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a b s t r a c t
The wide application of formaldehyde (HCHO) makes it a common pollutant in the environment. 
HCHO has a destructive effect on the ecological environment. Catalytic oxidation has been widely 
used in the fields of HCHO wastewater treatment. Lanthanum-silicon oxide composite (La2O3-SiO2) 
was synthesized by the sol–gel method. The structure of La2O3-SiO2 was characterized by an X-ray 
diffractometer, X-ray photoelectron spectroscopy, and transmission electron microscopy. The cata-
lytic activity for HCHO oxidation with a low concentration of hydrogen peroxide (H2O2, 32–98 mM) 
over La2O3-SiO2 with different lanthanum oxide (La2O3) contents were investigated at room tem-
perature. The results show that the La2O3-SiO2 with 10  wt.% La2O3 leads the best catalytic activ-
ity and stability. The addition of La2O3-SiO2 significantly enhanced the process of removing HCHO 
(0.4~3 mg/mL) from the water. As-synthesized La2O3-SiO2 composites facilitate HCHO (0.4~3 mg/mL) 
removal rate (92.1%–97.3%) within 20 min at room temperature with a low concentration of hydro-
gen peroxide (85  mM), and it can be readily regenerated at low temperature (80°C). HCOOH is 
the intermediate species in HCHO oxidation over La2O3-SiO2. The HCHO oxidation mechanism 
on La2O3-SiO2 is verified.
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1. Introduction

Due to the high reactivity of formaldehyde (HCHO), 
its use in industry has increased. Many industrial products 
are made from HCHO, such as urea-formaldehyde resin 
[1], phenol-formaldehyde resin [2], wood adhesive [3], 
pulp and paper mills [4], cosmetics [5], preservatives [6], 
fibers [7] and so on. The wide application of HCHO makes 
it a common pollutant in the environment. HCHO has a 
destructive effect on the ecological environment. It is car-
cinogenic and harmful to reproduction, cognitive function, 
and growth [8–10].

There are many physical, chemical, and biological 
methods to treat HCHO in wastewater, such as adsorp-
tion [11], ultraviolet (UV) [12], light-catalyzed reaction 

[13], electrochemical process [14], membrane processes 
[15], catalytic oxidation [16], etc. Among these methods, 
catalytic oxidation has been widely used in the fields of 
HCHO wastewater treatment. It has the advantages of 
fast reactivity, wide application range, and no secondary 
pollution. Catalytic oxidation can directly convert HCHO 
into carbon dioxide and water. Photo-Fenton degrada-
tion of HCHO is one of the advanced oxidation processes. 
Different research groups have investigated the treatment 
of HCHO. For example, Mohammadifard et al. [17] studied 
the efficiency of MIL-100(Fe) under visible light irradiation 
toward the degradation of HCHO. Guimaraes [18] used UV/
H2O2 and photo-Fenton advanced oxidation processes to 
degrade formaldehyde at the highest concentrations (1,200–
12,000 mg/L). The degradation of HCHO was high to 98%. 
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Although the photo-Fenton process is highly effective in 
treating HCHO, its pH is limited to a certain range, resulting 
in the discharge of iron sludge and the use of harmful and 
expensive UV light [17]. The lanthanum oxide (La2O3) mate-
rial is one of the widely used catalysts for catalytic oxida-
tion. La2O3 is used in many applications because of its large 
bandgap energy of 5.5  eV and high electrical permittivity 
(K = 27) [19]. Active oxygen sites are formed on La2O3 cat-
alysts in catalytic oxidation reactions. It is used in various 
domains such as phosphate removal [20], removal of toxic 
organic pollutants [21], optoelectronic applications [19], 
and catalytic reactions [22–25].

To study the effect of La2O3 on the removal of HCHO 
in wastewater, the lanthanum-silicon oxide (La2O3-SiO2/
H2O2) system was proposed for the removal of HCHO in 
sewage. The amount of La2O3-SiO2, and the concentration 
of H2O2 and HCHO on the removal rate of HCHO were 
investigated. The formation of the intermediate and the 
possible reaction mechanisms of the degradation of form-
aldehyde by La2O3-SiO2/H2O2 were investigated. La2O3-SiO2 
exhibited superior catalytic performance and high stability.

2. Materials and methods

La2O3-SiO2 was synthesized by the sol–gel method. 
Lanthanum(III) nitrate hexahydrate was dissolved in a 
mixture of 2.0 mL deionized water, 10.4 g tetraethyl ortho-
silicate, and 70  mL ethanol. The mixture was stirred and 
heated at 70°C on a magnetic stirrer until gel formed. The 
obtained gel product was dried at 80°C for 4  h and then 
calcined in an air atmosphere for 6 h at 800°C.

