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Abstract: Formaldehyde reacts with proteins, causing their denaturation and exhibiting high toxicity, carcinogenicity,
and teratogenicity. In this study, lanthanum (La) oxide (La,0,)/zeolite Socony Mobil-5 (ZSM-5) catalyst was
synthesized using the equal-volume impregnation method, and formaldehyde in wastewater was efficiently degraded
using this catalyst and hydrogen peroxide (H,0,) as the oxidant. Based on thermogravimetric analysis of La,0,/ZSM-
5, ZSM-5, and La (III) nitrate hexahydrate, the optimal calcination temperature of the La,0,/ZSM-5 precursor was
determined to be 600°C. X-ray powder diffraction and transmission electron microscopy analyses revealed that
La,O, was well dispersed on ZSM-5. The effects of La,O, loading, catalyst dosage, H,O, concentration, initial
formaldehyde concentration, and solution pH on the degradation rate were systematically investigated. The catalyst
exhibited dual functionality, enabling both adsorption and activation of formaldehyde and H,O, molecules. Under
optimized conditions—10 wt% La O,, 50 mg/mL catalyst dosage, a molar ratio of H,O, to formaldehyde of 3,
pH 5-11, and a reaction time of 20 min—the degradation rate of formaldehyde exceeded 95%. This technique
can effectively treat formaldehyde concentrations up to 1.497 mg/mL. This finding offers guidance for designing

efficient catalysts applicable to non-Fenton oxidation processes for formaldehyde degradation.
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1. Introduction

Approximately 99% ofengineered wood panelsarebonded
with adhesives such as urea—formaldehyde, melamine—
urea—formaldehyde, or phenol-formaldehyde resins.'
These adhesives are synthesized using formaldehyde
as a raw material, thereby generating formaldehyde-
containing wastewater. In addition, formaldehyde is
widely used as a tanning agent in leather processing,
textiles, and other industries.”> Due to its ability to bind
with proteins, formaldehyde exhibits high toxicity along
with significant carcinogenic and teratogenic properties.

It not only poses severe risks to human health but also
contributes to environmental pollution.

Current formaldehyde degradation technologies
primarily include physical adsorption,’ biological
methods,’ photo-oxidation,* and metal oxide oxidation.?
Formaldehyde, owing to its reducing nature, can be
readily degraded when oxidized by oxidizing agents.
Catalytic oxidation methods exhibit high degradation
efficiency and can achieve complete mineralization of
formaldehyde. Therefore, catalytic oxidation is suitable
for treating formaldehyde-containing wastewater at
varying concentrations.®®
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Catalytic oxidation using hydrogen peroxide (H,0,)
as the oxidizing agent demonstrates both environmental
compatibility and high efficiency.” Due to its low cost
and environmental friendliness, H O, is widely used
in wastewater treatment. H,O, shows high efficiency
in degrading organic pollutants and does not produce
byproducts other than water during the oxidation and
decomposition process. Therefore, H,O, is considered
an ideal oxidizing agent for the oxidative treatment of
organic pollutants. However, the oxidation ability of
H,0O, alone is weak; it must be catalyzed by a catalyst
to produce strong hydroxyl radicals (HO*) and other
reactive species that react with organic compounds in
wastewater, leading to their degradation.

The most widely used process in catalytic oxidation
using H,O, as the oxidizing agent is the Fenton
oxidation process.'”'* By activating H,O, with Fe*,
strong hydroxyl radicals are produced. However, in this
process, large amounts of Fe?" and acid are consumed,
and iron sludge is generated."*' To overcome these
limitations of the Fenton process, it is necessary to
explore alternative catalysts that are most cost-effective
and energy-efficient. For example, Imohiosen et al."
synthesized a nanoscale zero-valent iron (nZVI) catalyst
using plant leaf extract. The effectiveness of the H,0,-
supported nZVI catalyst in treating pharmaceutical
effluent was evaluated. The degradation efficiency
of pharmaceutical effluent by H,O, was improved
using the prepared nZVIs. Moreover, the nZVIs were
relatively stable and maintained their catalytic activity
even after being recycled up to 5 times. However, the
improvement was not significant, with a maximum
degradation rate of only 81%.

