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A B S T R A C T

In this study, clay modified with magnesium oxide (MgO) was used as a catalyst for the degradation of acet
aminophen in wastewater, activated by hydrogen peroxide (H2O2) and ultrasonic waves. Characterization of the 
Clay-MgO catalyst was conducted using TGA, XRD, BET, SEM, FTIR, XRF, and EDX, revealing functional groups 
capable of activating H2O2. The crystalline catalyst, synthesized at 500 ◦C, had a surface area of 30 m2/g. 
Optimal conditions for acetaminophen removal, achieving 75 % efficiency, were pH 8, 3 g/L catalyst, 0.2 mL/ 
100 mL H2O2, and 60 min of contact time. In distilled water, mineralization of acetaminophen was 42 %, while 
actual wastewater showed 18 %. Hydroxyl radicals played a significant role in the degradation process. The 
catalyst was tested for reuse up to six times and maintained a high efficiency of over 53 % in five stages. Radical 
scavenger studies confirmed the importance of hydroxyl radicals in the degradation kinetics, which followed 
pseudo-first-order (R2 

> 0.96) and Langmuir-Hinshelwood (R2 
= 0.95) models. The catalyst also demonstrated 

efficient acetaminophen removal in complex solutions, including seawater. This MgO-modified clay shows 
promise as an effective catalyst for the degradation of pharmaceutical pollutants through hydrogen peroxide 
activation, maintaining stability and reusability across multiple cycles.

1. Introduction

Pharmaceutical residues are among the most resistant pollutants to 
conventional treatment methods, leading to their increasing presence in 
water resources and subsequent adverse effects on humans and animals 
(Chiriac et al., 2024; Kafaei et al., 2018; Ding et al., 2024). A wide va
riety of drugs enter the environment through industrial and hospital/ 
household wastewater, frequently appearing in aqueous media (Al 
Falahi et al., 2022). One of the most commonly prescribed drugs is 
acetaminophen, also known as paracetamol or acetyl-para-aminophenol 
(C8H9NO2) (Sybuia et al., 2024). Acetaminophen is used at an annual 
rate of 145,000 tons (Kumari and Kumar, 2021). It is used as a non- 
narcotic antipyretic and analgesic agent to alleviate headaches, colds, 
influenza, mild joint and muscle pains, and sometimes peripheral nerve 
impairments (Abdullah et al., 2016). The therapeutic dosage of acet
aminophen for adults ranges from 1 to 4 g per day, with a plasma half- 
life of 1.5 to 2.5 h (Felisardo et al., 2024). During the therapeutic 

process, approximately 60 to 70 % of ingested acetaminophen remains 
unmetabolized and is excreted in its original form, leading to long-term 
environmental pollution and health risks for living organisms and 
humans (Srinithi et al., 2023; Villaroel et al., 2014). Acetaminophen has 
been found in water bodies (rivers and lakes) across several countries, 
including the USA, China, the United Kingdom, France, and Spain, with 
concentrations ranging from 0.1 to 300 mg/L (Vo et al., 2019; Pacheco- 
Álvarez et al., 2022). Due to its high hydrophilicity and solubility 
(12,900 mg/L), acetaminophen has been detected in the effluent of 
water and wastewater treatment plants (Kumari and Kumar, 2021; 
Abdullah et al., 2016) and can entry into water bodies. Acetaminophen 
contamination, as documented by Lari et al. (2022) (Lari et al., 2022) 
and Erhunmwunse et al. (2021) (Erhunmwunse et al., 2021), poses 
significant risks to aquatic life and human health, necessitating the 
development of more effective and sustainable removal technologies.

Numerous methods like coagulation and precipitation processes 
(Wang et al., 2023), adsorption (Yanyan et al., 2018; Gao et al., 2024; 
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Ma et al., 2024; Wei et al., 2023), membrane and filtration processes 
(Shojaee Nasirabadi et al., 2016), Fenton-based processes (Ahmadzadeh 
and Dolatabadi, 2018), sonolysis (Sidnell et al., 2024), microwave 
(Wang et al., 2023), photolysis and photocatalysis (Gómez-Avilés et al., 
2019; Fahoul et al., 2023; El Gaidoumi et al., 2021), heterogeneous 
catalysis (El Gaidoumi et al., 2019; El Gaidoumi et al., 2019), and 
electrochemical oxidation (Periyasamy and Muthuchamy, 2018) have 
been used for elimination of contaminants in aqueous media. Among 
these methods, physical ones such as coagulation and precipitation, 
membrane and filtration processes, and even adsorption only cause 
transition of the pollutant from the phase into another and have little 
impact on degradation of pollutants, thus requiring supplementary 
treatment stages (García-Ávila et al., 2021; Bai et al., 2023). In addition, 
some of these processes have downsides such as requiring greater space 
as well as the effects of algal blooms (García-Ávila et al., 2021; Zhen 
et al., 2024). The disadvantage of biological processes is that the process 
is time-consuming and degrades the contaminant very slowly (Akbari 
et al., 2021; Taoufik et al., 2021). In this regard, the low efficiency of 
removal of antibiotics in the treatment plants of urban wastewater can 
also be noted (Akbari et al., 2021).