The structures of La2O3-SiO2 were characterized by 
X-ray diffraction (Rigaku, Smartlab, Japan), X-ray pho-
toelectron spectroscopy (XPS; Thermo Fisher, Thermo 
Scientific K-Alpha, USA), and transmission electron micros-
copy (TEM). XPS spectra of La2O3-SiO2 were measured on a 
SPECES Spectrometer equipped with a monochromatic Al 
Ka source (1,486.6 eV), and the operating pressure was less 
than 5 × 10–9 mbar. TEM images of the researched compos-
ites were recorded on JEM-F200 (Japan) operating at 200 kV.

The actual lanthanum content in the catalyst of La2O3-
SiO2 was determined by inductively coupled plasma 
optical emission spectroscopy. The instrument type is 
Agilent 5110 (USA).

The catalytic activity and stability of La2O3-SiO2 were 
researched towards the oxidation of HCHO with H2O2 as 
an oxidant. In a catalytic activity process, under stirring 
conditions, 0.06  g La2O3-SiO2 was added into a 5  mL solu-
tion of HCHO (1.1 mg/mL). Then, 43 µL H2O2 (85 mM in the 
reaction solution) was added to the above mixture solution 
and was kept at 25°C for 10  min. After that, the reaction 
mixture was transferred to the centrifuge tube and cen-
trifuged for 10  min to remove La2O3-SiO2, and then 0.07  g 
sodium thiosulfate was added to remove the excess H2O2.

Although HCHO cannot be detected by diode array 
detector (DAD) of high-performance liquid chromatogra-
phy (HPLC), HCHO can react with 2,4-dinitrophenylhy-
drazine in the presence of sodium acetate buffer solution 
to produce 2,4-dinitrophenylhydrazone, has a maximum 
absorption wavelength of 365 nm. So, the conversion of HCHO 
was calculated by determining 2,4-dinitrophenylhydrazone 

in the reaction mixture by the standard curve method. The 
reaction conditions of HCHO and 2,4-dinitrophenylhydra-
zine are as follows: 100 ul of HCHO solution after the oxi-
dation was transferred to a 10  mL volumetric flask, 1  mL 
2,4-dinitrophenylhydrazine solution and 1  mL sodium 
acetate buffer solution were added, and then metha-
nol was added to 10  mL. Transfer the volumetric flask to 
a water bath and react at 60°C for 30  min. The product of 
2,4-dinitrophenylhydrazone was detected by an UltiMate 
3000 HPLC (USA) with DAD. Column: SinoChrom ODS-
C18 5  um 4.6*200  mm, column temperature: 30°C, mobile 
phase: v(methanol)/v(water) =  (65/35), flow rate: 1 mL/min, 
detection wavelength: 365 nm.

The removal rate of HCHO was calculated according to:

Removal rate of HCHO �
�

�
C C
C

t0

0

100%

where C0 is the concentrations (mg/mL) of HCHO in ini-
tial solution and Ct is the concentrations (mg/mL) of 
HCHO after reaction.

3. Results

3.1. Sample characterization

Fig. 1 shows the X-ray diffraction patterns of La2O3-
SiO2 with different content of La2O3. The results reveal that 
the intensity of the diffraction peak of La2O3-SiO2 is related 
to the content of La2O3.

XPS of the catalyst (La2O3-SiO2) before and after form-
aldehyde removal is shown in Fig. 2. The peaks at 856.28 
and 852.88  eV are assigned to La3d3/2, the peaks at 839.28 
and 835.98  eV are assigned to La3d5/2, The binding energy 
of La3d3/2, and La3d5/2 was not changed during the oxi-
dation reaction. The binding energy of Si2p (102.98  eV) 
and O1s (532.38  eV) was also not changed during the 
oxidation reaction.

The microstructure of the samples was revealed in detail 
by TEM analysis. Fig. 3 shows the TEM images of La2O3-SiO2 
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Fig. 1. X-ray diffraction patterns of La2O3-SiO2 with different 
content of La2O3.
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doped with different contents of La2O3. The dispersion of 
La2O3 in the La2O3-SiO2 composite is related to the content 
of La2O3. When the content of La in La2O3-SiO2 is 8.53%, the 

spacing between La2O3 grains is larger. With the increase of 
La2O3 doping, lots of tiny La2O3 particles get together. The 
grain contact is so close that the grain boundary is connected 
into a piece. The high-resolution TEM from Fig. 3d (inset) 
confirm that the interlinear spacing of La2O3 is 0.234 nm.

