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a b s t r a c t
In this study, lanthanum hydroxide adsorbent was synthesized through a simple hydrothermal 
method and applied for removing phosphate from water. The optimal adsorbent was obtained at 
the La/OH molar ratio of 4:1. The adsorbent showed rapid adsorption of phosphate within the first 
4 h in which approximately 84% of the equilibrium adsorption capacity can be achieved. The phos-
phate uptake was highly dependent on solution pH. The better fit of the Langmuir isotherm model 
to experimental data indicated that the monolayer adsorption occurred and the maximum adsorp-
tion capacity of 193.9  mg/g was accomplished at pH 7.0. The presence of fluoride could signifi-
cantly retard the uptake of phosphate. X-ray photoelectron spectroscopy analysis indicated that 
hydroxyl groups on the adsorbent surface played the most key role in the adsorption. The phosphate 
ions were adsorbed on the adsorbent through the formation of inner-sphere complexes.
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1. Introduction

Phosphate as an essential nutrient for the growth of 
aquatic organisms has been classified as one of the important 
factors causing the eutrophication of lakes, lagoons, rivers, 
and coastal seas [1]. To prevent eutrophication problem, 
the maximum concentration of phosphorus in the water 
is recommended as lower than 50  μg/L by the United 
States Environmental Protection Agency. Since the exces-
sive discharge of phosphate from industrial wastewater 
and agricultural/household activities is considered as the 
main reason for the limit-exceeding problem of phosphate 
in waters, the World Health Organization has also set a 
maximum discharge limit of phosphorus of 0.5–1  mg/L. 

Therefore, the development of effective techniques for 
phosphate removal from wastewater is urgently needed.

Various technologies including chemical precipita-
tion, ion exchange, membrane filtration, biological treat-
ment, and adsorption have been extensively studied and 
applied for the removal of phosphate from water. Among 
them, adsorption is considered as one of the most attract-
ing methods due to its advantages of high selectivity, low 
cost, and flexibility in operation [2,3]. Numerous adsorbents 
have been developed for the phosphate removal from water, 
including red mud [4], fly ash [5], layered double hydrox-
ides [6], iron oxides [7], metal oxide-based adsorbents [8], 
and carbon-based materials [9,10]. Especially, the excellent 
adsorption performance of lanthanum-based adsorbents 
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has attracted increasing attention in the last decade as a 
result of the higher affinity of lanthanum toward phosphate 
than other conventional metals [11,12]. In our previous 
study, a Fe–Mg–La trimetal composite adsorbent was syn-
thesized by a simple co-precipitation method, which had a 
maximum adsorption capacity of 451.2 mg/g at pH 6.0 [13]. 
The abundant content of hydroxyl groups on the adsor-
bent surface was verified to be responsible for its extremely 
high uptake of phosphate. Accordingly, the metal hydrox-
ide generally exhibits a better adsorption performance than 
the corresponding metal oxide [14]. The hydrothermal syn-
thetic route can obtain more uniform metal hydroxide/oxide 
adsorbents with smaller particle size [15]. Moreover, the 
physico-chemical properties of adsorbent can be adjusted 
by controlling conditions of the hydrothermal synthesis 
procedure, for example, concentrations of NaOH and pre-
cursor salts [16].

In the present work, we prepared lanthanum hydrox-
ide nanoparticles through a simple hydrothermal method. 
The influence of lanthanum/hydroxide (La/OH) molar 
ratio in properties and adsorption performance was inves-
tigated. A series of batch experiments were conducted to 
study the adsorption kinetics and isotherm, and influences 
of solution pH, co-existing anions, and ionic strength on 
the uptake of phosphate. X-ray photoelectron spectroscopy 
(XPS) was employed for better understanding the possible 
adsorption mechanism.

2. Materials and methods

2.1. Materials

All chemicals used in this study, including La(NO3)3·6H2O, 
NaOH, HNO3, KH2PO4, NaCl, NaF, Na2CO3, and Na2SO4, 
were of reagent grade without further purification and 
purchased from Aladdin Chemicals (Shanghai, China). 
Phosphate stock solution of 1,000  mg/L was prepared by 
dissolving KH2PO4 in deionized (DI) water. Each test solu-
tion was freshly prepared by diluting phosphate stock 
solution with DI water.

