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A B S T R A C T   

In this research, the photocatalytic degradation of methylene blue (MB) dye was explored by employing Zn-La 
(zinc-lanthanum) oxide nanocatalysts under UV irradiation. Preparation of Zn-La oxide nanocatalysts was 
executed utilizing the co-precipitation technique, and the surface and morphology of the fabricated nanocatalyst 
were examined via X-Ray diffraction analysis (XRD), Fourier-transform infrared spectroscopy (FTIR), Brunauer- 
Emmett-Teller (BET), Barrett-Joyner-Halenda (BJH), Field emission scanning electron microscopy (FESEM), 
Transmission electron microscopy (TEM), and energy dispersive X-ray (EDX) methods. BET-BJH analysis 
demonstrated that the specific surface area of the Zn-La oxide nanocatalyst was 20.43 m2/g. Moreover, the 
response surface methodology (RSM) procedure was utilized to influence the operational factors i.e., catalyst 
amount, pH, H2O2 dose, and UV power. The quadratic model proposed via the RSM technique with a high R2 

value of 0.89, demonstrates its reliability. Besides, the maximum percentage of MB dye removal reached 75.18% 
under optimal conditions, which include a catalyst amount of 12.05 mg, pH of 9, H2O2 dose of 0.44 mL, UV 
power of 23 W, and a reaction time of 45 min. Further, under the mentioned conditions, after 120 min, the MB 
degradation efficiency reached 98.8%. The kinetic study exhibited that the reaction rate constant was 0.0363 
min− 1. According to the outcomes, Zn-La oxides have a higher ability to remove MB. After 5 consecutive reuse 
rounds, the reduction in the yield of MB removal using Zn-La oxide nanocatalysts was 5.4%. This study dem
onstrates that the Zn-La oxide nanocatalyst can be promisingly utilized for the degradation of MB dye suspension 
solution.   

1. Introduction 

The issue of pollution has emerged as one of the most severe prob
lems demanding immediate attention and remediation. Instances of 
environmental contamination include water pollution, stemming from 
the discharge of waste from factories, petroleum refining processes, and 
households (Pinchujit et al., 2022; Phuruangrat et al., 2023). Presently, 
the annual production of over 100,000 different types of dyes amounts 
to approximately 7 × 105 tons (Phuruangrat et al., 2023). The textile 
industry, being the primary consumer, utilizes around 36,000 tons of 
dyes annually, with nearly 20% of them being discarded as waste in the 
form of textile effluents (Norabadi et al., 2020). Water contamination 
stands out as a critical aspect of environmental pollution, primarily 
attributed to harmful chemicals and organic dyes present in industrial 

wastewater (Yayapao et al., 2015). such organic dyes in waste effluents 
is of great environmental importance due to their non-biodegradability, 
high toxicity to aquatic organisms, and carcinogenic effects on humans 
(Vasiljevic et al., 2020). Industrial establishments utilize a large quan
tity of water, and then they produce a lot of wastewater, which consists 
of a diverse range of hazardous pollutants in different concentrations 
(Fathirad et al., 2021). Industrial wastewater effluents pose a significant 
threat to human health due to their elevated levels of hazardous and 
toxic substances. Consequently, it is imperative to treat these effluents to 
eliminate the presence of harmful pollutants before their discharge into 
water bodies (Etemadi et al., 2021). 

Physical treatments are considered one of the promising alternatives 
such as flocculation, activated coal adsorption, and reverse osmosis are 
non-destructive and fundamentally transfer contaminants to other 
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media, leading to secondary pollution (Mangeli et al., 2021; Maleki and 
Esmaeili 2023a). Photocatalysis involving heterogeneous semi
conductors has been extensively investigated and has proven to be an 
effective strategy for the degradation of numerous organic contami
nants. Additionally, this approach is economically feasible (Abbasi 
2023). Photocatalysis has a high potential in terms of cleaning up the 
environment and using renewable energy. Semiconductor-based pho
tocatalysis has been extensively explored for environmental fields and 
has proven to be a cleaning technology (Chen et al., 2016). 

Heterogeneous photocatalysis holds significant practical value as it 
demonstrates the capability to achieve almost complete mineralization 
of a broad range of toxic organic substances (Maleki et al., 2022). 
Consequently, it may be useful to use this technique for treating polluted 
water to get rid of many contaminants (Abbasi et al., 2019). it is well 
known, that, photocatalysis generally involves a series of light-induced 
redox processes in which the light plays a major role. They occur when a 
suitable semiconductor nanoparticle is exposed to light which has en
ergy huger than the band gap (Nazari et al., 2023). Photocatalytic 
treatment is considered one of the most effective ways for removing 
contaminants from aqueous media owing to various advantages. These 
include high degradation efficiency leading to the production of CO2 and 
H2O, an exceptionally rapid degradation rate, and the generation of 
other elements as end products (Afmataj et al., 2023). The electron-hole 
pairs produced through photoproduction are the basis of photocatalytic 
processes (Ashrafi et al., 2021). The electron-hole pairs serve as carriers 
where oxidation/reduction processes occur at the semiconductor sur
face. Consequently, radical species are generated, interacting with 
organic contaminants and facilitating the decomposition of contami
nation and subsequent mineralization (Hossein Panahi et al., 2020). 

