates further the complexity of the 
adsorption process. The first linear step was a fast stage. 
Transferring of phosphate anions from bulk phase to par-
ticle surface was rapid since the adsorption was conducted 
in a well-agitated tank. For well-agitated system, film diffu-
sion resistance will be quite small and pore diffusion will be 
rate controlling. The second linear portion was a moderate 
sorption process, governing by the intraparticle diffusion in 
the pore structure. The third linear section was a very slow 
adsorption stage, attributing to the steric hindrance from 
the adsorbed molecules [28].

3.2.2. Effect of pH and ionic strength 

The effects of pH and ionic strength on the adsorption of 
phosphate were assessed and the results are demonstrated 
in Fig. 3A. It could be seen that the removal percentage 
of phosphate by the Fe-La binary (hydro) oxide was high 
under acidic conditions, while decreased with increas-
ing solution pH under alkaline conditions. Similar results 

were observed for phosphate adsorption on Fe-Cu binary 
oxides [27] and nanocomposite Ws-N-La [37]. Adsorption 
of strong acid anions by metal oxides and hydroxides typ-
ically decreases with increasing pH [50]. The species dis-
tribution of phosphate is known to vary with pH values. 
In water, phosphate can exist as H3PO4, H2PO4

–, HPO4
2– or 

PO4
3–, depending on the pH (pK1 = 2.15, pK2 = 7.20, and pK3 

= 12.33) [17,50]. At pH 6.0, H2PO4
– is dominant, accounting 

for over 80% of total phosphate species, while HPO4
2– is the 

main phosphate species at pH 10.6. Low pH is favorable 
for the protonation of the sorbent surface. Increased pro-
tonation is thought to increase the positively charged sites, 
enlarging the attraction force existing between the sorbent 
surface and phosphate anions. Therefore, high adsorp-
tion capacity of phosphate on the sorbent was detected in 
the low pH region. With the increase in solution pH, the 
negatively charged sites gradually increase and enhance 
the repulsion effect, which in turn reduces the amount of 
adsorption. As a result, phosphate adsorption by the sor-
bent dropped gradually.

No significant change was found on phosphate adsorp-
tion as the ionic strength increased from 0.001 to 0.1 M. 
It is well known that the adsorption of phosphate would 
decrease with an increase in ionic strength if phosphate 
formed outer-sphere surface complexes; while the adsorp-
tion of phosphate would either not change or increase with 
increasing ionic strength if phosphate formed inner-sphere 
complexes [51]. Thus, the results in this study demonstrated 
that phosphate anions might be specifically adsorbed on the 
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Fig. 2. Kinetics of phosphate removal by the Fe-La binary (hydro)oxide. (A) Phosphate fitted with pseudo-first-order model, pseu-
do-second-order model and elovich model, (B) Phosphate fitted with intraparticle diffusion model. Initial phosphate concentrations 
= 5 mg/L, adsorbent dose = 200 mg/L, pH = 6.0 ± 0.1, agitation speed = 170 rpm, T = 25 ± 1°C.

Table 1
Adsorption rate constant obtained from pseudo-first-order model, pseudo-second-order model and elovich model

Adsorbent 
species

Pseudo-first-order model Pseudo-second-order model Elovich model

k1 

(h–1)
qe 

(mg/g)
R2 k2 

(g/mg·h)
qe 

(mg/g)
R2 k3 R2

Fe-La 13.42 23.24 0.917 0.78 24.92 0.983 3.786 0.972
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Fe-La binary (hydro) oxide via forming inner-sphere sur-
face complexes.