2.2. Adsorbent preparation

Lanthanum hydroxide adsorbents with different La/OH 
molar ratios were synthesized through a simple hydro-
thermal method. In brief, 4.33 g of La(NO3)3·6H2O was dis-
solved into 100 mL DI water and stirred for 30 min. Then, a 
predetermined amount of 0.1 M NaOH was dropwise added 
into the solution under continuous agitation. The suspen-
sion was transferred into a 100 mL Teflon-line autoclave at 
150°C for 8 h. The obtained precipitate was collected by a 
centrifuge, washed by DI water for at least three times and 
dried in oven at 60°C overnight. The dried particles were 
ground into fine powders using an agate mortar for the 
experiments.

2.3. Characterization

Surface morphology of lanthanum hydroxide nanopar-
ticles was observed by scanning electron microscope 
(SEM, ZEISS EVO18, Germany). The crystalline phases 

of adsorbents were visualized by X-ray diffraction (XRD, 
Bruker D2 Phaser, Germany) using copper Kα radiation with 
2θ scan range of 10°–80° and a step size of 0.02°. The sur-
face element distribution and composition of carbon or 
oxygen containing groups were analyzed by XPS (Kratos 
XPS system-Axis His-165 Ultra, Shimadzu, Japan) at 15 KV, 
10  mA, and a base pressure of 3  ×  108  Torr in the cham-
ber with an Al Kα X-ray source (150  W). All XPS results 
in binding energy forms were fitted using a nonlinear 
least squares curve fitting program (XPSPEARK Software, 
Version 4.1).

2.4. Adsorption experiments

The adsorption kinetics experiment was conducted at 
an initial phosphate concentration of 20  mg/L. The solu-
tion pH was adjusted to 7.0 and maintained throughout 
the experiment by adding HNO3 or NaOH. Samples were 
taken under different time intervals and filtered using 
0.45 μm cellulose syringe membranes. The concentration of 
phosphate was determined using an inductively coupled 
plasma mass spectrometry.

In the experiment of pH effect, the initial phosphate 
concentration was 20  mg/L, and the adsorbent dosage 
was 0.1  g/L. The solution pH was controlled throughout 
the experiment in varied values ranging from 3.0 to 10.0. 
After agitation for 24 h, samples were taken for the analysis 
of the phosphate concentration. In order to investigate the 
role of hydroxyl groups from the adsorbent in the adsorp-
tion of phosphate, pH of phosphate solutions was initially 
adjusted at 3.0–10.0 without further control throughout the 
adsorption process. Other experimental conditions were 
the same as aforementioned procedure. After stirred for 
24 h, final solution pH was measured.

In the experiment of adsorption isotherm, 0.01  g of 
adsorbents were, respectively, added into phosphate solu-
tions with concentrations ranging from 5 to 80  mg/L. 
The solution pH was adjusted to 7.0. Other experimental 
steps were same as those of pH effect experiment.

In the experiment of adsorption selectivity, a certain 
amount of NaF, NaCl, Na2SO4, and Na2CO3 were added into 
phosphate solutions with the initial phosphate concentra-
tion of 20  mg/L, respectively. The solution pH was main-
tained at 7.0 during the adsorption. Other experimental 
steps were same as the pH effect experiment.

In the experiment of ionic strength effect, different 
amounts of sodium nitrate were added into 20 mg/L phos-
phate solutions to elevate the background ionic strength 
to 1, 10, and 100  mM, respectively. The solution pH was 
adjusted to 7.0. Other experimental steps were same as 
the pH effect experiment.

3. Results and discussion

3.1. Influence of La/OH molar ratio

Different La/OH molar ratios were used to prepare 
lanthanum hydroxide adsorbents and the adsorption 
capacities of adsorbents toward phosphate are shown in 
Fig. 1. The adsorption capacity of adsorbent is significantly 
affected by the La/OH molar ratio. The optimal adsorption 
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performance of 129.6  mg/g at pH 7.0 is achieved by the 
adsorbent with the La/OH molar ratio of 1:4. With the further 
increase in the La/OH molar ratio, the adsorption is found 
to be reduced.

