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a b s t r a c t
In this study, La2O3 nanoparticles were manufactured utilizing a sol–gel combustion process with 
gelatin as a template, and they were used to remove phosphate and arsenite. X-ray diffraction, 
thermal analysis, energy-dispersive X-ray elemental mapping, transmission electron microscopy, 
and high-resolution transmission electron microscopy were used to characterize the materials. The 
morphology of La2O3 was discovered to be extensively scattered, with nanoparticles measuring 
10–20 nm. In aqueous solutions, the produced La2O3 nanoparticles show good phosphate or arse-
nite adsorption capacity. The pseudo-second-order kinetic model is used to explain the adsorption 
of arsenite and phosphate on La2O3. Based on the Langmuir isotherm model, the phosphorus and 
arsenite adsorption capacities were 289.9 and 89.1 mg g–1, respectively, the highest among those 
reported. Interestingly, the uptake of arsenite and phosphate followed a similar pattern which 
peaked at pH 7.1 at 25°C. Even after eighth cycles, the La2O3 nanoparticles show good adsorp-
tion with just a minor decrease of adsorption capacity (9.0% and 9.5% for arsenite and phosphate, 
respectively), showing that La2O3 is a promising material for aquatic treatment.
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1. Introduction

In natural waterways, phosphorus is a major prob-
lem for a number of biological and chemical processes. 
Excessive phosphorus emission into aquatic environments 
may cause eutrophication and thereby damage water qual-
ity. Phosphorus enters water sources through weathering of 

rocks and human activities such as the overuse of chemical 
fertilizers and the discharge of effluent from animal hus-
bandry. The demand for phosphorus removal is growing 
as phosphorus-polluted water becomes more prevalent [1]. 
Arsenic is a very hazardous element that may be found in 
many parts of the world, particularly in Southeast Asia [2]. 
Natural processes, such as weathering of arsenic-containing 
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minerals and human actions, such as mining and the use of 
arsenical pesticides, both lead to increasing arsenic concen-
trations in aquatic ecosystems [3]. Long-term exposure to 
arsenic-contaminated water can result in health problems 
such as kidney, lung, liver, and prostate cancers, as well 
as skin lesions (such as skin pigmentation and the forma-
tion of hard patches of skin on the palms of the hands) [4]. 
Arsenic is found in nature mostly as arsenate (As(V)) and 
arsenite (As(III)). In comparison to As(V) species, As(III) is 
more poisonous, mobile, and difficult to immobilize [5,6]. 
As a result, many scientists are interested in the remedia-
tion of pollutants in water, such as arsenic or phosphate. 
Co-precipitation, adsorption, and ion exchange are some of 
the ways utilized to treat them [1,7,8]. Because of its effective-
ness, low cost, low energy consumption, and ease of opera-
tion, the adsorption method is widely regarded as the best 
available [9,10]. The most crucial aspect of the adsorption 
process is to identify a good adsorbent that offers a variety 
of benefits while also matching the treatment requirements.

Metal oxide/hydroxide nanomaterials, such as iron, 
zirconium, titanium, manganese, and aluminum [10,11], 
have recently been widely used for removing arsenic or 
phosphate from polluted water because of their rich valence 
states, variable electronic structures, natural abundance, 
and stability in water solutions [12]. Rare-earth metal oxides 
have found widespread use in catalysts, fuel cells, and gas 
sensors [13,14], and among them, La2O3 is highly active as 
an adsorbent. Various approaches have been used to man-
ufacture La2O3 and its La2O3-based materials with the goal 
of enhancing the adsorption capacity and durability for 
practical usage. Long et al. [15] reported the combustion 
synthesis of nanocrystalline La2O3 using an ethanol amine- 
nitrate method, and the nanocrystalline La2O3 has good dye 
adsorption properties. The effective adsorption of phosphate 
and arsenic species is demonstrated by La2O3 supported 
porous materials such as MCM-41, zeolite, and activated 
carbons [16–18]. Despite the fact that La2O3 has a high 
adsorption capacity to anions such as arsenite or phosphate, 
few articles on arsenic and phosphate adsorption of La2O3 
have been published to our knowledge.

