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a b s t r a c t
Lanthanum-modified mesoporous silica (MS-La) with a specific surface area of 386 m2/g was 
prepared using mesoporous silica and lanthanum(III) as raw materials by co-precipitation method. 
The composite adsorbent is ideal for the removal of solutions contaminated with phosphate, due 
to their chemical stability and a strong affinity with phosphate. MS-La could effectively removal 
of phosphate within the pH range of 3–6. The coexisting anions result manifested that MS-La with 
excellent selectivity to phosphate was determined by the hydrogen bonding mechanism in compet-
itive anion solutions. The adsorption kinetics was well fitted with the pseudo-second-order kinetic 
equation, suggesting chemical adsorption. The Langmuir isothermal model could better describe 
the adsorption isotherm data and the maximum adsorption capacity of 27.98 mg/g. Furthermore, 
the main mechanism of phosphate adsorption was electrostatic attraction and ligand exchange. 
Its efficient adsorption capacity ensures a bright prospect for low-concentration phosphate removal.
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1. Introduction

Phosphorus (P) is an essential element of the structure 
of animals and plants, and it also maintains the dynamic 
balance of the ecological environment [1]. However, a large 
quantity of phosphate from untreated industrial wastewater 
and domestic sewage has been brought into rivers, lakes and 
oceans over the past decades. The excessive phosphate in 
the water induces eutrophication, which results in the expo-
nential growth and reproduction of algae and plankton and 
reduced dissolved oxygen [2–4]. Therefore, it is extremely 
important to reduce the concentration of phosphate in 
sewage and improve the quality of sewage treatment and 
eliminate the eutrophication of water bodies.

Until now, the main methods of phosphate removal 
from water, including biological treatment [5], chemi-
cal precipitation [6] and adsorption [7], membrane sep-
aration [8] have been reported. However, the chemical 
precipitation is restricted due to the generation of large 
amounts of sludge and secondary pollution problems [9]. 
Biological treatment and membrane separation are dis-
played high efficiency, but it is costly [10,11]. However, 
adsorption shows more advantages due to no second-
ary pollution, fast adsorption speed, simple process, low 
cost and its wonderful performance in low-concentra-
tion phosphate removal [12,13]. Typically, adsorbents 
like bentonite, zeolite, and fly ash are used in phosphate 
removal. Whereas, its applications are limited because 
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of small surface area, difficult recovery and weak adapt-
ability. Therefore, it is key to consider suitable adsor-
bents and reasonable morphology to remove selective 
phosphates from contaminated water. The main species 
of phosphate in water are H2PO4

– and HPO4
2– as anions. 

The selectivity trend is completely depending on the Hof-
meister series [14]. When the charge number of anions are 
equivalent, several materials are hydrophobic and they 
prefer lowly hydrated anions to highly hydrated ones 
[15,16]. Therefore, it is possible that the hydrogen bonding 
mechanism will drive out competing anions when remov-
ing monovalent and divalent phosphate species [11,17].

Mesoporous silica (MS) as a carrier has received con-
siderable attention owing to its highly ordered and reg-
ular pore structure, a large number of silanol groups, 
high specific surface area and easy modification [18–20]. 
For example, the ligand embedded composite adsorbent 
based on mesoporous silica displayed rapid adsorption, 
significant selectivity and high adsorption capacity for 
phosphate removal in polluted wastewater [15]. Besides, 
a zirconia-doped mesoporous silica SBA-15 was studied. 
The high adsorption capacities for phosphate removal were 
attributed to Zr-OH combined with high surface sites [21]. 
Therefore, as a carrier, MS provides a great quantity of 
active sites for active materials, improving the adsorption 
efficiency of phosphate.

Previous studies have shown that lanthanum (La) used 
as an adsorbent in water treatment has a strong affinity 
with phosphate at low concentrations and the low solubil-
ity product of LaPO4 (pKsp = 26.15) [22–24]. Unfortunately, 
the lanthanum is not satisfying due to its poor mechanical 
strength [25,26]. To optimize the adsorption performance 
of La, a large number of studies focus on the preparation 
of composites like La-containing adsorbents. For example, 
La-porous zeolite composite (La-Z) was prepared, whose 
lanthanum oxide was successfully loaded on porous zeo-
lite through the hydrothermal method. It can effectively 
adsorb phosphate in a pH range of 3.0–7.0 with its capac-
ity of 17.2 mg/g [27]. Lanthanum-doped biochar (La-BC) 
was used by a chemical precipitation method. The maxi-
mum adsorption capacity of 46.37 mg/g was attributed to 
the doping of lanthanum [28]. Moreover, lanthanum-coated 
chitosan-montmorillonite composite (La-CS-MMT) was 
synthesized through hydrogen bonding and outer spher-
ical complex formation for effective phosphate removal, 
and regeneration adsorption of the five cycles maintained 
at 70% [29]. Therefore, the introduction of lanthanum selec-
tive sites into the carrier can make great significance for the 
selectivity of specific targets, the use efficiency of La and its 
adsorption performance.