The utilization of semiconductors in the photocatalytic process has 
been explored, proving to be a highly efficient and environmentally 
friendly technique for pollutant degradation (Khan et al., 2022). Semi
conductors with a broad band gap, such as ZnO, are particularly sig
nificant as photocatalysts (Abbasi et al., 2020). Zinc oxides are of great 
interest due to their ready availability, relatively low cost, good stabil
ity, low toxicity, and exceptional potential to generate highly oxidizing 
radical species (Afmataj et al., 2023). Moreover, these semiconductors 
show a promising future for manufacturing highly sensitive solar cells to 
dye, and for the remediation of harmful organic components by pho
tocatalytic therapy (Lin et al., 2018). The doping methodology proves to 
be a powerful and reliable approach to modify the properties of both 
structural and catalytic semiconductor oxides (Chen et al., 2016). The 
introduction of a dopant metal is typically designed to enable a response 
to visible light, facilitating the formation of hybrid energy levels be
tween the conduction band and the valence band (VB) of these oxides 
(Van et al., 2022). Hence, appropriate doping can inhibit the recombi
nation of photoinduced electron–hole pair (e− /h+) and improve the 
semiconductor oxides’ photoactivity (Elfeky et al., 2020). The semi
conductor photoactivity may be developed by means of doping tech
niques through the use of various sets of elements, like the following 
types of metals (Au, Ag, Cu, Co, etc.) (Ruzimuradov et al., 2017), non- 
metals (Mg, C, N, S, etc.) (Chaker et al., 2021), and rare soil metals 
(Ce, La, Eu, etc.) (Mazierski et al., 2017). Lanthanide ions, categorized as 
rare earth metals, are deemed promising for doping. With their 4f 
electron configuration, these ions can effectively serve as a source of 
electrons, restricting them in the conduction band (CB) of the photo
catalyst (Jian et al., 2022). Besides that, doping by using lanthanide 
elements could improve the sensitivity of light and accelerate the 
diffusion and transport of reactive particles and products by raising the 
adsorption capability of the adsorbate (Shwetharani et al., 2018). 

Numerous experimental and theoretical studies have elucidated that 
the optical properties and electronic characteristics of substances can be 
enhanced through the incorporation of dopant ions from rare earth 
metals (Yan et al., 2022). Lanthanum ions, in particular, are noteworthy 
for their electron-trapping effect facilitated by the adaptive sites of 
chemical valence (La2+ and La3+). Lanthanum (La) is recognized as one 

of the rare earth metal elements abundant in soil. Its outstanding 
properties and widespread availability have led to extensive research for 
various purposes (Song et al., 2021). Lanthanum is classified as an 
effective dopant element capable of modifying the band structure and 
improving the photocatalytic properties of different semiconductor ox
ides (Hajiali et al., 2021). Some authors show that the La-doped semi
conductor has perfectly different chemical–physical properties 
compared with those of the undoped semiconductor (Song et al., 2021). 
The existence of La in the ZnO lattice produces electron capture and thus 
prevents the hole recombination for limiting the electron–hole pairs 
(e− /h+) formation, which then improves the semiconductor photo
chemical efficiency (Kraidi et al., 2023). Additionally, the presence of 
lanthanum in the zinc oxide (ZnO) lattice reduces its band gap, altering 
its optical behavior towards the visible region. This enhancement in the 
photoactivity of the semiconductor is particularly beneficial in the 
presence of sunlight (Liang and Esmaeili, 2021). Chaker et al. 2021, 
doped lanthanum onto titanium oxide and employed an aqueous solu
tion for the removal of methyl orange, achieving a remarkable 99.89% 
removal under optimal conditions. Mazierski et al. 2017 scrutinized the 
removal of toluene using lanthanide-TiO2 nanocatalysts. The findings 
revealed a 30% removal after 60 min. 

The main objective of this study is to investigate a strong and highly 
active photocatalyst in methylene blue dye degradation from aqueous 
suspension. Through an examination of previous papers on the removal 
of MB, it becomes evident that various catalysts are frequently 
employed. Consequently, there is a significant gap in this area. To the 
best of our knowledge, this research paper represents the first endeavor 
to address the removal of MB from aqueous suspension using Zn-La 
oxide nanocatalysts. To achieve this goal, Zn-La oxide nanoparticles 
were synthesized and utilized. Structural characteristics of these nano
particles were elucidated through diverse analyses, including FESEM, 
EDX, XRD, TEM, BET, and FTIR. Furthermore, the study investigated the 
influence of key variables such as catalyst dosage, pH, UV irradiation 
intensity, and the addition of H2O2 on the degradation efficiency of MB 
dye. Optimization was performed using the RSM-BBD statistical tech
nique. Additionally, reliability assessments of the photocatalyst and 
kinetic studies were conducted to evaluate the economic feasibility of 
the procedure. 

2. Materials and methods 

2.1. Chemicals and devices 

Several chemicals were employed in this study, such as Zn 
(NO3)2⋅6H2O (>99%), La (NO3)3⋅6H2O (>99%), Na2CO3 (>99.9%), 
NaOH (>99%), Hydrogen peroxide, Hydrochloric acid (>98%), and 
Methylene blue (C16H18N3SCl). These chemicals were bought from 
Merck company with high purities. Besides, the physical characteristics 
and molecular structure of MB utilized in this research are presented in 
Table 1 and Fig. 1, respectively. 

Table 1 
Physical characteristics and molecular structure of MB.  

Common name Methylene blue 

C.l. Number 52015 
Color Blue 
Solubility aqueous 3,55% 
Empirical formula C16 H18 N3 S Cl 
Melting point 100–110 ◦C 
Molecular weight 319.85 g/mol 
Molecular volume 241.9 cm3/mol 
Molecular diameter 0.80 nm  
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2.2. Catalyst fabrication procedure 

2.2.1. ZnO synthesis 
One of the most important ways to synthesize Zinc oxide nano-sized 

particles chemically is a co-precipitation technique (Kraidi et al., 2023; 
Maleki and Ashraf Talesh, 2021). briefly, precursor solution including 
0.5 M (14.9 gm) of Zn (NO3)2⋅6H2O was dissolved in (100 mL) of 
deionized distilled water. In order to make ZnO sol, 1 M (53 mg) Na2CO3 
was added (75) ml into the solution of Zinc nitrate hexahydrate drop
wise under constant stirring for two hours at 70 ◦C. Then, the precipitate 
was filtered and, right after that washed many times with deionized 
water to remove impurities. Afterward, ZnO nanoparticles were dried by 
heating up to 80 ◦C using an oven for 10 h to eliminate water molecules, 
and finally, nanoparticles were calcined utilizing an air furnace at 
400 ◦C for two h to improve their crystallinity. 

2.2.2. Zn-Laoxide nanocatalyst synthesis 
Zn-La oxide nanoparticles (Zn-La oxide) were developed by dis

solving (10.8 gm) of La (NO3)3⋅6H2O and (14.9 g) zinc nitrate hexahy
drate in 100 mL deionized distilled water separately (Jian et al., 2022). 
At 70 ◦C, after that (80 mL) sodium carbonate was added to the solution 
and continuously stirred for 2 h. The resulting mix was stirred by 
magnet-stirrer for 1 h. Afterwards, the mix was washed 3 times with 
water and ethanol, and then dried at 100 ◦C for 8 h. Finally, the powder 
obtained from the suspension was subjected to calcination at 600 ◦C for 
a duration of 4 h to obtain Zn-La oxide nanoparticles. 