The application of combustion synthesis of nanoparti-
cles La2O3 utilizing a gelatin template to remove phosphate 
and arsenate from aqueous solutions is described in the 
current paper. The phosphate and arsenate adsorption 
properties of the derived La2O3 are exceptional. Effects of 
pH, temperature and competing ions on the adsorption of 
La2O3 nanoparticles were investigated. Besides, the kinetics 
of adsorption and the mechanism of adsorption have been 
studied thoroughly.

2. Experimental

2.1. Materials

Gelatin (Mw = 834, C35H54N12O12), lanthanum(III) nitrate 
hexahydrate (La(NO3)3·6H2O, 99%), sodium (meta) arse-
nite (NaAsO2, 99%), and potassium dihydrogen phosphate 
(KH2PO4, 99%) are purchased from Merck (USA) without 
any further modification.

Sodium arsenite was dissolved in distilled water to make 
the arsenite (As(III)) stock solution. The arsenite solutions 

are made daily by diluting the stock solution accordingly. 
Arsenic species concentrations are always expressed in 
terms of elemental arsenic concentrations.

Phosphate stock solutions were made by dissolving an 
exact amount of anhydrous potassium phosphate in dis-
tilled water to a concentration of 1,000 mg L–1, then dilut-
ing with distilled water as needed. Phosphorus content is 
expressed as phosphate concentration.

2.2. Synthesis of La2O3

A magnetic stirrer was used to agitate the gelatin (0.834 g) 
and distilled water (50 mL) until the gelatin was completely 
dissolved. The gelatin solution was then added to 5 mL of 
0.01 M lanthanum nitrate solution, then adjusted to the 
required pH with dilute HCl or KOH solution. The mixture 
was further agitated until a gel was formed. Finally, the gel 
was dried for 24 h at 110°C before being calcined for 2 h at 
180°C, 450°C, 550°C, and 650°C to obtain La2O3 nanoparticles.

2.3. Apparatus

X-ray diffraction (XRD) was performed on a D8 ADVANCE 
Bruker (Germany) with CuKα = 0.15406 nm. Thermal anal-
ysis (TG-DTA) was recorded in the ambient atmosphere 
from room temperature to 850°C using SETARAM (France). 
Energy-dispersive X-ray elemental mapping was conducted 
on a D8 ADVANCE Bruker (Germany). Transmission elec-
tron microscopy (TEM) and high-resolution transmission 
electron microscopy were studied with S4800-NIHE (Japan). 
The arsenic element was measured by atomic absorption 
spectroscopy (AAS) using a Perkin Elmer AAnalyst 200 
(USA) with acetylene flame (F-AAS) and a wavelength of 
193.7 nm. The phosphate concentration was determined with 
the spectrophotometric method using vanadate-molybdate 
reagent according to Vietnam’s standard (TCVN 6202:2008).

2.4. Adsorption experiments

2.4.1. Point of zero charges (pHPZC)

The pH drift method was used to determine the pHPZC. 
As an inert electrolyte, 0.1 g of La2O3 was added to 50 mL 
of 0.1 M NaCl solution. Using 0.01 M NaOH or 0.01 M HCl 
solutions, the starting pH (pHinitial) was adjusted from 2 to 
12. To establish adsorption/desorption equilibrium, the sus-
pension was agitated for 24 h at room temperature using 
a shaker. Following that, the supernatant was collected, 
and the pH was reported (pHfinal). The difference between 
pHinitial and pHfinal vs. pHinitial was plotted, and the value of 
pHPZC was determined by the point of intersection of the 
curve with the abscissa.

A similar approach was used to test the altering pHPZC 
in phosphate or arsenite adsorption, in which 50 mL of the 
inert electrolyte solution was supplemented with 0.3 mg of 
NaH2PO4 or 0.1 mg of Na2AsO2.