Doping the rare earth metal lanthanum (La) into
catalysts can improve their catalytic activity and
adsorption performance.'®!" To date, studies on La have
mainly focused on its application in the photocatalytic
treatment of wastewater.’?! The emergence of
photocatalysis has provided an environmentally friendly
alternative for removing organic contaminants from
water. When the catalyst absorbs a sufficient amount
of energy, reactive species are generated on its surface,
which then participate in oxidation and reduction
reactions. For example, La-based catalysts can catalyze
molecular oxygen to produce superoxide radicals and
water molecules to produce hydroxyl radicals.?*%
Although photocatalytic reactions are environmentally
friendly, they often suffer from long degradation times
and low degradation efficiencies.

For example, Igbal'’ synthesized a new type of
La-doped zinc (Zn) oxide nanoparticles and investigated
their degradation performance toward rhodamine B
dye. The maximum degradation rate of rhodamine B
dye was 84.97% after 150 min. The catalytic activity
of La can be further enhanced by loading it onto
different types of support materials. For example,
Wang et al** synthesized La/manganese (Mn)-doped
titanium dioxide nanotube arrays (La/Mn-TNAs) using
the anodic oxidation method. The degradation rate of
organic dyes by the synthesized La/Mn-TNAs exceeded
90%. The doping of La and Mn into nanotube arrays
had a significant effect on catalytic activity.

It is well known that zeolite Socony Mobil-5
(ZSM-5) is a common adsorbent that promotes the
removal of pollutants from aqueous solution through
adsorption facilitated by its unique porous structure.?>-
Studies have revealed that loading La onto ZSM-5 is an
effective method to enhance photocatalytic activity.

Bifunctional catalysts possessing both adsorption
and catalytic activity have demonstrated promising
potential in numerous catalytic processes.”’? La- and
Zn-modified H-ZSM-S5 zeolites generate highly reactive
electrons and electron—hole pairs, thereby enhancing
the catalytic activity and stability of H-ZSM-5. Under
mercury lamp irradiation, the removal efficiency
of phenol can reach 99.38% at 60°C with La- and
Zn-modified H-ZSM-5 as the catalyst and H,O, as the
oxidant.*® However, this type of catalyst has not yet
been utilized for formaldehyde removal in wastewater
treatment. Therefore, improving catalyst preparation
methods and optimizing the composition of active
components in catalysts are necessary to enhance the
formaldehyde removal efficiency in wastewater.

In this study, we successfully synthesized a La
oxide (La,0O,)-zeolite composite catalyst with dual
functionality. During preparation, a La nitrate solution
was first adsorbed into the porous framework and onto
the surface of the zeolite. Subsequently, through high-
temperature calcination, the La nitrate decomposed
and transformed into active La O, species. After this
treatment, La,O, was uniformly dispersed on the outer
surface and within the pores of the zeolite, forming
highly dispersed active sites. This unique structure
not only significantly increases the effective contact
area between La,O, and formaldehyde molecules but
also enhances the stability of the active components,
thereby achieving efficient catalytic degradation of
formaldehyde under room-temperature conditions and
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demonstrating excellent environmental purification
performance.

2. Materials and methods

2.1. Materials

All  reagents wused in this study—including
formaldehyde solution (37 wt%; Sinopharm Chemical
Reagent Co., Ltd., China), H,O, solution (30 wt%;
Sinopharm Chemical Reagent Co., Ltd., China), La
nitrate Sinopharm Chemical Reagent Co., Ltd., China),
H-ZSM-5 (Sinopharm Chemical Reagent Co., Ltd.,
China), acetylacetone (Sinopharm Chemical Reagent
Co., Ltd., China), glacial acetic acid (Sinopharm
Chemical Reagent Co., Ltd., China), ammonium acetate
(Sinopharm Chemical Reagent Co., Ltd., China), and
tert-butanol (Sinopharm Chemical Reagent Co., Ltd.,
China)—were of analytical grade.