2.2.3. Zn-La oxide nanocatalyst characterization 
To find out the photocatalyst properties, in this part of the study, the 

crystal structure of ZnOnano-sized particles was investigated utilizing X- 
ray diffraction (XRD) techniques, using a type of Philips PW1820 
diffractometer equipped with Cu Kα radiation. In addition, with a range 
of 400 to 4000 cm− 1, a VERTEX70 FTIR device was employed to collect 
infrared spectra. Besides, a Quanta 200 SEM device with an EDX appa
ratus was employed to examine the morphology, surface composition, 
and grain size. From the adsorption–desorption processes, the BET 
surface area of the Zn-La oxide nanocatalyst was characterized using a 
Jasco V-670 spectrophotometer setting at ambient temperature. 

2.3. Photocatalytic procedure 

The experiment of removing MB dye from the solution was done 
using: an LED as a source of light irradiation with wavelength 600 nm, 
nanocatalyst (50–50 Zn-La oxide), 20 mL MB solution with concentra
tion 5 ppm, at ambient temperature (25–30 ◦C). On the other hand, the 
experiment was performed under various conditions: UV irradiation 
intensity, pH of the solution, the dosage of nanocatalyst, and amount of 
added scavenger (H2O2) in order to study the effect of these parameters 
on the MB removing process. Nevertheless, the above four independent 
variables were controlled by employing the determined values as fol
lows: pH of solution (3, 6, 9), catalyst loading (4, 12, 20 wt%) mg, 
scavenger adding (H2O2: 0.2, 0.5, 0.8 mL), applied UV lamp power (8, 
15, 23 W).H2O2 plays a crucial role in the photocatalytic degradation 
process. The addition of a specific amount of H2O2 has a beneficial 
impact on the photocatalytic degradation process. This is attributed to 

its ability to reduce the rate of formation of photogenerated electron- 
hole pairs, thereby diminishing the prolonged exposure time required 
for the process (Kraidi et al., 2023). Moreover, to determine MB con
centration a UV-spectrophotometer at wavelength 600 nm and deter
mination of MB degradation employed the following equation (1) (Liang 
and Esmaeili, 2021): 

%MBRemoval =
C0 − Ct

C0
*100% (1)  

where C0 is the MB initial concentration at time = 0 and Ct is the MB 
concentration at time = t. 

2.4. RSM-BBD procedure 

For optimizing influential variables on MB dye efficiency, BBD uti
lizing Design Expert Software was employed. In this regard, the impact 
of four parameters on three levels was utilized. Table 2 demonstrates a 
matrix of the photocatalytic parameters of the tests. Additionally, a 2nd- 
order polynomial relationship, based on equation (2), was employed for 
predicting the relationship between key factors and MB dye efficiency 
(Maleki et al., 2023a; Maleki et al., 2023b). 

MBdegradation(%) = b0 +
∑k

i=1
biZi +

∑k

i− 1
biiZ2

i +
∑k

i=1

∑k

j=i+1
bijZiZj + ε (2) 

Here, Zi and Zj are reaction variables (i.e., pH of solution, catalyst 
loading, UV lamp power,and MB concentration,). Besides, b0 and ε are a 
constant amount and the unanticipated error, respectively. Additionally, 
bi, bii, and bij illustrate reaction constants.According to the RSM-BBD 
approach, the number of trials (runs) also depends on the number of 
independent variables and the number of values for each variable. Here 
in this research, has four parameters with three values (high, interme
diate, low) for each variable (Maleki et al., 2024a). 

3. Results and discussion 

3.1. Photocatalyst analysis 

The powder XRD technique was used to recognize the La-doped ZnO 
crystal structure, size, and lattice nature. Fig. 2 offers the XRD pattern 
for pure ZnO and Zn-La oxide nanoparticles which were developed by 
co-precipitated techniques. According to the JCPDS card no: 79-0208, 
the diffraction peaks of pure ZnO were at: 31.67◦, 34.41◦, 47.64◦, 
56.62◦, 62.87◦, 67.86◦, and 69.10◦ matches with the (100), (002), 
(101), (102), (110), (103), (112), and (201) planes of hexagonal 
structure of (ZnO) (Maleki et al., 2023b). In spite of, the Zn-La oxide has 
the positions of the same peaks and almost the same intensity as that of 
pure ZnO, but it is clear that there are a new peaks at the positions (25.3, 
26.4, 31.9, 34.5, 36.3, 38.3, 39.6, 42.2, 44, 47.6, 50.5, 52.7, 59.7, 63.2, 
67.5) conforms with the intensities (which be compatible with the lat
tice planes of) (564, 369, 631, 830, 632, 688, 670, 659, 603, 519, 530, 
379, 452, 338) respectively. These new peaks are related to the 
lanthanum oxides (La2O3) according to the JCPDS card no: 83-1355. 
This is due to the large difference between the ionic radii of Zn+2 ion 
(0.75 A◦) and La+3 ion (1.15 A◦) (Maleki and Esmaeili, 2023b). 
Furthermore, In the XRD peaks of the (Zn-La oxide) samples, notice the 
peaks broadened markedly, and reflection developed at many new 

Fig. 1. Methylene blue structure.  

Table 2 
The experimental design implemented by Design Expert Software.  