2.4.2. Kinetics and thermodynamic studies

The kinetics of adsorption was studied in batches. 
The adsorption process was carried out in a 2-liter beaker 
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with a mechanical stirrer. At room temperature, 0.125 g of 
La2O3 was added to 250 mL of arsenite or phosphate solution 
in the beaker. A centrifuge was used to separate the filtrate 
from 3 mL of the solution drawn at a specific time.

The detailed calculation is presented as in the supple-
mentary document [Eqs. (1)–(4)].

2.4.3. Equilibrium adsorption

0.05 g La2O3 was added to eight 200 mL flasks contain-
ing 100 mL of various adsorbate concentrations (i.e., 1, 5, 10, 
20, 50, 100, 150, 200, and 250 mg L–1 for arsenite and 5, 10, 
20, 40, 60, 80, 100, 150, 200, and 250 mg L–1 for phosphate). 
A shaker was used to stir the flasks for 24 h at room tem-
perature. After that, the supernatant was centrifuged, and the 
adsorbate concentration was determined.

The detailed calculation is presented as in the supple-
mentary document [Eqs. (5)–(10)].

2.4.4. Desorption of adsorbents

The saturated NaCl solution was used to recycle the 
used La2O3 nanoparticles. Pass the saturated NaCl solu-
tion through a column containing the used La2O3 nanopar-
ticles several times to remove the adsorbates (arsenite or 
phosphate) completely. Before reuse, the rejuvenated La2O3 
nanoparticles were taken from the column, washed in acid 
and basic solutions, and dried at 100°C for 24 h.

All the above experiments were repeated at least three 
times to observe the repeatability of the result. The standard 
deviation in this study was relatively small, which indicated 
that no significant deviations were observed.

3. Results and discussion

3.1. Characterization of prepared materials

Thermogravimetry-differential scanning calorime-
try (TG-DSC) was used to investigate the thermal behavior 
of La(NO3)3/gelatin precursor. The result is shown in Fig. 1.

On the TGA curve, three mass losses were shown. The 
first, which corresponded to a 15.39% mass loss and an exo-
thermic effect that peaked at 225°C, may be attributed to 
gelatin combustion with low molecular weights. The break-
down of gel sample La(NO3)3/gelatin and nitrate salts was 

assigned to the second one, which has a sample weight loss 
of 15.9% in the temperature range 226°C–400°C and an exo-
thermic effect that peaked at 321°C. Finally, the most substan-
tial weight loss, around 23.43% in the temperature range of 
330°C–500°C, corresponding to the exothermic impact that 
peaked at 465°C, was most likely attributable to gelatin’s 
burning reaction in the gel. This temperature range initiates 
the formation of the La2O3 phase.

XRD was used to investigate the influence of calcination 
temperature on the development of the La2O3 phase. Fig. 2 
indicates the XRD patterns of prepared material at some cal-
cination temperature.

The figure shows that the La(NO3)3-gelatin precursor 
does not exhibit any typical peaks of the La2O3 phase when 
heated to 180°C. The features of the La2O3 phase occur when 
the temperature is raised to 450°C, although it was not obvi-
ous (JCPDS: No 01-083-1344). The distinct and strong diffrac-
tion peaks of the La2O3 phase were produced when heating 
temperatures approached 550°C and 650°C. As a result, the 
sample calcination temperature of 550°C was chosen for sub-
sequent studies to synthesis La2O3.

XRD analysis was also utilized to investigate the pH 
influence on the development of the La2O3 phase. The results 
are shown in Fig. 3.