In this work, MS was used as a carrier to prepare lan-
thanum-modified mesoporous silica (MS-La) by the co- 
precipitation method for the removal of phosphate in water. 
The adsorbents were characterized by scanning electron 
microscopy (SEM), Brunauer–Emmett–Teller (BET), X-ray 
diffraction (XRD) and Fourier transform infrared spectrom-
eter (FTIR). The adsorption behavior of phosphate from the 
aqueous solution was investigated, including the effect 
of contact time, adsorbent dose, pH value and coexisting 
anions for the removal of phosphate. At the same time, 
the adsorption kinetics, isotherm and thermodynamics 

were studied, and the mechanism of phosphate adsorption 
was revealed.

2. Experiment

2.1. Chemicals and materials

Tetraethyl orthosilicate (TEOS) and cetyltrimethylam-
monium bromide (CTAB) were purchased by Sinopharm 
Chemical Reagent Co., Ltd., (Shanghai, China). Lanthanum 
nitrate hydrate [La(NO3)3·6H2O] was purchased from 
Guangfu Fine Chemical Research Institute (Tianjin, China). 
0.2197g of KH2PO4 was dissolved in 1,000 mL of deionized 
water to prepare 50 mg/L phosphate deionized solution. 
All reagents were used as an analytical grade.

2.2. Preparation of the MS-La

MS-La in a previous report has been discussed that 
has an effective ability for the removal of fluorine [30]. 
MS was prepared by a sol–gel method and modified by a 
co-precipitation method to prepare an MS-La composite. 
To ensure the complete precipitation of La, NaHCO3 was 
selected as the precipitant. The optimized preparation steps 
are as follows, firstly, 0.375 g of MS was added in 30 mL 
of deionized water. Secondly, La(CO3)·6H2O with La/Si 
molar ratio of 0.08 was added in MS solution and dissolved 
after stirring. Thirdly, NaHCO3 solution with NaHCO3/La 
molar ratio of 3.0 was slowly added, and the mixture was 
continuously stirred at room temperature for 10 h. Finally, 
the composites were washed with suction filtration and 
dried at 90°C overnight to prepare MS-La.

2.3. Sample characterization

The surface morphology of MS-La was observed by 
using scanning electron microscopy (SEM, Nova Nano-
SEM-450, USA) combined with energy-dispersive X-ray 
spectroscopy (EDS) at an acceleration voltage of 20 kV. 
The crystal structure was determined using X-ray diffrac-
tion (XRD, D8AA25X, GER) under a Cu Kα radiation in a 
2θ wavelength range of 10°–70°, with a 12°/min scanning 
speed and 0.01° step size. Brunauer–Emmett–Teller (BET, 
NOVA2000, USA) was used to determine the BET spe-
cific surface area, pore-volume, and pore size distribution 
of the adsorbent using N2 as the adsorbate. The structure 
and composition were analyzed using a Fourier transform 
infrared spectrometer (FTIR, Nicolet iS10, USA). Samples 
were prepared using the potassium bromide tableting 
method with a resolution of 2 cm–1 and a scanning range 
of 400–4,000 cm–1.

2.4. Phosphate adsorption experiment

The effect of contact time, adsorbent dose, pH value and 
coexisting anions on phosphate adsorption were performed 
successively. 40 mg of adsorbent was mixed with a 50 mL 
solution containing 10 mg/L phosphate solution in a conical 
flask at 150 rpm at room temperature for different contact 
time (0–300 min). The different adsorbents (10–100 mg) 
were mixed with 50 mL 10 mg/L phosphate solution for 3 h 
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to study the effect of adsorbents dosage. Similarly, to com-
pare the effect of initial pH value on the adsorption of phos-
phate, 40 mg of adsorbent was added into 50 mL 10 mg/L 
phosphate solution at room temperature for 3 h with the pH 
range of 2–12 adjusted by HCl or NaOH solutions (1 M). To 
study the effect of coexisting anions, a certain concentration 
(0, 40, 80 and 150 mg/L) of HCO3

–, Cl–, SO4
2– and NO3

– were 
added to the solution respectively.