As shown in Fig. S1, with the increase in the La/OH 
molar ratio, the adsorbent seems to have a more com-
pact structure. As illustrated in Fig. S2, the characteristic 
peaks at 20.4°, 23.7°, 29.8°, 38.0°, 43.3°, 44.6°, and 45.9°, 
which can be detected in the XRD pattern of La/OH 1:1 
adsorbent, are assigned to lanthanum carbonate hydrox-
ide (PDF No. 49-0981). As reported in our previous study, 
carbonate groups might be introduced into the adsorbent 
when the adsorbent was prepared under open-air condi-
tion [17]. With the increase in the La/OH molar ratio, the 
aforementioned peaks become gradually weak and disap-
peared, suggesting that the formation of lanthanum carbon-
ate hydroxide is restrained. The typical crystal structure of 
lanthanum hydroxide particles (PDF No. 36-1481) can be 
observed in the XRD pattern of the La/OH 1:4 adsorbent. 
The crystallization behavior of the lanthanum hydroxide 
is found to be slightly disturbed by the further increase in 
the La/OH molar ratio. Therefore, the crystal structure of 
lanthanum hydroxide adsorbents might play a certain role 
in adsorption performance and the adsorbent with the La/
OH molar ratio of 1:4 was chosen to further investigate the 
adsorption behavior and mechanism.

3.2. Adsorption kinetics

As shown in Fig. 2a, the adsorption equilibrium with 
an adsorption capacity of 139.2  mg/g at pH 7.0 can be 
reached within 10  h. The adsorption rate of phosphate is 
relatively rapid within the first 4 h in which approximately 
84% of the equilibrium removal can be achieved.

The experimental data was further fitted by the pseudo-
first-order and pseudo-second-order models. The corre-
sponding parameters are illustrated in Table 1. According to 
the correlation coefficient (r2), the experimental data can be 

better fitted by the pseudo-second-order model than pseudo-
first-order model, suggesting that the uptake of phosphate 
is mainly governed by a chemisorption process.

The rate-limiting step of the adsorption process was 
explored using the intraparticle diffusion model. The mathe-
matical equation of the model is expressed as follows:

q K tt = +id
1 2/ α 	 (1)

where qt (mg/g) is the adsorption capacity of phosphate on 
the adsorbent at time t (h), Kid ((mg/g)/h1/2) is the rate constant 
of the intraparticle diffusion model, and α (mg/g) refers to 
the boundary layer effect.

As shown in Fig. 2b, the plot of qt against t1/2 shows 
a straight line at the initial stage of adsorption process, 
indicating that the intraparticle diffusion is involved in the 
adsorption of phosphate on the adsorbent. According to 
the value of α illustrated in Table 1, approximately 46.5% 
of ultimate adsorption capacity is affected by the effect 
of boundary layer. Noted that this portion of adsorption 
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Fig. 1. Influence of La/OH molar ratio on phosphate uptake. 
Initial phosphate concentration  =  20  mg/L; adsorbent dos-
age = 0.1 g/L; pH = 7.0; T = 25°C ± 1°C.
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Fig. 2. Adsorption kinetics of phosphate at pH 7.0 (a) experi-
mental data and fitting results of the pseudo-first-order and 
pseudo-second-order models and (b) the intraparticle diffusion 
model. Initial phosphate concentration  =  20  mg/L; adsorbent 
dosage = 0.1 g/L; T = 25°C ± 1°C.
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capacity can be rapidly accomplished within 10 min. After 
the linear stage, there is around 8% of ultimate adsorption 
capacity occurred during the followed 20 h. The adsorption 
rate significantly slows down due to the low phosphate 
concentration in solution [18]. Thus, the adsorption rate of 
phosphate tends to be mainly limited by the intraparticle 
diffusion process.

3.3. pH effect

As shown in Fig. 3, the higher adsorption of phos-
phate takes place under acidic and neutral conditions, 
and there is no obvious difference in adsorption capacities 
when solution pH is in the range of 3.0–7.0. With a further 
increase in solution pH, the uptake of phosphate remark-
ably decreases. At pH above 7.0, more OH– ions are present 
in the solution which may strongly depress the exchange 
process between hydroxyl groups on the adsorbent sur-
face and phosphate ions [13]. Solution pH change after the 
adsorption process was shown in Fig. S3. It can be seen that 
solution pH is elevated over the whole pH range. Since pH 
of phosphate solutions was only initially adjusted at prede-
termined values, the increasing concentration of hydroxide 
ions in solutions is likely due to the release of hydroxyl 
groups from the adsorbent during the adsorption.