It was discovered that pH had no effect on the devel-
opment of the La2O3 phase when pH values varied from 
2 to 5. This is owing to the fact that the complex of La3+ is 
stable in gelatin solution. Following research, pH 5 was 
chosen for material preparation. Fig. 3b depicts the XRD 
patterns of La2O3 produced at various gel-forming tempera-
tures. This suggests that, under experimental conditions, the 
gel-forming temperature has minimal influence on La2O3 
phase development. Temperature, on the other hand, has a 
major impact on the time necessary for gel formation. La(III) 
ion transport into the gelatin network was low at 40°C and 
60°C. Due to the poor diffusion of La(III) ions into the gelatin 
network at a low temperature of 40°C–60°C, the gel formation 
process takes a long time (7–8 h). However, the higher tem-
perature of gel formation at 80°C, 100°C times was lowered 
in half to 2–3 h. As a result, the gel formation temperature 
of 80°C was chosen to assist the future study experiments.

Scanning electron microscopy (SEM) and TEM were used 
to examine the morphology of La2O3 (Fig. 4). SEM inspection 

 Fig. 1. TG-DSC diagrams of La(NO3)3/gelatin gel.
 

Fig. 2. XRD patterns at different calcination temperatures.
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reveals a significant aggregation at 500–1,000 nm (Fig. 4a). 
These particles, as shown in the TEM picture, have a spheri-
cal shape and a uniform size of 10 nm (Fig. 4b).

The nitrogen adsorption/desorption isotherms are used  
to investigate the textural properties of La2O3 (Fig. 5). 
According to the IUPAC classification, the isotherm curve 
is of type III. The BET model calculated a specific surface 
area of 37.8 m2 g–1.

3.2. Phosphate and arsenite adsorption of La2O3 nanomaterial

Fig. 6 shows the influence of pH on phosphate and 
arsenite adsorption. The reaction temperature was kept 
constantly at 25°C.

Phosphate uptake increases with pH from 2 to 7, peaks 
at approximately pH 7.1, and decreases with higher pH 
(Fig. 6a). The uptake of arsenite follows a similar pattern 
(Fig. 6b). At pH 7.1, phosphate adsorption was approxi-
mately 77.72 mg g–1, and arsenite uptake was approximately 
1.98 mg g–1.

Phosphate has three pKa values (pK1 = 2.20, pK2 = 7.2, 
and pK3 = 12.3) [19], but arsenite is likewise a polyprotic 
acid with pK1 = 9.23, pK2 = 12.1, and pK3 = 13.41. The pH 
of the solution at the point of zero charge (pHPZC) was 7.2. 

(Fig. 7). As a result, at pH > 7.2, the anionic species of arse-
nite (H2AsO3

–, HAsO3
2–) or phosphate (H2PO4

–, HPO4
2–, and 

PO4
3–) have the same charge as the La2O3 surface, producing 

 
Fig. 3. Effect of (a) pH and (b) temperature of gel formation.

 
Fig. 4. (a) SEM and (b) TEM images of La2O3 nanoparticles.

 
Fig. 5. Nitrogen adsorption/desorption isotherms of La2O3.
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electrostatic repulsion between the adsorbate and the adsor-
bent resulting in low arsenite or phosphate adsorbability.

The pHPZC fell from 7.2 (in inert electrolyte solution) to 
6.1 (in 1 mg L–1 NaAsO2) and 6.7 (in 6 mg L–1 PO4

3–) in the 
presence of adsorbed phosphate or arsenite (Fig. 7). This 
pHPZC change also indicates a form of selective adsorption 
rather than merely physical adsorption. The develop-
ment of outer-sphere surface complexes could not shift 
the pHPZC of metal oxides because the adsorbent could not 
modify the surface owing to no specific chemical interac-
tions between the adsorbate and the adsorbent [20]. In the 
current work, the pHPZC shift indicates the development of 
anion–negatively charged surface complexes. As a result, the 
reduction in pHPZC might be caused by negatively charged 
inner-sphere complexes formed by phosphate or As(III) 
with the adsorbent [1,21].