2.2. Preparation of La oxide/ZSM-5

A total of 0.560 g of La(Ill) nitrate hexahydrate
(La[NO,],-6H,0) was accurately weighed and placed in
aclean beaker. Then, 4 mL of deionized water was added,
and the mixture was stirred until the La(NO,),-6H,0
was completely dissolved. Subsequently, 4 g of ZSM-5
was slowly added to the La(NO,),"6H,O solution, and
the mixture was soaked for 4 h. The resulting mixture
was then dried in an oven at 100°C for 2 h. After drying,
the sample was transferred to a crucible and calcined in
a muffle furnace at 700°C for 4 h. The resulting calcined
product was referred to as La O,/ZSM-5. The La,O,
loading accounted for 5% of the total mass of La O,/
ZSM-5. Samples with La,0, mass fractions of 10%,
15%, 20%, and 25% were prepared using the same
procedure.

2.3. Characterization of La oxide/ZSM-5

The thermal stability of undried ZSM-5,La(NO,),"6H,0,
and the dried ZSM-5/La,0O, mixture was evaluated
using a thermogravimetric (TG) analyzer (Perkin
Elmer, USA). The measurements were performed
in air at a flow rate of 20 mL/min over a temperature
range of 35-800°C with a heating rate of 20°C/min. The
crystal structures of ZSM-5 alone and ZSM-5 loaded
with La,O, at 5%, 10%, and 15% loading levels were
analyzed using an X-ray powder diffractometer (XRD;
Rigaku, Japan). The valence state of La on the surface
of the ZSM-5 sample containing 10% La,O, loading was
determined by X-ray photoelectron spectroscopy (XPS;

Thermo Fisher Scientific, USA). Transmission electron
microscopy (TEM) coupled with energy-dispersive
spectroscopy (JEOL, Japan) was employed to analyze
the distribution of La within the ZSM-5 framework.

2.4. Formaldehyde degradation reaction

A 5 mL aliquot of formaldehyde standard solution
was added to a 25 mL reaction tube. Under continuous
stirring, an appropriate amount of La ,O,/ZSM-5 was
added to the solution. After thorough mixing of the
suspension, 30% H,O, was added at 25°C to initiate
the formaldehyde degradation reaction. Samples
were collected every 4 min, and after five sampling
intervals, the reaction was stopped. Each withdrawn
sample was transferred to a volumetric flask containing
acetylacetone, diluted to the mark with deionized water,
and derivatized in a water bath at 100°C for 3 min.
After cooling to room temperature, the absorbance was
measured at 414 nm using deionized water as a blank.
The formaldehyde degradation rate was then calculated.

2.5. Analytical method

Standard solutions of formaldehyde were prepared
and calibrated using the iodometric titration technique.
The calculation of the degradation rate of the standard
formaldehyde solution wused the acetylacetone
colorimetric method. Formaldehyde reacts with
acetylacetone to form a yellow-colored compound. The
concentration of the resulting compound was determined
by measuring its absorbance at 414 nm using a visible
spectrophotometer (Shanghai Jinghua Technology
Instrument Co., Ltd., China). The measured absorbance
corresponded to the formaldehyde concentration.
A standard calibration curve of formaldehyde
concentration versus absorbance was plotted.®

3. Results and discussion

3.1. Standard curve for formaldehyde
determination

As shown in Figure 1, the formaldehyde concentration
range of 0.3-3.0 pug/mL exhibited excellent linearity
with the absorbance of the formaldehyde—acetylacetone
derivative. Based on this quantitative relationship,
sample absorbance values were applied to the
standard curve to determine the residual formaldehyde
concentrations. The degradation rate was calculated by
comparing these values with the initial formaldehyde
concentration.
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3.2. Determination of the calcination temperature
of the La oxide/ZSM-5 precursor

The TG analysis curves of the La,0,/ZSM-5 precursor
sample dried at 100°C, the undried ZSM-5 sample, and
the La(NO,), 6H,0 sample are shown in Figure 2. All
samples exhibited weight loss below 250°C, which was
likely due to the loss of adsorbed water and interlayer
water.’! In addition, two major thermal events were
observed for La(NO,),"6H,0O: Between 487°C and
587°C, significant weight loss occurred due to its
thermal decomposition, while further decomposition of
residual La(NO,), between 587°C and 735°C produced
LaO,.
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Figure 2. Thermogravimetric curves of La,0,/ZSM-

5, ZSM-5, and La(NO,),"6H,0

Abbreviations: LaO,: Lanthanum oxide;

La(NO,),-6H,0: Lanthanum(Ill) nitrate hexahydrate;

ZSM-5: Zeolite Socony Mobil-5.