Additionally, the leaching of Fe and La from the adsor-
bent at different pHs was evaluated and shown in Fig. 3B.
The leaching of Fe3+ ion from Fe-La binary (hydro) oxide was 
negligible in the tested pH range. However, obvious leach-
ing of La3+ ion occurred under acidic conditions. It decreased 
markedly with increasing solution pH and became negligi-
ble at pH > 6. Similar results were observed for removal of 
phosphate by Fe-Mg-La tri-metal composite adsorbent and 
lanthanum hydroxide materials [7,35]. In the low pH region, 
the leached La3+ ion may easily react with phosphate to form 
insoluble lanthanum phosphate (solubility product of lan-
thanum phosphate pK = 26.15 [52]). Therefore, the phosphate 
removal might be accomplished through both adsorption 
and forming precipitation of lanthanum phosphate under 
acidic conditions. Nevertheless, the pH of natural water is 
generally higher than 6.5. At this point, the leaching of La3+ 
ion is very little and the hydroxide precipitation formed is 
negligible. Thus, the phosphate uptake might be attributed 
only to adsorption under neutral and alkaline conditions.

3.2.3. Adsorption capacity of the Fe-La binary (hydro) oxide

Batch adsorption experiments were carried out to deter-
mine the maximum adsorption capacity of phosphate on 
the Fe-La binary (hydro) oxide. Fig. 4 shows the plots of 
the phosphate adsorbed by the adsorbent against the phos-
phate equilibrium concentration in the solution at pH 6.0 
± 0.1 and pH 9.0 ± 0.1, respectively. Both Langmuir and 
Freundlich models [53,54] were employed to describe the 
adsorption isotherms obtained in the figure. The two equa-
tions can be expressed as follows:

q
q K C

K Ce
L e

L e

=
+

max

1
� (5)

q K Ce F e
n= � (6)

where qe and qmax represent the amount of equilibrium 
adsorption capacity and the maximum adsorption capacity 

(mg/g), respectively; KL (L/mg) is the Langmuir coefficient; 
Ce is the equilibrium solution concentration (mg/L); KF is 
roughly an indicator of the adsorption capacity and n is an 
empirical parameter; n is the heterogeneity factor, which 
has a lower value for more heterogeneous surfaces.

The adsorption constants obtained from the isotherms 
were listed in Table 2. Evidently, the Fe-La binary (hydro)
oxide has a higher adsorption capacity at a lower pH value, 
which is consistent with the result of solution pH effect on 
adsorption. As shown in Table 2, the equilibrium data for 
the adsorption of phosphate onto the Fe-La binary (hydro)
oxide could be better described by the Freundlich isotherm 
model than Langmuir model at the two pH levels. It is not 
surprising that the Langmuir equation failed in describing 
the adsorption behavior of phosphate because this model 
assumes that adsorption occurs on a homogeneous surface. 
The presence of La (hydro) oxide in the adsorbent may lead 
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to a more heterogeneous surface of solid. The Freundlich 
equation describes adsorption where the adsorbent has 
a heterogeneous surface with adsorption sites that have 
different energies of adsorption. Direct graphic maximal 
removal capacity (corresponding to the isotherm plateau) 
gives a maximal capacity of 80.7 mg/g at pH 6.0 ± 0.1 and 
67.4 mg/g at pH 9.0 ± 0.1, respectively.

Table 3 shows the comparison results of the maximum 
adsorption capacities of various adsorbents for phosphate. 
It was found that the prepared Fe-La binary (hydro) oxide 
outperformed many other adsorbents. Especially, it should 
be noted that the high adsorption capacity of the Fe-La 
binary (hydro) oxide was achieved at a low equilibrium 
concentration (0.5 mg/L). All these results suggest that the 
adsorbent maybe used as a promising adsorbent for phos-
phate removal from aqueous media.

3.2.4. Effect of coexisting anions

As well known, adsorption selectivity influences sig-
nificantly removal effectiveness. Some researchers applied 
highly selective adsorbents to remove heavy metals from 
aqueous systems [57–59]. Coexisting ions such as silicate, 
chloride, sulfate, and carbonate are generally present in the 
wastewater, and might interfere in the uptake of phosphate 
through competitive adsorption. Herein, the effects of these 
coexisting anions at three concentration levels (0.0001, 0.001 

and 0.01 M) on the phosphate adsorption were examined at 
initial pH of 6.0 ± 0.1 and the results were shown in Fig. 5.