The presence of the La-OH functional group promotes 
adsorption, which favors the ligand exchange process [22], 
and phosphates replace the hydroxyl groups at the active 
sites through inner-sphere complexes [1,19,23], as shown in 
Fig. 8. At pH 9, arsenite functions as a weak acid, and the 

neutral species (HAsO2) prevail. As illustrated in Fig. 8, the 
neutral As(III) (HAsO2) can adsorb on the La-OH functional 
group via the formation of monodentate complexes, as 
predicted by Li et al. [24].

 
Fig. 7. pHPZC of La2O3 in the inert electrolyte and the presence of arsenite and phosphate.
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Fig. 6. The pH effect on (a) phosphate and (b) arsenite adsorption using La2O3 (mass: 0.05 g; initial conc.: 100 mg L–1; 
contact time: 240 min; temperature: 25°C)

 
Fig. 8. The schematic diagram for phosphate adsorption (upper) 
and arsenite adsorption (lower) on La2O3.
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3.2.1. Adsorption kinetics

The adsorption of phosphate or arsenite were affected 
by both the contact duration with the adsorbent and the ini-
tial adsorbate concentrations. Fig. 9 depicts the time depen-
dence of adsorbent adsorption at the two starting adsorbate 
concentrations. As seen in the figure, phosphate adsorp-
tion rises as contact duration increases until equilibrium is 
reached. After 100 min, the equilibrium is reached. Arsenite 
adsorption followed a similar pattern. The only difference 
was that the equilibrium time was shorter, about 80 min. 
The pseudo- second-order rate model is used for both kinetic 
data (Tables 1 and 2). According to the pseudo-second- 
order kinetic model, chemosorption [25,26] occurs between 
phosphate or arsenite and the La2O3 oxide, involving valent 
forces through electron sharing or exchange between 
the adsorbent and the adsorbate by replacing –OH with 
phosphate and arsenite, as shown in Fig. 8.

3.2.2. Thermodynamic parameters

The phosphate and arsenite uptake on La2O3 was 
increased with an increase in temperature. The adsorption 

uptake increases from 73.82 mg g−1 at 293 K to 75.98 mg g−1 at 
313 K for phosphate and 14.1 mg g–1 at 293 K to 14.84 mg g–1 
for arsenite, indicating that phosphate and arsenite adsorp-
tion is endothermic in nature in the studied temperature 
range, which is a chemosorption, as mentioned above.

The thermodynamic parameters are determined via 
a linear plot of the logarithm of the rate constant and the 
reciprocal temperature (Fig. 10). The slope and intercept of 
this linear plot were used to compute ΔH° (20.11 kJ mol–1 
for phosphate adsorption and 44.77 kJ mol–1 for arsenite 
adsorption) and ΔS° (0.81 kJ mol–1 for phosphate adsorp-
tion and 0.23 kJ mol–1 for arsenite adsorption). Positive ΔH° 
levels in nature indicate an endothermic reaction. Positive 
ΔS° values suggest that phosphate or arsenite anions have 
a strong affinity for the adsorbent and that unpredictability 
at the solid-solution interface increases during adsorption 
[27]. The presence of negative ΔG° values indicates that 
the adsorption of arsenite or phosphate onto La2O3 is ther-
modynamically spontaneous. There is unnecessary to 
take external energy for this adsorption process [28,29]. 
With increasing temperature, ΔG° decreases from –2.15 to 
–2.86 kJ mol–1 for phosphate adsorption and from –0.31 to 

 
Fig. 9. Kinetics of (a) phosphate adsorption and (b) at arsenite adsorption different initial phosphate concentration on La2O3 
(La2O3 weight: 0.05 g; initial phosphate: 25 and 50 mg L–1 (250 mL); initial arsenite concentration: 5 and 10 mg L−1 (250 mL)).