The kinetics of the adsorbent was studied as follows: 
40 mg of adsorbent was added into 50 mL of the initial 
concentration of phosphate solution (20, 30, and 40 mg/L) at 
150 rpm at room temperature. Adsorption isotherm exper-
iments were performed at different temperatures (25°C, 
35°C, and 45°C). In the experiment, 40 mg of adsorbent 
was added with an initial concentration of 5 to 80 mg/L 
phosphate at 150 rpm at room temperature for 3 h.

The phosphate concentrations were determined using 
the visible spectrophotometer (UNIC-7200, China) by 
molybdenum antimony anti-spectrophotometry (GB11893-
89). The adsorption capacity at equilibrium Qe (mg/g) and 
the percentage of removal R(%) are calculated by using 
Eqs. (1) and (2):

Q
C C V
me

e=
−( ) ×
×

0

1000
 (1)

R
C C
C

e(%) = 0

0

100
−

× %  (2)

where C0 and Ce are the initial and equilibrium concentra-
tion of phosphate (mg/L), respectively; V is the volume of 
phosphate solution (mL) and m is the adsorbent dosage (mg).

3. Results and discussion

3.1. Characterization of MS-La

3.1.1. Scanning electron microscopy-energy-dispersive 
X-ray spectroscopy

The structural and morphological changes of MS and 
MS-La were characterized by SEM. As shown in Fig. 1a 
and b, MS synthesized by the sol–gel method with a clear 
spherical morphology, uniform dispersion, and uniform 
particle size, can provide La with a suitable surface- 
exposed position so that it can be evenly dispersed on 
the MS surface. Compared with MS, the image of the 
MS-La (shown in Fig. 1b) also has spherical morphology, 
but the particle has weak aggregates and the size of MS 
decreases after it combined with La. Laminar structure 
could be found, which indicated that flaky La2(CO3)3 were 
loaded and dispersed on the surface of MS. Besides, the 

Fig. 1. SEM image of MS (a) and MS-La (b), EDS spectra of MS (c) and MS-La (d).
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composition of MS and MS-La was tested by EDS and the 
result is shown in Fig. 1c and d. The main compositions on 
the surface of MS were mainly O and Si, whose average 
weight percentages were 46.28% and 49.58%, respectively. 
The chemical compositions and average weight percent-
age of MS-La were C (2.36%), O (37.56), Si (38.94%) and 
La (16.55%), respectively. Si/La (wt%/wt%) was 2.35, 
which was close to the calculating one (2.52), indicating 
the high effective combination efficiency. The sample also 
contained a certain quantity of Au, which maybe come 
from the pretreatment during the test.

3.1.2. Brunauer–Emmett–Teller

The porous structure of MS before and after modi-
fication with La was confirmed by BET measurement. 
The N2 adsorption–desorption isotherms and Barrett–
Joyner–Halenda distributions curves of MS and MS-La are 
shown in Fig. 2a–d. From Fig. 2a we can see the adsorp-
tion amount increases sharply when relative pressure  
(P/P0) changed from 0.2 to 0.3, which shows a typical type 
IV isotherm, suggesting typical mesoporous structural 
features [31]. On the other side, seen from the pore size 
distribution (Fig. 2b), the pore size of MS is mainly con-
centrated at about 3.14 nm. Compared with MS, the N2 
adsorption–desorption isotherms curves of MS-La (Fig. 2b) 

shows similar the type IV isotherm, which can be explained 
homogeneous growth of La in the MS [32]. The pore size of 
MS-La (Fig. 2d) was concentrated in the mesoporous range. 
Experimental data of specific surface area (SBET), pore size 
and pore volume are summarized in Table 1. As shown in 
Table 1, SBET decreased from 1,363.51 to 386.23 m2/g, and 
the pore size also decreased from 3.14 to 2.05 nm after 
modification. Similarly, the pore volumes dropped from 
0.227 to 0.162 cm3/g. The presence of La led to a reduction 
in SBET, total pore volume and pore size. Meanwhile, these 
main changes in MS as carriers confirmed the successful 
loading of La into MS-La, which obtained more active 
sites and improved the adsorption efficiency of phosphate.