3.2. Calibration curve of HCHO

Fig. 4 shows the calibration curve of HCHO. The HCHO 
concentration of the solution ranges from 0.11 to 11  mg/L. 
The experimental data are close to the fitting function.

3.3. Influence of the content of La on La2O3-SiO2 for HCHO 
oxidation

The influence of the content of La on La2O3-SiO2 for 
HCHO oxidation was investigated. As shown in Table 1 
(Entry 2–4), when the content of La is 8.53 wt.%, the removal 
rate of HCHO is 76.1% at 25°C while it increases to 79.2% 
over the content of La is 25.58  wt.%. The catalytic activ-
ity does not change obviously. The removal rate of HCHO 
using 8.53  wt.% La of La2O3-SiO2 as a catalyst is higher 
than that of La2O3, indicating that La2O3-SiO2 has higher 
HCHO catalytic oxidation activity than La2O3. To reduce 
the amount of La in the reaction mixture, the content of 
La on La2O3-SiO2 is adjusted to a low level of 6.56 wt.%.

As the amount of La2O3-SiO2 increases, the removal 
rate of HCHO reaches as high as 94.1% at 25°C. As shown 
in Table 1 (Entry 6–10), when the removal rate of HCHO 
goes 93.8% at 25°C on La2O3-SiO2, with further addition of 
La2O3-SiO2 to 0.3g, the increase of HCHO conversion is low. 
As a result, the optimum amount of La2O3-SiO2 for HCHO 
oxidation was 0.2 g.

The cyclic stability of La2O3-SiO2 is also studied. La2O3-
SiO2 is repeatedly isolated by centrifuge, washed with 
deionized water, dried at 80°C for 4 h, and used again in the 
reaction. As presented in Table 1 (Entry 11–13), it exhibits 
excellent stability in HCHO oxidation where the removal 
rate of HCHO keep above 90% in three cycle tests.

3.4. Influence of H2O2 concentration on the removal rate of 
HCHO

The influence of H2O2 concentration on the removal rate 
of HCHO over La2O3-SiO2 was studied. As shown in Table 2 
(Entry 1–5), under the same reaction condition, improving 
H2O2 concentration (32–98  mM) could enhance the degra-
dation efficiencies of HCHO. When H2O2 concentration was 
greater than 85  mM, the degradation of HCHO does not 
change obviously. As shown in Table 2 (Entry 4, 6–10), the 
removal rate of HCHO was accompanied by an extension of 
the reaction time. However, when the removal rate of HCHO 
increased to 93.8%, the HCHO degradation did not change 
obviously with the extension of the reaction time. Because 
when the concentration of HCHO decreases, the formalde-
hyde molecule contact with H2O2 and La2O3-SiO2 declines.

3.5. Influence of HCHO concentration on the removal rate of 
HCHO

The change of HCHO concentration in the range of 
0.4~3.0  mg/mL was studied in Table 3. It should be noted 
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Fig. 2. X-ray photoelectron spectra of La3d, Si2p and O1s region 
from La2O3-SiO2 before and after HCHO removal reaction.
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that the removal rate of HCHO is higher than 95% when 
the concentration is higher than 1.1  mg/mL. The removal 
rate of HCHO decreased as decreasing the HCHO concen-
tration, because when the concentration of HCHO is low, 
it was hard to continue to react with H2O2 over La2O3-SiO2. 
Compared with La2O3-SiO2, using MIL-100(Fe) as a catalyst, 
the degradation of HCHO (0.7 mg/mL) is 93% at optimum 

   

Fig. 3. Transmission electron microscopy images of La2O3-SiO2 doped with different contents of La: (a) 8.53% La2O3, 
(b) 17.05% La2O3, and (c) 25.58% La2O3.

Fig. 4. Calibration curve of HCHO.

Table 1
Catalytic activity of La2O3-SiO2 on the removal rate of HCHOa

Entry Content of La 
(%)

Amount of 
La2O3-SiO2 (g)

Removal rate 
of HCHO (%)

1b – – 55.1
2 25.58 0.06 79.2
3 17.05 0.06 77.8
4 8.53 (6.56h) 0.06 76.1
5c – – 66.1
6 6.56 0.1 82.4
7 6.56 0.15 88.3
8 6.56 0.2 93.8
9 6.56 0.25 94.0
10 6.56 0.3 94.1
11d – – 56.5
12e 6.56 0.2 92.5
13f 6.56 0.2 91.3
14g 6.56 0.2 90.1

a5 mL (1.1 mg/mL) HCHO, H2O2 (85 mM), 25°C for 10 min;
bwithout catalyst;
c0.01 g La2O3 and 0.05 g SiO2;
d0.2 g SiO2;
efirst recycled;
fsecond recycled;
gthird recycled;
hactual La content determined by inductively coupled plasma 
optical emission spectroscopy.