A decrease in the thermal stability of La(NO,),
was observed when it was mixed with ZSM-5, which
may be attributed to interactions between NO,™ ions
in La(NO,), and the acidic sites of ZSM-5. These
interactions likely lower the activation energy required
for decomposition, thereby reducing the thermal
stability of La(NO,),. Another possible explanation
is that La(NO,), was dispersed on the ZSM-5 surface
in a monolayer or near-monolayer form, leading to a
decrease in its decomposition temperature. TG analysis
revealed negligible weight loss above 700°C. Therefore,
the optimal calcination temperature was determined to
be 700°C.

3.3. X-ray powder diffraction characterization
As shown in Figure 3, the crystallization of ZSM-5 was
consistent with the reported standard diffraction pattern,
exhibiting the typical XRD pattern of ZSM-5 zeolite.*?
Although ZSM-5 exhibited numerous diffraction peaks,
the strongest and most characteristic diffraction peaks
were observed at 7.9°, 8.9°, 23.1°, 23.9°, and 24.4°. In
general, higher crystallinity corresponds to stronger and
sharper diffraction peaks.?*34

The diffraction peaks of La,O, obtained after
calcination of La(NO,), were located at 15.72°, 27.96°,
39.58°, 48.58°, 55.36°, 64.3°, and 69.84°, consistent
with the reported standard diffraction pattern of La,O,
(JCPDS No. 02-0607).33:3¢

As shown in Figure 3, with increasing La,O,
loading, the characteristic XRD peak intensity of
ZSM-5 gradually weakened. Notably, no distinct

. 15% Lay0/ZSM-5

! 10% Laj03iZSM-5

oo

5% La;03/ZSM-5

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 ()

Figure 3. X-ray diffraction patterns of La,O,, ZSM-5,
5% La,0,/ZSM-5, 10% La,0,/ZSM-5, and 15%
La,0,/ZSM-5

Abbreviations: La O,: Lanthanum oxide;

ZSM-5: Zeolite Socony Mobil-5.
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independent diffraction peaks of La,O, were observed
in the diffraction pattern. This phenomenon may be
attributed to the high dispersion of La,O, on the surface
or within the pores of the ZSM-5. Such a dispersed state
prevents La O, from forming a significant crystalline
structure, thereby suppressing the intensity of the
original crystalline phase diffraction peaks of ZSM-5
and effectively masking the crystalline phase diffraction
signals of La,O,, making them undetectable with clarity.
3.4. X-ray photoelectron spectroscopy
characterization

Figure 4 displays the XPS spectrum of ZSM-5 loaded
with 10% La,O, after calcination at 700°C. Typical La
3d,, and La 3d,, spectra were observed, confirming
the chemical state of La in ZSM-5. As shown in
Figure 4, the La 3d,,, peak appeared at 835.1 eV, with
a corresponding satellite peak at 838.8 ¢V. The La 3d,,
peak appeared at 851.9 eV, with a satellite peak at 855.6
eV. The energy difference between the La 3d,, and 3d,
states was approximately 16.8 eV, which is consistent
with the characteristic values of La,0,.*"" Based on
these results, La exists in the form of La,0, in La,O,/
ZSM-5.

3.5. TEM-energy dispersive spectroscopy analysis

Figure 5 presents the TEM image of the La,0,/ZSM-5
catalyst along with the corresponding elemental
distribution maps. The maps clearly show that La was
uniformly dispersed within the framework structure
of ZSM-5, with no obvious regions of enrichment or

La3d

La3d,, La 3d,,

Intensity (a.u.)