Table 2
The parameters of formal kinetics for arsenite adsorption on to La2O3

Conc. (mg L–1) Pseudo-first-order kinetic equation Pseudo-second-order kinetic equation

qe (mg g–1) q1model (mg g–1) k1 (min–1) R2 q2model (mg g–1) k2 (g mg–1 min–1) R2

5 7.76 3.45 0.0276 0.977 7.867 0.0173 0.998
10 14.82 5.37 0.0414 0.962 15.222 0.0170 0.994

Table 1
The parameters of pseudo-kinetics for phosphate adsorption on to La2O3

Conc. (mg L–1) Pseudo-first-order kinetic equation Pseudo-second-order kinetic equation

qe (mg g–1) q1model (mg g–1) k1 (min–1) R2 q2model (mg g–1) k2 (g mg–1 min–1) R2

25 37.82 5.610 0.007 0.9346 38.17 0.0057 0.997
50 75.56 5.278 0.016 0.9456 75.75 0.0100 0.999
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–0.55 kJ mol–1 for arsenate adsorption (Table 3), implying 
that more phosphate or arsenite species are adsorbed.

3.2.3. Equilibrium adsorption

The non-linear Langmuir and Freundlich models 
were used to fit the isothermal data of phosphate and 
arsenite adsorption onto La2O3 nanoparticles (Fig. 11).  

The equilibrium adsorption data fit better with the Langmuir 
isotherm model due to its high R2 values of 0.97 for phos-
phate and 0.96 when compared to the Freundlich model, 
which was 0.92 and 0.85, respectively (Table 4). The Langmuir 
adsorption capacity (qm) of phosphate is around 289.9 and 
89.10 mg g–1 for arsenite, both of which are among the high-
est values documented in the literature (Table 5). The recent 
findings suggest that La2O3 might be used to treat arsenic 
or phosphate-polluted wastewaters.

 
Fig. 11. Adsorption equilibrium isotherms of (a) phosphate and (b) arsenite on La2O3.

 
Fig. 10. The Arrhenius plot of lnK and 1/T for (a) phosphate and (b) arsenite adsorption.

Table 3
The parameters of thermodynamics for phosphate and arsenite adsorption

T (K)

Arsenite adsorption Phosphate adsorption

ΔH° (kJ mol–1) ΔS° (kJ mol–1 K–1) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (kJ mol–1 K–1) ΔG° (kJ mol–1)

283

44.77 0.23

–2.15

20.11 0.81

–0.31
293 –2.39 –0.39
303 –2.62 –0.47
313 –2.86 –0.55
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3.2.4. Competing ions

The effect of competing ions such as Fe(III), Mn(II), 
Cl–, and SO4

2– on phosphate or arsenite adsorption by the 
acquired La2O3 nanoparticles was investigated. Table 6 
shows the outcomes of the competing ions.

The arsenite adsorption capacity raised from 7.36 
to 9.98 mg g–1 when the Fe(III) concentration increased 
1.78 times. This might be attributed to the combination 
of Fe(III) and arsenite on the material’s surface, which 
increases adsorption. When Mn(II) concentrations increased 
1.85 times, arsenite removal dropped by 13%. A similar cat-
ion impact on La2O3 phosphate adsorption was found, with 
the addition of Fe(III) and Mn(II) increasing its adsorption 
capability. The effect of sulfate or chloride on phosphate 
and arsenite adsorption was minimal. For example, when 
the chloride concentration was 14.08 times that of arsenite, 
the adsorption capacity of phosphate only fell by 7.6%. 
Notably, the amounts of competing anions in this research 
were significantly greater than those found in groundwater. 
Thus, even at extremely high concentrations of the compet-
ing anions utilized in this work, La2O3 nanoparticles can 
adsorb arsenite and phosphate effectively.

3.2.5. Regenerability

La2O3 nanomaterials could be efficiently regenerated so 
that they may be utilized for numerous operations cycles. 

In the fixed column bed, the used adsorbent was regener-
ated with the saturation solution. Slowly, the prepared 
solution went through the fixed bed. The first cycle recov-
ered more than 70% of the adsorbed phosphate or arse-
nite, while successive cycles recovered almost 100% of the 
adsorbed phosphate or arsenite. The adsorption capacity 
of recycled La2O3 nanoparticles was never less than 90% 
of the initial La2O3 nanoparticles in the eight regeneration 
tests (Fig. 12a). Fig. 12b depicts a comparison of XRD pat-
terns of 8th reused La2O3 nanoparticles to those of fresh 
La2O3. The very small decrease in the strength of distinc-
tive peaks after the eighth recycling indicates that the 
La2O3 nanoparticles were recyclable (Fig. 12b).