Table 2
Influence of H2O2 concentration and time on the removal rate 
HCHOa

Entry H2O2 concentration 
(mM)

Time 
(min)

Removal rate 
of HCHO (%)

1 32 10 66.1
2 48 10 74.2
3 64 10 85.7
4 85 10 93.8
5 98 10 94.5
6 85 2 51.3
7 85 5 85.8
8 85 20 95.9
9 85 30 97.8
10 85 40 97.7

a5 mL (1.1 mg/mL) HCHO, La2O3-SiO2 (0.2 g), 25°C.
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Fig. 5. A possible reaction process for removing HCHO with 
H2O2 over La2O3-SiO2.
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conditions, and the reaction time was lengthy (119  min) 
[17]. The degradation of HCHO (2.2 mg/mL) was 99.85% at 
pH 14.0 after 60  min in a rotating packed bed with MgO 
or MgO/Al2O3 as a catalyst, and O3/H2O2 as oxidant [16,26]. 
In comparison to the above methods, the removal rate of 
HCHO (0.4  mg/mL) to achieve 90% in the photo-Fenton 
process (UV/Fe2+/H2O2) was instantaneous, this process was 
performed at pH 3.0 with UV radiation, and the catalyst 
(FeSO4) cannot be recycled [18]. In this study, La2O3-SiO2 
was used as a catalyst, H2O2 was used as an oxidant, and 
no other additives were added, it only takes 20  min, and 
the removal rate of HCHO is higher than 97% when the 
concentration is higher than 2.0 mg/mL.

4. Discussion

The oxidation of HCHO is not by hydroxyl radicals. It 
was verified by the addition of quenchers (hydroquinone, 
ammonium oxalate, and isopropanol). 0.06  g hydroqui-
none, ammonium oxalate, or isopropanol, 43 ul of aqueous 
hydrogen peroxide (30%), 0.2 g La2O3-SiO2 was added into 
the HCHO standard solution reacted for 10 min at 25°C, the 
degradation rates of HCHO were 92.9%, 94.5% and 93.4%, 
respectively. The addition of the quenchers has little effect 
on the degradation rate of HCHO. In addition, the concen-
tration of hydrogen peroxide did not change with the addi-
tion of La2O3-SiO2. 0.2  g La2O3-SiO2 was added into 5  mL 
aqueous hydrogen peroxide (30%) and react for 10 min at 
25°C with stirring. The concentration of hydrogen perox-
ide after the reaction was the same as the initial solution 
(9.9 mol/L).

The role of La2O3 is as an electron capture center. La 
undergoes coordination interactions with lone electron 
pairs of various Lewis bases [27,28]. The superior catalytic 
performance for removing HCHO with La2O3-SiO2 indi-
cates the possible reaction process, and it is shown in Fig. 5. 
Firstly, the carbonyl group of HCHO was coordinated to the 
lanthanum center of La2O3-SiO2, and the density of electrons 
around carbon atoms decreased. Subsequently, the H2O2 
reacts with electrophilic C of the carbonyl group. After the 
deprivation of H2O, HCHO is replaced by HCOOH [18]. 

Following this reaction, the carbonyl group of HCOOH 
was coordinated to the lanthanum center of La2O3-SiO2, and 
then the H2O2 reacted with electrophilic C of the carbonyl 
group. Finally, CO2 is formed. The formation of HCOOH 
as an intermediate is determined by comparing it with the 
formic acid standard using HPLC. The appearance of CO2 
was approved by the lime water test.

5. Conclusions

The synthesized La2O3-SiO2 exhibited superior catalytic 
performance and high stability toward the degradation of 
HCHO with H2O2 as an oxidant. The result showed that 
La2O3-SiO2 effectively degraded HCHO above 92% to CO2. 
Its catalytic activity is much higher than the single La2O3. The 
optimum conditions for removal of HCHO (5  mL 1.1  mg/
mL) with La2O3-SiO2 as a catalyst, the amount of La2O3-SiO2 
was 0.2 g, H2O2 concentration was 85 mM, and the reaction 
time was 20 min. The high catalytic activity, excellent reus-
ability, and better reproducibility of La2O3-SiO2 make it a 
promising catalyst for the removal of HCHO pollutants 
in a clearing environment.
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