830 840 850 860
Binding energy (eV)

Figure 4. La 3d X-ray photoelectron spectra of
La,0,/ZSM-5

Abbreviations: La: Lanthanum; LaO,: Lanthanum
oxide; ZSM-5: Zeolite Socony Mobil-5.

agglomeration. This observation is consistent with the
XRD results: No characteristic diffraction peaks of
La O, were detected, further confirming that La species
were successfully and uniformly introduced into the
lattice structure of the ZSM-5. If any La,O, crystals
were formed, their crystallite size is extremely small
and thus not detectable by XRD.

3.6. Factors influencing formaldehyde degradation

The effect of La O, loading in La,0,/ZSM-5 (5%, 10%,
15%, 20%, and 25%) on formaldehyde degradation rates
was investigated. Hydrogen peroxide (43 uL) was added
to a formaldehyde solution (5 mL), then added La, O,/
ZSM-5 with La,O, loadings of 5%, 10%, 15%, 20%, and
25% respectively, and reacted at 25°C for 20 min. These
findings indicate that when the loading amount of La,O,
on La,0,/ZSM-5 was below 15%, the formaldehyde
degradation rate increased with the increase in La,O,
loading. However, when the loading amount exceeded
15%, further increases in La,O, loading resulted in only
marginal improvement in the formaldehyde degradation
rate. The high dispersion of La,O, on ZSM-5 may have
influenced the formaldehyde degradation efficiency.

AlK 5100 nm Lal
Figure 5. Transmission electron micrography images
of La,0,/ZSM-5: (A) general morphology and (B-D)
elemental mapping of La,0,/ZSM-5 in the presence
of (B) Si, (C) Al, (D) and La (scale bar: 100 nm;
magnification: x50,000)

Abbreviations: Al:  Aluminum; La: Lanthanum;
La O,: Lanthanum oxide; Si: Silicon; ZSM-5: Zeolite
Socony Mobil-5.

o 100 nm
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Given that the formaldehyde degradation rate of La,0,/
ZSM-5 loaded with 15% La,O, (93.5%) showed only
a slight increase compared with that loaded with 10%
La 0, (92.7%), and considering the need to minimize
the use of the relatively expensive rare earth element La,
subsequent experiments utilized La,0,/ZSM-5 catalysts
with a La,O, loading of 10%.

The effect of the LaO,/ZSM-5 dosage on
formaldehyde degradation efficiency was investigated
under reaction conditions of 25°C, 43 uL H,0O,, and
20 min. As shown in Figure 6, the formaldehyde
degradation efficiency increased with the amount of
La,0,/ZSM-5. Previous research has also reported that
in formaldehyde degradation experiments using La,O,/
ZSM-5 catalysts, when the dosage was set at 60 mg/mL
and 70 mg/mL, respectively, the degradation efficiency
of formaldehyde reached 100% after a reaction time
of 20 min. However, the highest degradation rate was
observed at 70 mg/mL La,0,/ZSM-5, where 100%
degradation was achieved within 16 min. This result
indicates that within a specific concentration range,
the catalyst exhibits high efficiency in removing
formaldehyde and can achieve complete degradation
in a relatively short period of time. By increasing the
amount of La O,/ZSM-5, the total surface area of
the catalyst is significantly enhanced, along with the
number of active sites. This change directly increases
the probability of effective interaction between active
formaldehyde or H,O, molecules and the catalyst
surface, thereby facilitating the catalytic reaction.”*

To further determine the activation capacity of La,O,/
ZSM-5 toward H,0,, the effect of H,O, dosage on the

272
formaldehyde degradation rate was investigated under

100 — o
'/
90
S 8ot
£
= 70t
H ¢ —o— 20 mg/mL
S 60F —o— 30 mg/mL
£ —— 40 mg/mL
on )
& 50 ¢ —v— 50 mg/mL
60 mg/mL
40 —e— 70 mg/mL
4 6 8 10 12 14 16 18 20

Time (min)