Factors Symbol Ranges 

Catalyst amount (mg) A 4–20 
pH B 3–9 
H2O2 dose (mL) C 0.2–0.8 
UV- powe D 8–23  
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positions (2 theta) indicates the existence of lanthanum oxides as a new 
phase (Mohamed et al., 2022). Moreover, the peaks shifted noticeably to 
shorter diffraction angles could reveal a lattice expansion, suggesting 
that La ions, which are remarkedly larger than Zn ions, entered the ZnO 
lattice as substitutes (Murshed et al., 2022). On the other hand, these 
many new peaks also suggest that there are big changes in the crystal 
structure return to the La loading. However, it can be noted that the Zn- 
La oxide nano-samples have wider diffraction peaks and lower intensity 

than pure ZnO. A simple comparison will be done between diffraction 
peaks at (100), (002), and (101) planes (in the range of 2θ = 30–40) of 
both pure and Zn-La oxide demonstrated in Fig. 2. The peak position of 
Zn-La oxide, in relation to its position in pure ZnO, exhibited a slight 
shift to a lower angle with minimal change in the peak position. This 
peak shifting of XRD lines based on the doping process strongly proves 
that La+3 was related to the ZnO lattice (Noorimotlagh et al., 2020). 
Generally, these results indicate that there is bonding between 

Fig. 2. XRD pattern pure ZnO and Zn-La oxide nanoparticles.  

Fig. 3. FTIR spectrum Zn-La oxides nanoparticles.  
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lanthanum and zinc oxide, and the interaction between lanthanum oxide 
clusters and the ZnO surface is significantly developed (Law et al., 
2021). 

In order to study closely vibrational mode of the Zn-La oxide nano
particles closely, FTIR spectra were employed, which accurately detail 
functional groups within the sample. The FTIR spectra of Zn-La oxide 
nanoparticles as a catalyst were taken in the wavenumber range of 
(400–4000) cm− 1 as shown in Fig. 3. The FT-IR pattern of Zn-La oxide 
nanoparticles illustrated well-defined absorption peaks at (454, 727, 
861, 1074, 1427, 3458) cm− 1. The broad absorption band observed at 
454 cm− 1 gives an indicator of the existence of stretching vibrational 
modes of Zn–O (Anandan et al., 2007). Moreover, the wide absorption 
band at 454 cm− 1 may be the characteristic absorption of the Zn–O bond 
stretching vibration of ZnO crystal wurtzite hexagonal type. The peak 
appearing at 727 cm− 1 is attributed to the stretching vibrational modes 
of La–Zn–O (Anandan et al., 2007). However, the stretching vibration of 
the La-O bond band might appear at 727 cm− 1 wavelengths (Thi and 
Lee, 2017). The sharp peak at 861 cm− 1 revealed the existence of 
bending vibration modes of the Zn–O bond. A sharp absorption signal 
occurred at 1074 cm− 1 is assigned to the cyclic –C–C stretching vibration 
(Ramírez-Aparicio et al., 2021). Evidently, the broad characteristic ab
sorption peak centered at 1427 cm− 1 is likely associated with the 
organic pollutants, particularly the C––O and C–O bonding [43].The 
broad absorption bands at 3458 cm− 1 are assigned to the stretching 
vibration of O–H species that are formed via dissociative adsorption of 
H2O molecule (Thi and Lee, 2017). 

The morphology of the synthesized nanoparticles was scrutinized 
through FESEM as demonstrated in Fig. 4. The presence of a dopant in 
the nanoparticles of the catalyst (Zn-La oxide) was discovered by 
FESEM, in which dopant surface morphology was studied. The FESEM 
micrograph of the sample revealed that these nanoparticles are gener
ally spherical in shape as clearly shown in Fig. 4. However, the Zn-La 
oxide nanoparticles exhibit a consistent and uniform morphology, 
with particle sizes ranging between 20 and 40 nm. It is evident that the 
La doping diffuses uniformly and homogeneously into various sites, 
explaining the slight reduction in the sizes of doped nanoparticles. 
Additionally, it is evident that these nanoparticles have relatively low 
porosity in the background. 

Energy Dispersive X-ray (EDX) analysis was done to prove both the 
presence of La on the surface of catalyst ZnO nanoparticles (Zn-La oxide) 
and to confirm the absence of any impurity phase or elements (see 
Fig. 5). Moreover, it is used to determine the elemental compositions of 
the prepared nanocatalyst (Zn-La oxide). The result of EDX spectra as 

revealed in Fig. 5 corresponds with the XRD results, revealing that the 
nano-catalyst particles consist of three elements La, Zn, and O. with 
weight ratios of 48.80, 28.31, and 22.89 respectively, and Consequently, 
it also confirms the existence of La in ZnO. The deposition of gold film 
over the sample resulted in the detection of an Au core. 

The physical properties of the synthesized nanocatalyst (Zn-La oxide) 
were assessed using both BET and BJH methods, employing the N2 
adsorption–desorption isotherm environment, as depicted in Fig. 6. BET 
surface area was found to be 20.4 m2/g and the pore volume was 4.6 
cm3/g. The Zn-La oxidecatalyst has a Type IV isotherm with a typical H3 
hysteresis loop, according to the IUPAC classification. BET isotherms 
can be described as follows (Anandan et al., 2007; Thi and Lee, 2017): 

I) Type (a): Reversible isotherm typical for microporous solids with 
narrow micropores (<≈1 nm). Type (b): Similar to (c) but for solids 
containing both wider micropores and narrow mesopores (<≈2.5 nm). 
II) Reversible Type II: Corresponds to nonporous or macroporous ma
terials. Point B indicates monolayer coverage and a sharp curvature 
change signals the beginning of multilayer adsorption. III) Type III: 
Obtained when interactions between adsorbent and adsorbate are weak, 
providing limited information about monolayer coverage. 

IV) Type IV(a): Two patterns related to the width of pores. Obtained 
for materials with wider pores above the critical width, especially 
common in mesoporous materials. Type IV(b): Observed for materials 
with mesopores of smaller widths. V) Type V: Shape similar to Type III at 
low P/P0, attributed to weak adsorbent–adsorbate interactions. Hys
teresis at higher pressures, resembling Type IV(a), indicates molecular 
clustering followed by pore filling. VI) Type VI: Typical for multilayer 
adsorption on materials with highly uniform nonporous surfaces. The 
isotherm appears as a stepwise curve, dependent on material, gas, and 
temperature (Thi and Lee, 2017; Ramírez-Aparicio et al., 2021). 

Hence, in Fig. 6(a), the N2 adsorption–desorption isotherm illustrates 
that a rapid development of the hysteresis loop P/P0 > 0.8 confirming 
the accumulation of pores. According to the findings acquired from 
(BJH) Analysis, as in Fig. 4b, which indicates a pore size of 14.1 nm, it 
can be deduced that the prepared catalyst is a mesoporous material. 
Besides, the numerical values of BET analysis are presented in Table 3. 