3.1.3. X-ray diffraction

The XRD pattern of MS and MS-La are shown in 
Fig. 3. In the pattern of MS, a broad peak centered at 
around 2θ = 24°, which was assigned to the amorphous 
mesoporous SiO2 (JCPDS No. 29-0085) [26]. By the load of 
La, one could observe the appearance of three peaks at 2θ 
values of 18.3°, 20.8° and 27.8° (indicated by a star), which 
correspond to the (020), (004) and (220) crystal facets of 
La2(CO3)3. However, the diffraction peak became weaker, 
it may be that part of the pores of MS were blocked and 
the crystallinity is weakened.

Fig. 2. N2 adsorption–desorption isotherms and Barrett–Joyner–Halenda distributions of MS (a,b) and MS-La (c,d).
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3.1.4. Fourier transform infrared spectrometer

The FTIR spectra of MS and MS-La before and after 
phosphate adsorption are shown in Fig. 4. All the sam-
ples showed that a broad peak at about 3,438 cm–1 in the 
hydroxyl region was assigned to the O–H stretching vibra-
tion mode of surface-adsorbed water molecules [33], and 
the stretching vibration of a small amount of uncondensed 
silanol group (Si – OH) [34]. The peak at 1,645 cm–1 corre-
sponded to C = O stretching vibration. The peaks at near 
1,090, 800 and 476 cm–1 were attributed to the asymmetric, 
symmetric and bending stretching vibration of Si–O–Si, 
respectively [35]. The FTIR spectra of MS-La before adsorp-
tion of phosphate, a small peak observed at 1,480 cm–1 
was due to the bending vibration mode of La–OH. After 
phosphate, the MS-La showed a new peak of 613 cm–1 
corresponding to the O–P–O bending vibration [36]. A 
peak at 1,050 cm–1 was assigned to the asymmetric P–O 
stretching vibration, which coincided with the stretching 
vibration of asymmetrical Si–O–Si, resulting in a broader  
peak [37].

3.2. Optimization of the adsorption conditions

3.2.1. Effect of contact time

The contact time of MS-La in the phosphate adsorp-
tion is presented in Fig. 5a. It shows that the phosphate 
adsorption increases rapidly in the first 60 min, and 
then the adsorption increased slowly until it reached the 
adsorption equilibrium at 180 min. This may attribute to 
the presence of more adsorption sites at the beginning 

of the adsorbents, and a higher driving force provided 
by the gradient of phosphate concentration in the aque-
ous solution [38]. With the increase of time, a subsequent 
decrease in the adsorption rate due to the adsorption 
sites were gradually occupied by phosphate.

3.2.2. Effect of adsorbents dosage

To assess the optimal conditions for adsorbent dosage 
on phosphate adsorption, the effects of MS-La dosages 
(10–100 mg) are given in Fig. 5b. With the increase of adsor-
bents dosage from 10 to 50 mg, the removal efficiency of 
phosphate increased from 25.85% to 97.35%. The removal 
efficiency increased little or none with the increase in the 
number of adsorbents (>50 mg). It was a possible reason 
that removal efficiency reached the stage of removal limit, 
further increase of the dosage had insignificant effects. 
Thus, the final experiment confirmed 50 mg as the optimal 
amount of adsorbents.

3.2.3. Effect of initial pH

Typically, the initial pH is regarded as a key factor 
during the adsorption process. It is known that phosphate 
have multiple forms of existence (Fig. S1), including H3PO4, 
H2PO4

–, HPO4
2– and PO4

3–, which are highly relative to the 
dissociation equilibrium constant of phosphate (pK1 = 2.1, 
pK2 = 7.2, pK3 = 12.7) [39]. The effect of initial pH on 

Table 1
Surface area, pore size and pore volume of MS and MS-La

Sample Surface area (SBET) (m2/g) Pore size (nm) Pore volume (cm3/g)