3.4. Adsorption isotherm

In order to better understand the adsorption process, 
the Langmuir and Freundlich isotherm models were used 
to exploit fundamental physico-chemical information. 
The corresponding equations are expressed as follows:

q
q bC
bCe

e

e

=
+
max

1
	 (2)

q K Ce f e
n= 1/ 	 (3)

where qe and Ce are the amount of phosphate adsorbed on 
the adsorbent (mg/g) and the equilibrium concentration 
of phosphate in solution (mg/L), respectively. qmax is the 
theoretical maximum adsorption capacity of the adsor-
bent (mg/g), and b is the equilibrium adsorption constant 
related to the affinity of binding sites (L/mg). Kf (mg(1–1/n)

L1/n/g) is a constant for relative adsorption capacity, and n is 
the heterogeneity factor which has a lower value for more 
heterogeneous surfaces.

The experimental data of adsorption isotherm at pH 7.0 
and the fit of both the Langmuir and Freundlich isotherm 
models are shown in Fig. 4. The model constants are sum-
marized in Table 2. Based on the correlation coefficient 

Table 1
Constants of adsorption kinetics models

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

K1 (h–1) qe (mg/g) r2 K2 (g/mg/ h) qe (mg/g) r2 Kid ((mg/g)/h1/2) α (mg/g) r2

2.961 128.5 0.91 0.034 135.9 0.98 35.31 62.86 0.95
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Fig. 3. Influence of solution pH on phosphate uptake. Initial 
phosphate concentration = 20 mg/L; adsorbent dosage = 0.1 g/L; 
T = 25°C ± 1°C.
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Fig. 4. Adsorption isotherm of phosphate on the adsorbent at 
pH 7.0. Adsorbent dosage = 0.1 g/L; T = 25°C ± 1°C.

Table 2
Langmuir and Freundlich isotherm parameters for phosphate 
adsorption

Langmuir isotherm Freundlich isotherm

qmax (mg/g) b (L/mg) r2 Kf (mg(1–1/n)L1/n/g) 1/n r2

193.9 0.586 0.99 81.36 0.227 0.95
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(r2), the experimental data is found to be better simulated 
by the Langmuir model than the Freundlich model. This 
indicates that the phosphate uptake is mainly controlled 
by the monolayer adsorption process. The maximum 
adsorption capacity of adsorbent toward phosphate is 
193.9 mg/g, much higher than most of previously reported 
adsorbents [9,19–21].

The adsorption favorability of phosphate on the 
adsorbent can be evaluated according to the value of the 
Freundlich constant, 1/n, which is related to the adsorption 
intensity. Generally, the adsorption is considered to be favor-
able when 0.5 < 1/n ≤ 1, more favorable when 0.1 < 1/n ≤ 0.5, 
and unfavorable as 1/n > 1 [22]. As listed in Table 2, the value 
of 1/n is calculated as 0.227, suggesting that the phosphate 
could be favorably adsorbed on the adsorbent surface.

3.5. Influence of competitive anions and ionic strength

Such anions as carbonate, sulfate, fluoride, and chloride 
commonly exist in water and could compete with phosphate 
for the adsorptive sites on the adsorbent. Therefore, it is of 
crucial importance to evaluate the effect of their presence 
on the phosphate uptake. As shown in Fig. 5, more obvi-
ous interference in the adsorption is caused by increasing 
concentrations of these competitive anions. The presence 
of fluoride in solution has the most significantly negative 
effect on the uptake of phosphate, which may be due to the 
strong competition of fluoride with phosphate. The high 
affinity of lanthanum-based adsorbents toward fluoride 
has been extensively reported in the literature [23,24].

Since surface properties of adsorbent may be affected by 
the background ionic strength, the effect of ionic strength 
on the phosphate adsorption was investigated. In addition, 
the dependency of the adsorption capacity on ionic strength 
can be used for identifying the type of surface complexes 
(e.g., the inner- and outer-sphere). When the phosphate is 
weakly bonded on the adsorbent surface, the outer-sphere 
surface complexes are considered to be formed and the 
uptake of phosphate would be significantly depressed 
by increasing the ionic strength. In contrast, the strongly 
bonded phosphate ions are generally in the form of inner-
sphere surface complexes in which the adsorption would 
be insensitive to the background ionic strength. As shown 
in Fig. 6, the ionic strength shows a negligible influence in 
the adsorption capacity of adsorbent, suggesting that the 
inner-sphere surface complexes should be formed during 
the adsorption.