The high-resolution transmission electron microscope (TEM) image 
of Zn-La oxides nanocatalyst demonstrates that includes an average 
diameter of 20–30 nm and is amorphous (Fig. 7). The high surface area 
and small particle size of the Zn-La oxides nanocatalyst may furnish 
great active sites and pores for catalysis and provide a higher MB 
degradation. Furthermore, amorphous catalysts exhibit a more flexible 
composition, a disordered atomic structure, and an increased number of 

Fig. 4. FESEM pictures of Zn-La oxide nanoparticlesat different magnifications (2 µm and 1 µm).  
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active sites. These materials are typically prepared under mild reaction 
conditions, resulting in a lower production cost (Ramírez-Aparicio et al., 
2021). The widespread use of amorphous catalysts in La-based systems 
for the photocatalysis processes is becoming increasingly prevalent 
(Liang et al., 2022). 

3.2. Statistical analysis of the RSM approach 

Diverse factors i.e. catalyst amount, solution pH, H2O2 dose, and UV 
power impact the MB dye degradation approach. Therefore, the influ
ence of these factors was surveyed on MB dye degradation from aqueous 
suspension employing Zn-La oxide nanocatalyst. These characteristics 
were considered in three levels and the outcomes of the empirical pro
cedure are given in Table 4. In this regard, 27 trials were generated, 
which is seen in this table. The outcomes of MB dye degradation effi
ciency for each test under various laboratory conditions along with the 
predicted quantities from the software are apparently noticed in Table 4. 
The highest MB dye degradation yield is observed to be 75.1%, achieved 
with a catalyst amount of 12 mg, solution pH of 9, H2O2 dose of 0.5, and 
UV power of 23. Moreover, the anticipated MB dye degradation yield 
through the RSM technique in these circumstances was 75.5%. Table 5 
also illustrates the statistical outputs gained via the software. The p- 
value is a vital aspect depicting how a variable influences the process 

Fig. 5. EDX analysis of Zn-La oxide nanoparticles.  

Fig. 6. (a) N2 adsorption/desorption isotherm and (b) BJH pore size distribution of Zn-La oxides nanoparticles.  

Table 3 
Numerical values of BET analysis of Zn-La oxidesnanocatalyst.  

BET plot 

Vm 4.6 cm3(STP) g− 1 

as,BET 20.4 m2 g− 1 

C 1272.6  
Total pore volume (p/p0 = 0.990) 0.17 cm3 g− 1 

Mean pore diameter 33.4 nm  
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(Liang et al., 2022; Maleki et al., 2024a). Utilizing RSM, the p-values for 
key variables, namely catalyst amount, solution pH, H2O2 dosage, and 
UV power, influencing MB dye degradation with the Zn-La oxide 
nanocatalyst were determined. The p-values for the model and UV 
power factor were both less than 0.05, indicating their significance in 
MB dye degradation. Correspondingly, by comparing the interaction of 
these variables, it can be realized that the interaction of H2O2 dose and 
UV power has a p-value less than 0.05, illustrating that it has more effect 
on MB dye degradation, while the interaction of other factors i.e. cata
lyst amount and solution pH is not important on MB dye degradation 
yield as their p-values are more than 0.05 (Saraee et al., 2023). Besides, 
the same outcomes can be noticed through the F-value. The bigger the F- 
value for a factor, the more impact that variable has on MB dye degra
dation yield. Based on Table 5, the highest F-value was heeded for the 

UV power variable (i.e., 8.6), displaying that this variable has the most 
remarkable impact on the MB dye degradation procedure. Furthermore, 
the R2 values for MB dye degradation using Zn-La oxide nanocatalysts 
are all above 0.85, signifying the reliability of the results. Moreover, the 
p-value for MB dye degradation utilizing Zn-La oxide nanocatalysts is 
less than 0.05, the F-value is a substantial value (9.26) and the lack of fit 
is insignificant (4.28). These findings suggest that a 2nd-order poly
nomial relationship can be considered reliable for the studied system. In 
addition, this model has high accuracy as its C.V. amount is low (30.36). 
Hence, Eq. (3) demonstrates a vital model between the response (i.e., 
yield) and experimental variables (i.e., A, B, C, and D) for MB dye 
degradation utilizing Zn-La oxide nanocatalysts (Betiku and Adesina, 
2013; Saraee et al., 2023). With this equation, the efficiency of MB dye 
degradation can be predicted under conditions beyond those examined 
in this study. Equation (3) can be utilized to calculate the expected MB 
dye degradation yield using the RSM technique in terms of the essential 
coded variables. 

MBdegradation(%) =+ 65.87 − 1.74A+ 7.59B − 3.51C+ 8.86D
− 2.91AB − 1.09AC+ 4.73AD − 9.16BC
− 5.16BD − 31.65A2 − 30.08C2 − 9.92D2

(3) 

Here, Y is the anticipated MB dye degradation yield and model 
variables denoted as A = catalyst amount, B = solution pH, C =
H2O2dose and D = UV power. 

Normal probability diagrams for MB dye degradation using Zn-La 
oxide nanocatalysts are presented in Fig. 8. The diagram shows a 
normal scatter between the predicted and empirical results, with points 
closely aligned along the line. This alignment suggests a strong indica
tion that the model can be applied with a high level of significance 
(Maleki et al., 2024b; Betiku and Adesina, 2013). 

3.3. The impact of photocatalytic factors on the degradation of MB dye 

The influence of diverse variables and their interaction on MB dye 
degradation yield can be revealed in 3D diagrams. Fig. 9 exhibits the 
impact of effective parameters i.e. catalyst amount, solution pH, H2O2 
dose, and UV power on MB dye degradation yield employing Zn-La 
oxide nanocatalysts. A crucial factor in MB dye degradation is catalyst 
amount, which has an enormous effect on MB dye degradation. 
Furthermore, this variable has an influential effect on the procedure 

Fig. 7. TEM picture of Zn-La oxides nanoparticles.  

Table 4 
Design of experiment according to RSM-BBD approach.  