Table 5
Comparison of adsorption performance of the present adsorbents with previous works

Adsorbents Phosphate Adsorbents Arsenite

qm (mg g–1) Ref. qm (mg g–1) Ref.

Modified bentonites 11.15 [30] Degussa P25 3.9 [31]
Iron hydroxide-eggshell waste 10.6 [32] TiO2 suspensions 42.1 [31]
Al-bentonite 12.7 [22]
Iron-doped activated carbon 14.2 [33] Natural laterite 0.58 [34]
La(III)/modified zeolite 24.6 [17] Fe3O4 nanoparticles (diameter: 12 nm) 133.37 [35]
Fe-Al-Mn trimetal oxide 48.3 [36] Fe/OMC 8.2 [37]
Tantalum hydroxide 78.5–97.0 [38] CuO nanoparticles 26.90 [39]
ZrO2 amorphous nanoparticles 99.01 [26] MnFe2O4 93.8 [20]
La2O3 289.9 Present work La2O3 89.10 Present work

OMC: Ordered mesoporous carbon

Table 4
The parameters of Langmuir and Freundlich isotherm models at 
the room temperature

Models Langmuir isotherm 
model

Freundlich 
isotherm model

Parameters qm (mg g–1) KL R2 KF n R2

Phosphate 
adsorption

289.90 0.02 0.97 14.31 1.80 0.92

Arsenite 
adsorption

89.10 0.12 0.96 20.27 3.35 0.85

Table 6
Effect of some ions on to phosphate and arsenic adsorption of 
La2O3 nanomaterial

Interfering 
ions

Molar 
ratioa

qe (mg g–1)b Molar 
ratioa

qe 
(mg g–1)b

Fe(III)

0 72.48 0 7.36
0.17 74.66 0.8 7.94
0.25 75.14 1.25 9.54
0.35 77.78 1.78 9.98

Mn(II)

0 72.48 0 7.36
0.18 73.92 0.92 7.92
0.25 74.06 1.29 8.66
0.37 76.02 1.85 9.58

Cl–

0 72.48 0 7.36
2.81 68.36 14.08 6.36
5.63 66.96 28.16 5.96
14.08 62.64 70.42 5.64

SO4
2–

0 72.48 0 7.36
1.04 72.08 5.20 7.08
2.08 71.84 10.41 6.7
5.20 71.76 26.04 6.06

ainterferent/adsorbate molar ratio;
qe: the adsorption capacity.
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4. Conclusions

The La2O3 nanoparticles were synthesized utilizing the 
sol–gel combustion technique with gelatin as a template. 
The resulting La2O3 nanoparticles display significant phos-
phate and arsenite adsorption. La2O3 nanoparticles have a 
high phosphate and arsenic adsorption capacity of 289.90 
and 89.10 mg g–1, respectively. After the ninth recycling, 
the current La2O3 nanoparticles remain stable with a slight 
decrease in adsorption activity. These findings demonstrate 
that the La2O3 nanomaterials are an efficient adsorbent 
for phosphate or arsenite removal.
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Symbols

q1model —  Equilibrium adsorption capacity following  
the pseudo-first-order kinetic model, mg g–1

k1 —  Rate constant for the pseudo-first-order 
kinetic model, min–1

R2 — Regression coefficient
q2model —  Equilibrium adsorption capacity following  

the pseudo-second-order kinetic model, 
mg g–1

k2 —  Rate constant for the pseudo-second-order 
kinetic model, g mg–1 min–1

KL — Langmuir equilibrium constant, L mg–1

ΔH° — Standard enthalpy, kJ mol–1

ΔS° — Standard entropy, kJ mol–1 K–1

ΔG° — Standard Gibbs free energy, kJ mol–1

KF — Freundlich equilibrium constant
T — Kelvin temperature, K
Kd — Distribution coefficient
qm —  Maximum adsorption capacity of the 

monolayer, mg g–1

qe — Equilibrium adsorption capacity, mg g–1

Ce — Dye concentration at equilibrium, mg L–1
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Supplemental information