MS 1,363.51 3.14 0.227
MS-La 386.23 2.05 0.162

Fig. 3. XRD patterns of MS and MS-La.
Fig. 4. FTIR spectra of MS, MS-La before and after phosphate 
adsorption.
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phosphate removal by MS-La is presented in Fig. 5c. The 
removal efficiency of adsorbent exhibited an upward trend 
when the pH of the solution was between 2.0 and 3.0. The 
removal efficiency increased to 97.4% at pH of 3.0, so the 
optimal pH for phosphate removal was 3. When pH from 
3.0 to 6.0, the phosphate adsorption efficiency dropped 
gradually, but maintained this relatively high level, above 
80%. While the adsorption efficiency deceased from 82.2% 
to 19.8% between pH 6.0 to 12.0. This trend was probably 
due to the fact that, when pH ≤ 2.0, the main form of phos-
phate species in the solution was H3PO4 which was weakly 
combined with adsorbents of positive charge [40]. With the 
gradual increase of pH, the presence of dominant phos-
phate species was H2PO4

– at pH 3.0–6.0. Due to the surface 
charge effect, the negatively charged H2PO4

– combined with 
the adsorbents was beneficial to the occurrence of adsorp-
tion. Furthermore, the existence of phosphate species was 
transformed into HPO4

2– when pH > 6. It was a possible 
reason that a large number of hydroxide ions did not favor 
the protonation of La2(CO3)3, and it will strongly compete 
with the phosphate on the active sites. The results caused 
that more negative charges to accumulate on the surface 
of the adsorbents reduced the adsorption efficiency [25].

3.2.4. Effect of coexisting anions

Many coexisting anions of different concentrations 
have a large difference for removal phosphates. The effects 
of single coexisting anions, including Cl–, NO3

–, HCO3
– and 

SO4
2–, on phosphate adsorption, are shown in Fig. 5d. When 

introducing 40 mg/L HCO3
–, the adsorption efficiency 

reduced by 9%. However, the presence of Cl–, NO3
– and 

SO4
2– exerted negligible effects on phosphate adsorption. 

After the addition of coexisting anions with concentra-
tions of 150 mg/L, the presence of other anions also did 
not affect the adsorption process, which suggested that 
the adsorbents possessed a high selectivity for phosphate. 
The high selectivity is mainly determined by the hydro-
gen bonding mechanism. Highly basic anions possess lone 
pairs of electrons with high electron density, so that pre-
fer to form hydrogen bonds with protonated La2(CO3)3. 
For example, the alkalinity of HPO4

2– is greater than that of 
SO4

2–, so the protonated adsorbent is more likely to bind to 
HPO4

2– rather than other anions. Therefore, the selectivity 
of the composite adsorbent is higher than other competing 
anions [15,41,42]. Besides, the presence of HCO3

– reduced 
adsorption efficiency by 20%. On the one hand, the addition 

Fig. 5. Effect of contact time (a), adsorbent dosage (b), initial pH (c) and coexisting anions (d) for phosphate adsorption.
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of HCO3
– increased the pH in the solution, which affected 

the distribution of phosphate species. On the other hand, 
compared with the other three anions, HCO3

– might have 
a higher affinity for the adsorbents to strongly compete 
with HPO4

2– in the solution, and thus it significantly deteri-
orated the absorption of phosphate by the adsorbents [33].

3.3. Adsorption kinetics

To better evaluate the adsorption efficiency and under-
stand the adsorption mechanism, the adsorption kinetic 
of MS-La for phosphate adsorption was investigated. 
The pseudo-first-order and pseudo-second-order mod-
els were used to study the phosphate adsorption behavior. 
Eqs. (3) and (4) used are as follows:

Pseudo-first-order:

Q Q et e
k t= −( )−1 1  (3)

Pseudo-second-order:

Q
K Q t
k Q tt
L e

e

=
+

2

21
 (4)

where Qe and Qt are the adsorption capacity at equilib-
rium (mg/g) and over a given period time (mg/g), respec-
tively; t is the adsorption time (min); k1 (min–1) and k2 (g/
mg min) are the pseudo-first-order and pseudo-second-order 
adsorption rate constant, respectively.

The kinetic data were tested by using the pseudo-first- 
order and pseudo-second-order models. The results are 
illustrated in Fig. S2a–c, and the kinetic parameters and 
coefficients are summarized in Table 2. The results demon-
strated that the pseudo-second-order model better described 
the adsorption behavior of MS-La and obtained higher 
coefficient of determination (R2 > 0.98) than the pseudo-
first- order model, suggesting that the chemical adsorption 
occurred on phosphate adsorption.