3.6. Mechanism study

As shown in Fig. 7, the characteristic peaks of La, O, and 
C elements, including La 4d, La 4p, La 3d, C 1s, O 1s, and O 
KL1, can be detected in the wide-scan XPS spectrum of virgin 
adsorbent. After the adsorption, a new peak assigned to P 
2p appears in the spectrum of the P-loaded adsorbent. The 
high-solution XPS spectrum of P element is given in Fig. S4.

Based on the results from XRD analysis, carbonate 
groups may be present on the adsorbent surface and par-
ticipate in the adsorption process. The high-resolution C 
1s XPS spectra of adsorbents before and after the adsorp-
tion were investigated. As shown in Fig. 8, the main peak 

at the binding energy of 284.9 eV is attributed to reference 
C 1s, which is caused by exposure to ambient atmosphere. 
The peak at the binding energy of 289.3  eV is attributed 
to the presence of carbonate groups on the adsorbent sur-
face [17]. After the adsorption, the relative content of car-
bonate groups decreases from 45.1% to 23.6%, indicating 
that carbonate groups may participate in the adsorption 
process. It is worthwhile to note that the strength of C 1s 
peaks in the wide-scan XPS spectra of virgin and P-loaded 
adsorbents is quite weak. The role of carbonate groups in 
the uptake of phosphate could be therefore considered 
neglectful compared to hydroxyl groups. This is consistent 
with results of the experiment of La/OH molar ratio effect 
and XRD analysis.
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The high-resolution O 1s XPS spectra of adsorbents 
before and after the adsorption were investigated to evalu-
ate the role of hydroxyl groups in the adsorption. As shown 
in Fig. 9, the O 1s spectra can be divided into three com-
ponent peaks at the binding energies of 530.2, 531.0, and 
532.7 eV, which are assigned to metal–oxygen bond (M–O), 
hydroxyl group boned metal atom(M–OH), and adsorbed 
water (H2O), respectively. After the adsorption, the content 
of M–OH decreases from 75.6% to 65.8%, while the contents 
of M–O and adsorbed H2O increase from 9.5% to 23.2% 
and 10.9% to 11.0%, respectively. The remarkable reduction 

in the content of M–OH clearly indicates that hydroxyl 
groups bonded on metal atoms would be highly involved 
in the adsorption process.

From the results of batch experiments and spectroscopy 
analysis, the ligand exchange between phosphate ions and 
hydroxyl groups or carbonate groups on the adsorbent is 
proposed as the adsorption mechanism. The hydroxyl 
groups should play a more important role in the uptake 
of phosphate than carbonate groups. The phosphate ions 
are adsorbed on the adsorbent through the formation of 
inner-sphere surface complexes.

4. Conclusions

Lanthanum hydroxide nanoparticles were synthesized 
through a simple hydrothermal method and applied for 
the effective removal of phosphate. The crystal structure 
of adsorbent can be highly affected by the La/OH molar 
ratio, and the adsorbent with the La/OH molar ratio of 
1:4 performed better on the adsorption of phosphate. The 
optimal uptake can be obtained in the pH range of 3.0–7.0. 
The kinetics study showed that approximately 84% of the 
equilibrium adsorption capacity can be achieved within the 
initial 4  h and the adsorption equilibrium reached within 
10  h. The maximum adsorption capacity at pH 7.0 was 
193.9 mg/g, much higher than most of previously reported 
adsorbents. The most significant interference in the adsorp-
tion was caused by the presence of fluoride. During the 
adsorption, the phosphate ions were exchanged with 
hydroxyl groups and adsorbed on the adsorbent surface 
in the form of inner-sphere complexes.
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Supplementary information

 
Fig. S1. SEM images of lanthanum hydroxide nanoparticles with different La/OH molar ratios.
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Fig. S2. XRD patterns of lanthanum hydroxide nanoparticles 
with different La/OH molar ratios.
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Fig. S4. High-resolution XPS spectrum of P 2p on the P-loaded 
adsorbent.
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Fig. S3. Solution pH change after the adsorption.
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