Figure 6. Effect of lanthanum oxide/Zeolite Socony
Mobil-5 dosage on the formaldehyde degradation
efficiency

reaction conditions of 25°C, 50 mg/mL La,O,/ZSM-5,
and a reaction time of 20 min. As shown in Figure 7,
as the amount of H,O, increased, the degradation rate
of formaldehyde also increased. However, when the
molar ratio of H,O, to formaldehyde exceeded 3,
further increases in H,0, dosage had a limited effect on
enhancing the reaction rate and degradation efficiency.
This is because, without increasing the dosage of La,0,/
ZSM-5, simply adding more H,O, cannot significantly
increase the number of active oxygen species in the
reaction system, and the number of formaldehyde
molecules available for activation is also limited.

Under reaction conditions of 25°C, 50 mg/mL La,0./
ZSM-5, a molar ratio of H,0, to formaldehyde of 3, and
a reaction time of 20 min, the effect of formaldehyde
concentration on the degradation reaction was
investigated by varying the formaldehyde concentration
(0.25mg/mL,0.499mg/mL,0.998 mg/mL,1.497mg/mL,
and 1.996 mg/mL). The experimental results are shown
in Figure 8. The findings indicate that when the
formaldehyde concentration is below 1.497 mg/mL,
the degradation efficiency of formaldehyde can reach
over 91%. Furthermore, previous studies have shown
that within this concentration range, as the initial
formaldehyde concentration gradually increases, its
degradation rate tends to decrease.

Under reaction conditions of 25°C, 50 mg/mL
La,0,/ZSM-5, a molar ratio of H,0O, to formaldehyde
of 3, and a reaction time of 20 min, the formaldehyde
degradation rates under different pH values—pH 1, 3,
5,7,9, 11, and 13—were found to be 85.6%, 88.1%,
98.4%, 100%, 100%, 95.0%, and 84.7%, respectively.

100 + v/..
ool / /9

- /u“

=

; sl A /

g O

s 70 «%— n(Hzoz)/n(HCHO)=1'5

= 2 —o—n(H,0,)/n(HCHO)=2.0

=

?n wl —2—n(H,0,)/n(HCHO)=2.5

g —v—n(H,0,)/n(HCHO)=3.0
sol n(H,0,)/n(HCHO)=3.5

4 6 8 10 12 14 16 18 20
Time (min)

Figure 7. Effect of the H,O,-to-HCHO molar ratio
on the HCHO degradation rate

Abbreviations: H,O,: Hydrogen peroxide;

HCHO: Formaldehyde.
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Figure 8. Effect of formaldehyde concentration on
its degradation rate

This finding indicates that the degradation performance
under neutral conditions is superior to that under acidic
and alkaline conditions. The degradation efficiency
decreased significantly under highly acidic or alkaline
conditions. A highly acidic environment may disrupt
the structure of the catalyst, whereas a highly alkaline
environment may suppress hydroxyl group formation.

In this study, tert-butanol was employed as a radical
scavenger as it readily reacts with hydroxyl radicals.
Hydroxyl radicals react with tert-butanol primarily
through hydrogen atom elimination from carbon,
producing a tert-butoxy radical. The tert-butoxy radical
then rapidly undergoes 3-scission, yielding acetone and
a methyl radical.* On the addition of tert-butanol, the
formaldehyde degradation rate decreased significantly,
from 100% to 32%, confirming the participation of
hydroxyl radicals in the reaction.

To further verify hydroxyl radical generation during
the formaldehyde catalytic degradation over La,O,/
ZSM-5, a supplementary gas chromatographic analysis
was performed. A mixture containing 1 mL tert-butanol,
0.25 g La)0,/ZSM-5, and 50 uL H,O, was allowed to
react for 20 min. Samples (5 pL each) collected before
and after the reaction were diluted in 10 mL dioxane
and analyzed by gas chromatography (injection
port temperature: 150 °C; detector temperature:
180°C; column temperature: 50—110°C; heating rate:
5°C/min). As shown in Figure 9, the results indicated no
significant change in tert-butanol content and no new
peaks corresponding to reaction byproducts, thereby
confirming that hydroxyl radicals were not involved in
the degradation process.