Runs Catalyst 
(mg) 

pH H2O2 

(mL) 
UV power 
(W) 

MB degradation 
(%) 

1 4 3  0.5 15  14.28 
2 20 3  0.5 15  14.11 
3 4 9  0.5 15  48.18 
4 20 9  0.5 15  36.36 
5 12 6  0.2 8  8.88 
6 12 6  0.8 8  6.6 
7 12 6  0.2 23  33.33 
8 12 6  0.8 23  35.18 
9 4 6  0.5 8  27.23 
10 20 6  0.5 8  11.83 
11 4 6  0.5 23  27.5 
12 20 6  0.5 23  31.52 
13 12 3  0.2 15  36.66 
14 12 9  0.2 15  49.45 
15 12 3  0.8 15  38.63 
16 12 9  0.8 15  14.77 
17 4 6  0.2 15  9.89 
18 20 6  0.2 15  11.93 
19 4 6  0.8 15  7.69 
20 20 6  0.8 15  5.37 
21 12 3  0.5 8  35.29 
22 12 9  0.5 8  70.58 
23 12 3  0.5 23  61.76 
24 12 9  0.5 23  75.18 
25 12 6  0.5 15  67.44 
26 12 6  0.5 15  60.05 
27 12 6  0.5 15  70.11  

Table 5 
ANOVA for data achieved from MB dye degradationyield by Zn-La oxides 
nanocatalyst.  

Source Sum of 
Squares 

Df Mean 
Square 

F 
value 

p-value Prob 
> F 

Model  11618.43 12  968.20  9.26  0.0001 
A-Catalyst 

amount  
36.18 1  36.18  0.35  0.5657 

B-pH  686.59 1  686.59  6.57  0.0226 
C-H2O2  147.56 1  147.56  1.41  0.2546 
D-UV  903.24 1  903.24  8.64  0.0108 
AB  33.93 1  33.93  0.32  0.5779 
AC  4.75 1  4.75  0.045  0.8342 
AD  89.67 1  89.67  0.86  0.3701 
BC  335.81 1  335.81  3.21  0.0947 
BD  106.88 1  106.88  1.02  0.3291 
A2  6010.28 1  6010.28  57.49  < 0.0001 
C2  5429.69 1  5429.69  51.94  < 0.0001 
D2  584.03 1  584.03  5.59  0.0331 
Residual  1463.67 14  104.55   
Lack of fit  1408.77 12  117.40  4.28  0.2050 
Pure Error  54.90 2  27.45   
Cor total  13082.10 26     

R-Squared 0.8881 Std. Dev. 10.22 
Adj. R Squared 0.8022 C.V. % 30.36 
Adeq. Precision 9.893    
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economy, so its low amount can be more proper. Thus, the yield of MB 
dye degradation was ameliorated by increasing the catalyst amount 
from 4 to around 13 mg. The optimal dose, according to Fig. 9(a, b, c) 
was attained at 12 mg. At high catalyst amounts of Zn-La oxide nano
catalysts, the yield of MB dye degradation diminishes, likely due to 
catalyst particles obstructing the passage of UV light (Adesina et al., 
2019). The high content of catalyst loading not only declines MB dye 
yield but also boosts the MB dye degradation expense (Almehizia et al., 
2022). Nevertheless, the increment of catalyst amount has the opposite 
impact on the photocatalytic procedure because of the disruption in the 
MB dye degradation operation. As the catalyst amount is significantly 
increased, the turbidity of the mixture rises, leading to a reduction in the 
amount of UV light present. This decrease in UV light hampers the 
effective movement of particles on the surface of Zn-La oxide nano
catalysts, resulting in a decline in the overall process yield. 

pH is another remarkable factor in MB dye degradation. Further
more, experiments were conducted at various pH amounts (3 to 9); the 
outcomes are demonstrated in Fig. 9(a, d, e). According to the figures, 
the yield of MB dye degradation reduces from 3 to 9. As evident in the 
figure, the yield of MB dye degradation is enhanced by reducing the pH 
to acidic conditions. In acidic circumstances, the Zn-La oxide nano
catalysts’ surface evolves positively charged because of the presence of 
H+ ions in the mixture. Moreover, the surface of the pigment has a 
positive charge. Accordingly, an electrostatic bond is generated between 
the Zn-La oxide nanocatalysts and the MB, leading to an enhancement in 
the dye degradation yield (Zhou et al., 2022; Murshed et al., 2022). 

Likewise, H2O2 boosts the generation acceleration of OH• radicals 
and promotes the decomposition of combinations in low concentrations. 
This is attributed to the effective formation of OH• and the inhibition of 
electron-hole pair recombination, as H2O2 acts as an electron acceptor. 
Besides, examining the impact of the H2O2 dose indicates that the MB 
dye degradation yield improves by decreasing the H2O2 dose from 0.8 to 
approximately 0.2. The optimal dose of H2O2 quantity was calculated at 
0.52. The H2O2 dose is a critical parameter influencing the MB dye 
degradation yield, and a lower dose is preferable. As illustrated in Fig. 9 
(b, d, f), the degradation yield of MB dye decreases with an increase in 
H2O2 dose. This could be attributed to recombination events facilitated 

by OH• radicals and the inhibitory effect of higher H2O2 concentrations. 
Furthermore, the H2O2 can consume OH• and form OOH (H2O2 + OH• =

OOH), which has much less oxidation ability (Yu et al., 2021; Jahani 
et al., 2023). 

Light intensity is considered one of the most important independent 
variables in the processes of MB photo-catalytic degradation. Fig. 9(c, e, 
f) reveals the effect of light intensity on the degradation of MB. These 
figures demonstrate that the percentage of MB dye degradation boosts 
with increasing UV power. It can be observed that the MB degradation 
percentage increased from 8 to 23 percent, then dropped to 61.5 percent 
again. the maximum value of efficiency of MB degradation was recorded 
(66%) at light power = 22 W. In photocatalysis, electrons within the 
particles of the photocatalyst require energy to move. This energy is 
derived from the incident radiation light. Consequently, there exists a 
direct relationship between the reaction speed constant and the intensity 
of light radiation. In other words, they are proportionally related as the 
light intensity increases, the excitation of electrons also increases. The 
generation of an ample quantity of active hydroxyl radicals increases as 
the number of excited electrons multiplies, leading to a higher rate of 
photocatalytic oxidation (Jahani et al., 2023; Chanu et al., 2019). It is 
noteworthy that photocatalytic rates may not necessarily increase with 
the rising light source power. This is because the photocatalytic degra
dation rate is influenced by various factors beyond light source power. 
The accumulation of non-desorbed matter on the photocatalyst surface 
can constrain the photocatalytic degradation rate, especially in the 
higher range of photocatalytic rates (Ibukun et al., 2019). 