It could be seen that for chloride and sulfate, no observ-
able decrease in phosphate adsorption was detected when 
their concentrations increased from 0.0001 to 0.01 M. Only 
a slight decrease was observed with increasing bicarbonate 
concentration. Obviously, the presence of these three anions 
has no significant influence on the phosphate adsorption. 
However, the coexisting silicate suppressed the phosphate 
adsorption notably. For an example, the phosphate adsorp-
tion rate reduced to 54% when the concentration of silicate 
increased from 0 to 0.01 M. Both silicon and phosphorus 
are located in the adjacent position in the periodic table of 
the elements, and the molecular structure of the silicate ion 
is very similar to that of the phosphate ion. The present 
silicate ions may strongly compete with phosphate ions 
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Table 2
Langmuir and Freundlich isotherm parameters for phosphate 
adsorption onto the Fe-La binary (hydro) oxide under different pH

pH Langmuir model Freundlich model

qmax 

(mg/g)
KL 

(L/mg)
R2 KF 

(mg/g )
n R2

6 74.89 16.05 0.650 60.60 0.08 0.976
9 62.43 0.88 0.904 31.51 0.21 0.962

Table 3
Comparison of maximum phosphate adsorption capacities for different adsorbentsa

Sorbent material Conc. range 
(mg/L)

Max. P adsorption  
capacity (mg/g)

Reference

Fe-La binary (hydro)oxide 0–35 80.7 (pH 6.0) Present study
Fe-La binary (hydro)oxide 0–37 67.4 (pH 9.0) Present study
Iron oxide tailings 0–131 8.2 (pH 6.6–6.8) [55]
Al oxide hydroxide 0–9 35 (pH 6.0–7.0) [6]
TEPA-Fe3O4- NMPs-1.0 32–650 102 (pH 3.0) [17]
LDH 6c 0–200 300 (pH 6.5–7.0) [20]
Mesoporous ZrO2 0–275 29.7 (pH 6.7–6.9) [56]
Fe-Cu binary oxide 0–25 35.2 (pH 7.0) [27
Fe-Mn binary oxide 0–35 36 (pH 5.6) [25]
Fe-Zr binary oxide 2–40 33.4 (pH 5.5) [28]
La-doped vesuvianite 0–4 6.7 (pH 7.1) [41]
La-modified bentonite 0–65 14 (pH 6.0) [38]
La-doped mesoporous hollow silica spheres 0–50 47.9 (pH 5.0) [39]

apH is shown in parentheses.
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for the binding sites on the adsorbent. Thus, phosphate 
adsorption is repressed and the phosphate adsorption rate 
reduces significantly.

3.2.5. Regeneration and reusability of the Fe-La binary 
(hydro) oxide

The regeneration and reusability of spent adsorbent are 
crucially important and directly influence the practicabil-
ity of the adsorbent. Four successive adsorption-regener-
ation cycles were therefore carried out and the results are 
demonstrated in Fig. 6. The value of cycle 0 was the adsorp-
tion capacity of the fresh Fe-La binary (hydro) oxide. The 
phosphate adsorption capacity of the Fe-La binary (hydro)
oxide slowly decreased with an increase in regeneration 
cycle. However, this reduction was not so remarkable and 
the adsorbent still retained more than 80% of its original 
phosphate adsorption capacity after 4 times regenera-
tion, indicating that the phosphate-loaded adsorbent can 
be effectively desorbed and regenerated via 0.5 M NaOH 
treatment. Interestingly, the specific regeneration parame-
ters differ greatly, due to the diverse adsorbents. Zhang et 
al. used 0.1 M NaOH to regenerate the phosphate-loaded 
Fe-Mn sorbent at room temperature [25]. Lu et al. also 
employed 0.1 M NaOH solution to treat the spent Fe-Ti sor-
bent at 20°C [29]. Yu et al. applied 0.5 M NaOH to desorb the 
spent Fe-Mg-La composite [7]. However, Zhang et al. found 
that a higher NaOH concentration of 2.5 M was necessary to 
regenerate effectively the spent composite Ws-N-La at 60°C 
[37]. Obviously, the Fe-containing composites were more 
easily to regenerate than the pure La-modified composite. 