To investigate the mechanism of La203/ZSM-5 on
hydrogen peroxide, the catalyst, La O,/ZSM-5, was

204 -
|
&— After reaction: 164
150 4
=z
e 4
% 100+ Before reaction: 167
S
=
2
s 50
-
] |
_16 _-I T T T T T
2.79 2.85 2.90 2.95 3.00
Time (min)
Figure 9. Gas chromatographic analysis of

tert-butanol

added to an H,O, solution and allowed to react for
20 min. The concentration of H,O, decreased by only
0.2 mol/L before and after the reaction, indicating that
La,0,/ZSM-5 catalyzes the decomposition of H O, or
the generation of free radicals at a relatively slow rate.

To further evaluate the catalytic contribution of
La,0,/ZSM-5, adsorption and oxidation experiments
were conducted under comparable conditions. In the
formaldehyde adsorption tests performed using La, O,/
ZSM-5 and ZSM-5 separately, adsorption rates of
23.07% and 20.5% were obtained, respectively, by
adding 0.25 g of La,0,/ZSM-5 and ZSM-5, respectively,
to 5 mL of formaldehyde solution and stirring at 25°C
for 20 min without H,O,. In contrast, H,O, oxidation of
formaldehyde in the absence of La,0,/ZSM-5 (5 mL
formaldehyde solution, 50 uL H,O,, no catalyst, 25°C,
20 min) resulted in a degradation rate of only 36.5%.
This finding indicates that La,0,/ZSM-5 exhibits a
significant catalytic activation effect in the reaction
system.

According to the kinetic study by Mandal et al.,*" an
unusual oxidation state of La (La*") was observed during
the interaction between H,0,, La,O,, and formaldehyde.
The addition of tert-butanol significantly reduced
the oxidation reaction of formaldehyde, possibly by
inhibiting the interaction between the catalyst and H,0,
or between the catalyst and formaldehyde. This finding
indicates that the oxidation reaction of formaldehyde
catalyzed by La,0,/ZSM-5 is not purely radical.” La,O,/
ZSM-5 demonstrates multiple functions, including
adsorption and activation of formaldehyde molecules
and H,0, molecules.

After three recycling cycles, the formaldehyde
degradation rate of La,0,/ZSM-5 decreased from 100%
to 91.5%, while the conversion efficiency dropped by
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8.5%. Inductively coupled plasma—optical emission
spectrometry analysis revealed that the La content in the
La,0,/ZSM-5 decreased by 1.9% after three reaction
cycles. Although the reusability and stability of the
catalyst are of great significance for reducing catalyst
costs, the findings of this study indicate that the stability
and activity of the catalyst in solution are not yet ideal.
For example, in formaldehyde degradation catalysis, a
magnesium oxide/y-aluminum oxide catalyst exhibited
a degradation rate decrease from 99.85% to 87.53%
after six cycles of use’; whereas the MIL-100(Fe)
catalyst showed a decrease from 91.7% to 65.9% after
five cycles of use.* Therefore, future research should
focus on improving both the activity and stability of
catalysts.

4. Conclusion

ALa,0,/ZSM-5 catalyst with high catalytic activity was
produced using the equal-volume impregnation method.
XPS testing confirmed the formation of La,O,, while
XRD and TEM analyses verified its high dispersion on
the ZSM-5 support. This catalyst possesses multiple
functions, including the adsorption and activation of
formaldehyde molecules and H,O, molecules. The
catalytic efficiency was shown to depend strongly on
experimental conditions such as catalyst concentration,
H,0, concentration, pH, reaction time, and formaldehyde
concentration. Under reaction conditions of 25°C,
50 mg/mL La,O,/ZSM-5, 50 uL H,0O,, pH 5-11, and a
reaction time of 20 min, the formaldehyde degradation
rate exceeded 95%. The La,O/ZSM-5 catalyst
demonstrates stability under both acidic and alkaline
conditions. Even at a formaldehyde concentration of
1.497 mg/mL, the degradation rate remained at 91%.
This method demonstrates great potential for practical
applications in formaldehyde degradation processes.
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