3.4. Adsorption isotherm

The equilibrium adsorption isotherm is used to explain 
the interaction between the adsorbates and the adsor-
bents [43]. Through different temperatures (25°C, 35°C and 
45°C), the adsorption capacity was studied under the initial 
concentration of phosphate at 5–80 mg/L. The Langmuir 
adsorption model and Freundlich adsorption model were 
used to study the adsorption performance of the adsor-
bents. Eqs. (5) and (6) used are as follows:

Langmuir adsorption isotherm:

Q
Q K C

K Ce
L e

L e

=
+
max

1
 (5)

Freundlich adsorption isotherm:

Q K Ce F e
n= 1/  (6)

Table 2
Kinetic parameters for phosphate adsorption by MS-La

C0 (mg/L) Qe,exp (mg/g)

Pseudo-first-order kinetic Pseudo-second-order kinetic

Qe (mg/g) k1 (min–1) R2 Qe (mg/g) k2 (g/mg min) R2

20 22.99 21.44 0.034 0.9681 24.34 0.0015 0.9908
30 24.09 22.53 0.051 0.9532 24.91 0.0030 0.9819
40 28.30 27.31 0.032 0.9695 30.79 0.0018 0.9835

Fig. 6. Adsorption mechanism of MS-La removed phosphate.
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where Qmax and Qe are the maximum adsorption capacity 
(mg/g) and the adsorption capacity at equilibrium (mg/g), 
respectively; Ce is the equilibrium concentration of phos-
phate (mg/L); KL is the Langmuir constants (L/mg); KF is 
the Freundlich constant (mg/g); n is an empirical constant 
related to temperature.

According to Langmuir and Freundlich models, the 
adsorption isotherms of MS-La composites for phosphate 
adsorption are studied in Fig. S3a and b. The calculated 
values of the Freundlich and Langmuir model parameters 
are shown in Table 3. Compared with Freundlich isother-
mal model, the adsorption data could be better fitted by 
the Langmuir adsorption model with much larger coef-
ficient of determination (R2 > 0.98), indicating that the 
adsorption process occurs on the surface of MS-La via 
homogeneous monolayer adsorption [44]. In Table 3, the 
maximum adsorption capacity decided from the Langmuir 
model was 27.98 mg/L at 25°C. The value of Qmax did not 
change significantly as an increase in temperature, sug-
gesting that the adsorption between phosphate and MS-La 
was less effected by temperature. Additionally, several 
inorganic adsorbents have been used for the adsorption 
of phosphate, as summarized in Table 4. It is clearly seen 
that the present MS-La provides an obviously improve-
ment on the adsorption capacity with respect to the 
previously reported adsorbents.

3.5. Adsorption thermodynamics

The energy changes, thermodynamic parameters were 
used to investigate the adsorption process, including Gibbs 
free energy (ΔG°), enthalpy change (ΔH°) and entropy 
change (ΔS°). The thermodynamic parameters are calcu-
lated by Eqs. (7)–(9):

K
Q
Cd
e

e

= 1000  (7)

∆G RT Kd° = − ln  (8)

lnK S
R

H
RTd =

°
−

°∆ ∆  (9)

where R is the gas constant (8.314 J/K mol); T is the adsorp-
tion temperature (K); Kd is adsorption equilibrium con-
stant; Qe is the adsorption capacity at equilibrium (mg/g); 
Ce is the equilibrium concentration of phosphate.

At different temperatures (25°C, 35°C and 45°C), 
the values of ΔS° and ΔH° were determined by plotting 

lnKd vs. 1/T, and the value of ΔG° was calculated. The ther-
modynamic parameters of MS-La for phosphate adsorption 
are shown in Table 5. At all temperatures, the negative value 
of ΔG° in the adsorption process from –15.33 to –16.51 kJ/
mol with a rise in temperature from 25°C to 45°C, suggest-
ing that the increase of spontaneity at higher temperatures 
and the physical adsorption mechanism existed in the 
adsorption process [38]. Hence, the adsorption mechanisms 
occurred between MS-La and phosphate were both physi-
cal adsorption and chemical adsorption. The positive value 
of ΔH° proved endothermic nature during the adsorption 
process. This result was consistent with the adsorption iso-
therm (Fig. S3 and Table 3). Moreover, the positive value of 
ΔS° demonstrated that phosphate had a good affinity for 
the adsorbent and the randomness increased at the solid–
liquid interface during the adsorption of phosphate on 
MS-La [51].