The detailed calculation for the adsorption section is 
presented as follow:

S1. Kinetics and thermodynamic studies

Eq. (S1) is used to calculate the adsorption capacity of 
the adsorbate (i.e., arsenite or phosphate), qt (mg g–1).

q
V C C

mt
i t=

⋅ −( )
 (S1)

where Ci and Ct are the adsorbate concentrations (mg L–1) at 
the start and at a specific time t, respectively; m is the adsor-
bent weight (g); V is the volume of the solutions (L);

The equilibrium adsorption capacity, qe (mg g–1) is 
expressed by Eq. (S2).

q
V C C

me
e=

⋅ −( )0  (S2)

where Ce is the dye concentration at equilibrium.
The pseudo-first-order and pseudo-second-order kinetic 

models were used to interpret the kinetic data. In the non- 
linear form [S1,S2], the pseudo-first-order kinetic and 
pseudo-second-order kinetic equations are expressed as 
Eqs. (S3) and (S4), respectively.

q q et e
k t= −( )− ⋅1 1  (S3)

q q
q k t
q k tt e
e

e

= ⋅
⋅ ⋅

+ ⋅ ⋅
2

21
 (S4)
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where k1 and k2 are the rate constant for the pseudo-first- 
order kinetic the pseudo-second-order kinetic model, 
respectively.

The non-linear regression method was used with the 
Solver function in Microsoft Excel to acquire the values of 
k1, k2, and qe.

S2. Equilibrium adsorption

Using 0.05 g of La2O3 in a 100 mL flask of arsenite solu-
tion (10 mg L–1) or phosphate solution (50 mg L–1), the tem-
perature influence on phosphate or arsenite adsorption 
was examined. The adsorption/desorption equilibrium was 
obtained by magnetically stirring the flasks with seals for 
7 h at a given temperature. The equilibrium adsorbate con-
centration in the filtrate was measured. The following is 
the distribution coefficient, Kd:

K
C C
Cd
i e

e

�
�

 (5)

where Ci and Ce (mg g–1) are the concentration of adsorbate at 
the initial and at equilibrium time.

Eq. (S6) expresses the change in standard Gibbs free 
energy of adsorption (G°) [S3].

� � �G H T S� � � � �  (6)

where ΔG°, ΔH°, and ΔS° are the change of standard Gibbs 
free energy, enthalpy, and entropy, respectively.

Van’t Hoff’s equation is used to express G°.

�G RT Kd� � � � �ln  (7)

where Kd is the distribution coefficient.
By replacing Eq. (S7) to Eq. (S6), once obtained.

lnK H
RT

S
Rd � �

�
�

�� �  (8)

The slope and intercept of the line of plot of lnKd vs. 1/T 
give the values of ΔH° and ΔS°.

The equilibrium data is collected using the Freundlich 
and Langmuir isotherm models.

Langmuir isotherm model is expressed as Eq. (S9) [S4].

q
K q C
K Ce

L m e

L e

�
� �
� �1

 (9)

where qm is the maximum monolayer capacity amount 
(mg g–1); KL is the Langmuir equilibrium constant (L mg–1); 
qe (mg g–1) and Ce (mg L–1) is the equilibrium adsorption 
capacity.

Freundlich isotherm model is represented as Eq. (S10) 
[S5].

q K Ce F e
n= ⋅ 1/  (10)

where KF is the Freundlich constant; n is the empirical 
parameter.

Using the Solver function in Microsoft Excel, the model 
parameters were calculated from the non-linear regression.
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