3.3. Analysis of the Fe-La binary (hydro) oxide before and after 
reaction with phosphate

3.3.1. Zeta potential study

Fig. 7 shows the zeta potentials of the Fe-La binary 
(hydro) oxide before and after phosphate adsorption. The 

isoelectric point (IEP) of the fresh Fe-La binary (hydro)
oxide is found to be about pH 7.8, while the IEP of the phos-
phate-loaded sorbent is 7.1. The specific adsorption of anions 
makes the surface of oxides more negatively charged, which 
results in a shift of the IEP of adsorbent to a lower pH value 
[60]. The IEP of metal oxides is determined by protonation 
and deprotonation of surface hydroxyl groups. The forma-
tion of outer-sphere surface complexes cannot shift the IEP 
because there is no chemical reaction between the adsorbate 
and adsorbent surface [61]. Clearly, the phosphate removal 
is due to specific adsorption (chemical adsorption) rather 
than purely electrostatic interaction,in which inner-sphere 
surface complexes are formed.

3.3.2. Analysis of XPS 

XPS spectra of Fe-La binary (hydro) oxide before and 
after reaction with phosphate were tested to verify the 
presence of phosphate and determine the oxidation state of 
adsorbed phosphate. Fig. 8A shows that the P2p core level 
peak had appeared after reaction with phosphate, which 
clearly indicated the presence of phosphate on the surface 
of Fe-La binary (hydro) oxide. Fig. 8B exhibits the P2p core 
level of Fe-La binary (hydro) oxide after the adsorption of 
phosphate. The P2p binding energy for the adsorbent was 
133.1 eV, which suggested that the phosphorus onto the sur-
face of the adsorbent existed in a pentavalent-oxidation state 
(P5+) [62]. In other words, the oxidation state of phosphorus 
did not change during the reaction processes. Additionally, 
the XPS spectrum of P2p revealed the derivation of three 
peaks at 132.4, 133.2, and 134.3 eV, which correspond to the 
binding energies of PO4

3–, HPO4
2–, and H2PO4

–, respectively 
[62–65]. According to the area of three peaks, the phospho-
rus atomic ratio of PO4

3–, HPO4
2–, and H2PO4

–was calculated 
to be 24:69:7, which implied that the main phosphoric type 
presented on to the surface of Fe-La binary (hydro) oxide 
was HPO4

2–. Furthermore, O1s narrow scans of the Fe-La 
binary (hydro) oxide before and after phosphate adsorption 
were collected and shown in Fig. 8C–D.The O1s peak could 
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be best fitted with three overlapped O1s peaks of oxide oxy-
gen (O2–), hydroxyl group (–OH) and adsorbed water (H2O)
[7,64]. The spectra were fitted using a nonlinear least-square 
curve fitting program (XPSPEAK41 Software) and the fit-
ting parameters can be found in Fig. 8C–D and SI Table 2. 
Fig. 8C demonstrates that the –OH percentage was about 
40.9 % for the origin Fe-La adsorbent, while Fig. 8D shows 
that the –OH percentage largely dropped to about 27.2% 
after the phosphate adsorption. Meanwhile, the O2– per-
centage signally increased after the phosphate adsorption, 
indicating that hydroxyl groups existed on the surface of 
the Fe-La binary (hydro) oxide and the –OH was partially 
replaced by phosphate and subsequently inner-sphere sur-
face complexes were formed.

3.3.3. FTIR spectra

FTIR spectra of the Fe-La binary (hydro) oxide before 
and after reaction with phosphate were collected and are 
shown in Fig. 9. For the Fe-La binary (hydro) oxide sample, 
the bands at 3600–3200 cm–1 were assigned to the vibration 
of O-H stretching. The band at 1638 cm–1 could be ascribed 
to the deformation vibration of water molecules [7,23,25]. 