3.6. Possible adsorption mechanisms

The functional groups on the surface of materials 
might result in protonation at different pH [52]. Similarly, 
La2(CO3)3 on the surface of MS-La might be protonated 
under acidic or alkaline conditions. La2(CO3)3 started to 
transform into La2(HCO3)3

3+ in the pH value of 2–3 accord-
ing to Eq. (10), and the adsorption efficiency of phosphate 
showed a rapid upward trend. The main species of phos-
phate in solution changed from H3PO4 to H2PO4

–. However, 
the adsorption efficiency of phosphate presented lower 
due to the presence of H3PO4. As the initial pH increased 
from 3.0 to 6.0, La2(HCO3)3

3+ and La3+ [Eq. (11)] became the 
main species on the surface of the material. The surface 
positive charge of absorbents combined with phosphates 

Table 3
Adsorption isotherm parameters for phosphate adsorption by MS-La

Temperature (°C) Langmuir model Freundlich model

Qmax (mg/g) KL (L/mg) R2 KF (mg/g) n R2

25 27.98 1.573 0.9907 15.03 6.097 0.9022
35 26.82 2.655 0.9806 15.94 6.757 0.8074
45 27.49 2.162 0.9945 15.94 6.920 0.8944

Table 4
Comparison of adsorption capacity of some inorganic adsorbents 
for phosphate adsorption

Adsorbents Adsorption 
capacity (mg/g)

Reference

La-doped activated carbon 22.86 [45]
Fe-Si-La 27.8 [46]
MCM-41 silica with rice husk 21.01 [47]
La(III) modified zeolite 24.6 [48]
FMS-0.1La 42.76 [31]
La-alginate bentonite 6.74 [49]
La-alginate talc 16.4 [50]
MS-La 27.98 This work
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of different species (H2PO4
– and HPO4

2–). Thus, electrostatic 
interaction and ligand exchanges might be the important 
mechanisms of phosphate removal. With the continual 
increase of pH, La2(HCO3)3

3+ was converted to La2(CO3)3 and 
La(OH)3 according to Eqs. (12) and (13). La2(HCO3)3

3+ on the 
surface of the materials were consumed in large quantities, 
which brought about weakening electrostatic adsorption. 
At this point of time, the surface of the MS-La existed a 
large number of hydroxyl groups and hydroxide, which 
can ligand exchange with phosphate [53].

( ) ( )2 2 3

3

33 3
La CO 3H La HCO

+++ →  (10)

( ) ( )3
2 3

3

2 33
La HCO 3H 2La 3H CO aq

+ + ++ → +  (11)

( ) ( )3

2 3 2 3 233
La HCO 3OH La CO 6H O−+

+ → +  (12)

( ) ( ) 2
2 3 33 3

La CO 6OH 2La OH 3CO− −+ → +  (13)

Besides, The FTIR spectra after phosphate adsorption 
is shown in Fig. 3b. Some new peaks, such as 613 cm–1 and 
1,050 cm–1 could be observed. Specifically, a peak at 613 cm–1 
corresponded to O–P–O bending vibration. Another band 
at 1,050 cm–1 was assigned to the asymmetric stretching 
vibration of P–O. It was proved that the LaPO4 precipitation 
exists. In short, this result was consistent with the adsorp-
tion mechanism of phosphates by other lanthanum-based 
adsorbents [54,55].

4. Conclusion

In summary, based on the high phosphate affinity of 
lanthanum and an ordered mesoporous structure of meso-
porous silica were synthesized and used as the adsorbent for 
the removal of phosphate. The adsorption capacity of phos-
phate depended on the solution pH value and demonstrated 
effective removal of phosphate in the pH range of 3–6. The 
adsorption process was fitted well with the pseudo- second-
order kinetic model and the Langmuir model. Besides, the 
adsorption thermodynamics were also determined, which 
demonstrated that the phosphate adsorption was a spon-
taneous and endothermic process. The efficient adsorption 
capacity can be attributed to electrostatic adsorption and 
ligand exchange on the MS-La surface. Therefore, the adsor-
bent could be used as an effective approach for removing 
phosphate in practical waters.
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Supplementary information

Fig. S1. The fraction of phosphate species at different pH.

Fig. S2. Time-dependent kinetics (a), pseudo-first-order (b) and pseudo-second-order (c) for phosphate adsorption by MS-La.
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Fig. S3. Adsorption isotherm (a), the Langmuir model (b) and Freundlich model (c) for phosphate adsorption by MS-La.
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