3.4. Optimization process 

The design limitations were defined as follows: the four operational 
variables (A, B, C, & D) were constrained within specified ranges, and 
the objective for the MB degradation efficiency response (Zn-La oxide 
nanocatalyst) was set to maximize. From the 100 solutions generated by 
the software, the optimal solution was selected based on a desirability 
value of 1 and the highest MB degradation efficiency. Fig. 10 illustrates 
the optimal conditions for each operational factor. The maximum MB 
degradation was achieved under the reaction conditions of a catalyst 
amount of 12.05 mg, pH of 9, H2O2 dose of 0.44 mL for 45 min, and UV 
power of 23 W. Three tests were conducted under these optimal con
ditions, and the corresponding empirical MB degradation values using 
Zn-La oxide nanocatalyst were determined to be 72.3 ± 0.52%. It is 
evident that the actual values closely align with the software-anticipated 
values. Besides, following the identification of optimal reaction condi
tions, we conducted the photocatalytic removal of methylene blue using 
pure zinc oxide, attaining an efficiency of 61.7%. Comparative analysis 
between the results obtained with pure ZnO and the binary composite 
(Zn-La oxide) reveals that the addition of La has a positive impact on the 
methylene blue removal procedure. 

3.5. Kinetic study of photocatalytic procedure by Zn-La oxide 
nanocatalysts 

Reaction kinetics is a crucial property for assessing reaction rates and 
understanding the transformation mechanism of reactants into products. 
Kinetic models play a vital role in determining the reaction rate of a 
process. In this sense, Langmuir-Hinshelwood was employed to depict 
the kinetic study of the photocatalytic process of MB dye using Zn-La 
oxide nanocatalyst. The first-order kinetic equation proposed by the 
Langmuir-Hinshelwood model is represented by the following rela
tionship (Eq. (4) (Alkaykh et al., 2020; Yan et al., 2022): 

Ln
(
Co

Ct

)

= k1t (4) 

By examining the slope of this plot, with zero as the intercept, the 
value of k1 is determined (Ibukun et al., 2019). Notably, in 120 min, the 

Fig. 8. Diagrams of normal probability from MB degradation using Zn-La ox
ides nanocatalyst. 
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Fig. 9. 3D-diagrams of the impact of (a) catalyst amount-pH, (b) catalyst amount-H2O2dose, (c) catalyst amount-UV power (d) H2O2 dose- pH, (e) pH-UV power on 
MB dye degradationyield utilizing Zn-La oxide nanocatalysts. 
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removal efficiency of methylene blue reached 98.8%, as shown in Fig. 11 
(b). The photo-degradation kinetics of methylene blue dye by Zn-La 
oxide nanocatalyst was determined by plotting Ln Co/C vs. irradiation 
time. According to Fig. 11(a), the rate constant (k) for the photocatalytic 
degradation of methylene blue is 0.0363 min− 1, and the correlation 
coefficient (R2) is 0.9917. Furthermore, the R2 values at all dye con
centrations indicate that the model accurately fits the photocatalytic 
data, as their values are close to one. 

3.6. Stability of Zn-La oxide nanocatalyst 

The stability of nanocatalysts plays a crucial role in their application 
on large scales (Maleki et al., 2024a; Maleki and Esmaeili, 2023a). The 
stability investigation for the Zn-La oxide nanocatalysts was conducted 
in five rounds, and the outcomes are indicated in Fig. 12. The studies 
were executed at under optimal points, i.e. catalyst amount of 12.05 mg, 
pH of 9, H2O2 dose of 0.44 mL, UV power of 23 W, and time of 120 min. 
As displayed, the degradation percent of MB dye yield declined by 
93.48% (only a 5.40% decrease), demonstrating that the stability has 
reduced by a negligible amount. Consequently, the Zn-La oxide nano
catalysts have considerable recyclability and can be utilized in 
numerous runs. Saraee et al. (2023) surveyed the degradation of MB 
employing biochar/Ag nanocatalysts in various contents of biochar and 
Ag (1:2 and 1:3). After five rounds, the removal amount of MB utilizing 
biochar/Ag nanocatalysts lowered from 94.7 to 88% (6.7% decline), 
indicating the stability of this nanocatalyst compared to this work. Also, 
Jahani et al. (2023) explored the degradation of reactive red 19 utilizing 
milkvetch‑derived biochar via ZnO–Ce nanoparticle under UV light. 
Remarkably, after five cycles, the degradation efficiency of reactive red 
19 only decreased by 6.08%. 

3.7. Comparison of the current study with other research 

An examination of the study background reveals a scarcity of 

research on the degradation of MB dye using UV light. To the best of our 
knowledge, the simultaneous application of Zn-La oxide nano
composites and UV irradiation for MB dye degradation is reported for 
the first time in this scientific study. Generally, UV irradiation is 
considered more suitable than sunlight. Additionally, Zn-La oxide 
nanocomposites exhibit promising photocatalytic performance for MB 
degradation in wastewater. As indicated in Table 6, the present research 
has demonstrated significant efficiency in the rapid degradation of MB 
dye compared to other photocatalysts. 