These indicated the presence of physisorbed water on the 
oxide. The peak at 1382 cm–1 was attributed to the vibration 
of adsorbed CO3

2–, since the experiments was conducted 
in atmosphere [27]. The bands observed at 1483 cm–1 and 
658 cm–1 were the characteristics of the lanthanum (hydro)
oxide [40,43]. After phosphate sorption, the FTIR spectrum 
demonstrated obvious changed. It was found that the inten-
sity of the peaks at 1483 cm–1 and 658 cm–1 was significantly 
weakened, meanwhile a new peak at 1057 cm–1 appeared, 
which was broad and intensive and could be assigned to the 
asymmetry vibration of P-O bond [25,66], indicating that 
the surface hydroxyl groups were replaced by the adsorbed 
phosphate and the phosphate was mainly bound as a sur-
face complex. 

3.4. Phosphate removal mechanism

From the results of the ionic strength effects experiment 
and the analyses of zeta potential along with XPS spectra, 
FTIR spectra, it can be reasonably concluded that phosphate 
is specifically adsorbed by the Fe-La binary (hydro) oxide 
through formation inner-sphere complex and the hydroxyl 
groups play a key role. Based on a direct in situ determina-
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tion of phosphate speciation using X-ray absorption spec-
troscopy, phosphate could form inner-sphere complexes on 
the surface of metal hydroxides, including the monodentate 
mononuclear and bidentate binuclear complexes [50]. The 
surface of the Fe-La binary (hydro) oxide was easily pro-
tonated and positively-charged at pH 6.0 [Eq. (7)], due to 
possessing a high pHPZC (about 7.8). Thus, the phosphate 
removal process could be described as follows. Phosphate 
was firstly transported to the protonated surface by convec-
tion or diffusion from bulk solution. Then the phosphate 
was adsorbed through the replacement of surface hydroxyl 
groups and formation of monodentate mononuclear and 
bidentate binuclear inner-sphere surface complexes [Eqs. 
(8) and (9)].

S OH H S OH− + −+ +⇔ 2
� (7)

S OH H PO S OPO H H O− + − ++ − ⇔2 2 4 3 2 2   
monodentae mononuclear� (8)

2 22 2 4 2 2 2 2S OH H PO S O PO H H O H− + + ++ − +⇔   
bidentate binuclear� (9)

Fig. 10 demonstrates the reasonable major adsorption 
mechanism of phosphate on the Fe-La binary (hydro) oxide.

4. Conclusions

In this study, the preparation of the Fe-La binary (hydro) 
oxide was a simple and environment-friendly coprecipita-
tion method. This adsorbent, with a high specific surface 
area (120.1 m2/g), was formed by nanoparticles and nano-
flakes. The pseudo-second-order equation describes the 
kinetic data well. The adsorbent had a high removal capac-

ity toward phosphate. Maximal adsorption capacities were 
80.7 mg/g at pH 6.0 ± 0.1 and 67.4 mg/g at pH 9.0 ± 0.1, 
respectively. The Fe-La binary (hydro) oxide was able to 
adsorb phosphate in the presence of competing anions and 
across a wide pH range. Among the coexisting anions, sili-
cate was the greatest competitor with phosphate for adsorp-
tive sites on the surface of oxide. Phosphate was adsorbed 
through the replacement of surface hydroxyl groups and 
formed inner-sphere surface complexes at the water/Fe-La 
binary (hydro) oxide interface.
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Supplementary materials

Fig. S1. XRD patterns of the Fe-La binary (hydro) oxide.

Fig. S2. N2 adsorption/desorption isotherms of the Fe-La binary 
(hydro) oxide (A) and Pore differential distribution of the Fe-La 
binary (hydro)oxide (B).
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Table S1 
BET specific surface area and porosity measurements of the Fe-
La binary (hydro)oxide

Adsorbent Fe-La

Specific surface area (m2/g) 120.1

Average pore diameter (Å) 56.0

Average pore volume（(cm3/g) 0.168

Table S2 
O1s peak parameters for the Fe-La binary (hydro) oxide before 
and after phosphate adsorption 

Sample Peak B. E. (eV) Percent (%)

Fe-La O2
– 530.02 13.4

OH– 531.13 40.9

H2O 531.98 45.7

Fe-La-P O2
– 530.1 45.9

OH– 531.01 27.2

H2O 532 26.9