3.8. Photocatalytic mechanism 

The photocatalytic activity of the Zn-La oxide nanocomposites for 
MB decolorization was primarily due to electron hole pair recombina
tion inhibition by charge transfer processes. Fig. 13 showed the pro
posed energy band structure diagram of the Zn-La oxide photocatalysts. 
When the Zn-La oxide nanocomposites was formed, the electron transfer 
occurred from ZnO to lanthanum oxide while the holes transfer occurred 
from La+2/La+3 oxide to ZnO until the system obtained equalization. 
When the Zn-La oxide photocatalysts were irradiated by UV light with 
photon energy higher than or equal to the band gaps of ZnO and 
lanthanum oxide, the electrons (e) in the valence band (VB) could be 
excited to the conduction band (CB) with simultaneous generation of the 
same amount of holes (h+) in the VB (Eq. (5). Shelar et al. reported that 
the photo-generated holes and⋅ OH* are the major species of Ag doped 
ZnO while, the O2

*– radical acts as supportive species in the degradation 
of MB (Shelar et al., 2020; Alkaykh et al., 2020). The oxidants such as 
H2O2 have been suggested to promote the efficiency of MB dye degra
dation (Eq. (6). H2O2 can employ the excited electrons (Eq. (7) and 
therefore hinder the charge recombination (Kraidi et al., 2023). These 
results lead to the conclusion that hydroxyl radicals and holes play a 
crucial role in the photodegradation of MB dye. 

Photocatalyst+ hv→e− + h+ (5) 

Fig. 10. RSM-BBD predicted optimal process point and their respective MB removal.  
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H2O2 + hv→2OH* (6)  

H2O2 + e− →OH− + OH* (7)  

e− +O2→O*−
2 (8)  

h+ +OH− →OH* (9)  

h+ +Pollutant→Degradationproducts (10)  

OH* +Pollutant→Degradationproducts (11) 

Based on these findings, the following mechanism for MB dye 
degradation is proposed. Equation (5) shows the formation of electrons 
and holes upon UV irradiation on the Zn-La oxide nanocatalyst surface. 
Equations (8) and (9) illustrate the formation of superoxide (O2*) and 
hydroxyl (OH*) radicals, respectively. Equations (10) and (11) reveal 
the degradation of MB dye by holes and hydroxyl radicals, respectively. 

Moreover, biocompatibility of pure ZnO, lanthanum oxide and Zn-La 
oxide catalyst has been done in past studies. Their results showed that 
the Zn-La oxide nanocatalyst potential antibacterial activity was higher 
than that of ZnOnanoparticles alone, and increasing the concentration of 
Zn-La oxide nanocatalyst also increased the antibacterial activity (Sen
thilkumar et al., 2023; Barman, 2015). Brabu, et al. (2015) scrutinized 
the antibacterial activity of ZnO and Zn-La oxide nanoparticles. The 
study evaluated the antibacterial activity of ZnO and Zn-La oxide 
nanocatalysts against both gram-positive bacteria (S. aureus and 
B. subtilis) and gram-negative bacteria (E. coli and K. pneumonia) strains. 
Besides, the Zn-La oxide nanocatalyst illustrated higher antibacterial 
activity compared to ZnO nanoparticles alone, and a boost in the con
centration of Zn-La oxide nanocatalyst correlated with enhanced anti
bacterial performance. Additionally, both ZnO and Zn-La oxide 
nanocatalysts demonstrated potential in treating human breast cancer 

Fig. 11. (a) Kinetic outcomes (b) degradation of MB dye -time via Zn-La oxide 
nanocatalyst. 

Fig. 12. Stability of Zn-La oxide nanocatalysts in the removal of MB.  

Table 6 
Comparison of the photocatalytic performance of diverse nanoparticles in the 
degradation of MB dye.  

Photocatalyst Reaction 
time (min) 

Efficiency 
(%) 

Light 
source 

Power 
lamp 
(W) 

Ref. 

ZnO/ 
MWCNTs 

25 91.86 UV – (Abbasi 
et al., 2019) 

ZSM-5 
zeolite@ 
ZnO 

120 94.09 LED 50 (Nazari 
et al., 2023) 

ZnO–SnO2 

(ZS) 
60 91.5 UV – (Lin et al., 

2018) 
ZnO 70 100 UV – (Almehizia 

et al., 2022) 
ZnO/Ti2C 130 99.16 UV 100 (Zhou et al., 

2022) 
ZnO/biochar 20 95.19 UV – (Yu et al., 

2021) 
Mn-doped 

ZnO 
120 99 UV 100 (Chanu 

et al., 2019) 
TiO2-MoS2 80 86.42 UV – (Ibukun 

et al., 2019) 
MnTiO3 240 75 Sun 

light 
– (Alkaykh 

et al., 2020) 
ZnO@GO 150 97.56 UV  (Elshahawy 

et al., 2023) 
Fe3O4/ZnO 100 88.5 UV  (Elshypany 

et al., 2021) 
ZnO/rGO 180 98.05 UV  (Kumar 

et al., 2021) 
NiO @GLY 100 99 UV  (Shelar et al., 

2020) 
Zn-La oxide 120 98.8 UV  This study  
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cell lines, with the Zn-La oxide nanocatalyst displaying greater anti
cancer activity at lower concentrations. These findings suggest that Zn- 
La oxide nanocatalyst could serve as promising agents for antibacterial 
and anticancer utilization, making them appropriate for usage in 
biomedical contexts. 

4. Conclusion 

In this study, the performance of Zn-La oxide nanocatalysts was 
examined for the UV irradiation-induced degradation of MB dye. Surface 
characteristics of the Zn-La oxide nanocatalysts were analyzed using 
FESEM, FTIR, XRD, BET-BJH, EDX, and TEM techniques. The BET-BJH 
analysis revealed a specific surface area of 20.43 m2/g for the Zn-La 
oxide nanocatalyst. Employing a catalyst amount of 12.05 mg, pH of 
9, H2O2 dose of 0.44 mL, and UV power of 23 W for 45 min using the 
RSM procedure, the highest degradation yield of MB dye (75.56%) was 
achieved. Furthermore, under these conditions, the MB degradation 
yield reached 98.8% after 120 min. Kinetic analysis indicated that the 
pseudo-first-order kinetic model was fitting for MB dye degradation. The 
introduction of H2O2 resulted in enhanced removal and reduced 
recombination of the generated electron-hole pairs. Moreover, the 
recyclability assessment of the Zn-La oxide nanocatalyst revealed only a 
5.4% decline in stability after five cycles. This study highlights the po
tential application of Zn-La oxide nanocatalysts as effective photo
catalysts for improved MB dye degradation in suspension mixtures. 
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