Among the various methods, advanced oxidation processes (AOPs) 
have gained significant popularity among water and wastewater engi
neers and researchers due to their high removal efficiency (Jin et al., 
2023; Ye et al., 2024; Zuo et al., 2023). AOPs are among the most effi
cient contemporary techniques for treating wastewater contaminated 
with organic pollutants. These methods rely on the generation of free 
radicals (HO•, O2

− •, HO2
•) in situ, with hydroxyl radicals being the most 

reactive. These radicals can swiftly oxidize a wide range of organic 
compounds (Khankhasaeva and Badmaeva, 2020; Jamil, 2024; Kundu 
and Radian, 2022). Unlike other methods that merely transfer contam
inants from one phase to another, AOPs degrade the contaminants 
(Taoufik et al., 2021; Damiri et al., 2020; Malakootian et al., 2019). 
These processes rapidly and non-selectively degrade pollutants through 
the generated hydroxyl radicals, converting them into simpler in
termediates (Pan et al., 2018).

New and impactful materials are consistently a major focus in this 
area, playing a crucial role in catalytic techniques. Catalyst-based AOPs, 
such as those using clay-modified catalysts, are particularly appealing 
and have been extensively researched for pollutant removal from 
aqueous solutions (Tavasol et al., 2020; Jalali et al., 2022; Foroughi 
et al., 2024).

Clay offers numerous advantages, including abundance, high BET 
surface area, low cost, stability, sustainability, ion exchange capacity, 
modifiable structure, and non-toxicity (Luo et al., 2009; Mojahedimot
lagh et al., 2024; Bai et al., 2022). Various clay soil-based catalysts, such 
as iron metal organic hydrogel/clay (Cha et al., 2023), Clay-Fe/Cu-Al 
(Khankhasaeva et al., 2017), Clay-covalent triazine (Yi et al., 2023), 
and Clay-Co/Mg/Al (Zhao et al., 2022), have been reported for the 
removal of antibiotics and other organic pollutants. Studies have shown 
that the catalytic properties of clay can be enhanced with metals like 
magnesium, titanium, iron, aluminum, and zinc (Boukhemkhem et al., 
2023; Sangare et al., 2024; Rostamzadeh and Sadeghi, 2022).

Magnesium oxide (MgO) has been specifically chosen for this study 
due to its exceptional catalytic properties and stability. MgO is known 
for its high adsorption capacity and active surface sites, which signifi
cantly enhance its ability to catalyze oxidative reactions (Zhou et al., 
2020). The inclusion of MgO in the catalyst structure improves the 
overall performance by increasing the generation of hydroxyl radicals 
when used in conjunction with H2O2 and ultrasonic activation. This 
enhancement is crucial for achieving efficient degradation of acet
aminophen and other organic pollutants. Despite its promising proper
ties, the potential of MgO combined with clay, H2O2, and ultrasound for 
acetaminophen degradation has not been extensively explored in 
existing research.

Using catalysts with H2O2 can enhance the oxidizing properties of 
the process by generating more hydroxyl radicals, thereby improving 

pollutant degradation performance and overcoming the limitations of 
H2O2 activation (Garcia-Costa and Casas, 2022; Liu et al., 2021). 
Ultrasound-assisted AOPs have gained attention in recent years, with 
studies by Sadeghi et al. (2024) (Sadeghi et al., 2024) and Bagheri et al. 
(2024) (Bagheri et al., 2024) demonstrating that ultrasonic cavitation 
can enhance mass transfer and catalyst efficiency. However, the use of 
Clay-MgO catalyst for the degradation of acetaminophen pollutant has 
yet to be thoroughly investigated.

This study presents an innovative approach by integrating MgO- 
infused clay, H2O2, and ultrasonic activation to achieve efficient 
degradation of acetaminophen. The objectives are to: (i) evaluate the 
impact of various operational factors (such as pH, pollutant concentra
tion, catalyst dose, H2O2 concentration, and contact time) on acet
aminophen degradation, (ii) investigate the reaction kinetics and 
catalyst reusability, and (iii) explore the efficacy of this process in 
diverse water matrices, including distilled water, tap water, hospital 
wastewater, and seawater. This work aims to contribute significantly to 
the advancement of sustainable and effective methods for the removal of 
pharmaceutical pollutants from aquatic environments.

2. Experimental

2.1. Materials

In this study, the utilized materials included: sodium hydroxide 
(NaOH, 98 %), hydrochloric acid (HCl, 37 %), magnesium chloride 
(MgCl2, 99.9 %), and hydrogen peroxide (H2O2, >30 %) which were 
purchased from Sigma-Aldrich. Acetaminophen powder (99.9 %) was 
prepared from Farabi Pharmaceutical Company (Iran). Materials such as 

Table 1 
The physical–chemical characteristics of clay (n = 3).

Parameter Value

pH 7.84 ± 0.3
EC 169.8 ± 11.1 μS/cm
TOM 0.66 ± 0.20 %
Hg ND
Pb ND
Cd ND
As ND
Cr 0.04 ± 0.01 mg/kg
Fe 232 ± 8 mg/kg
Al 346 ± 12 mg/kg
Mn 70.01 ± 3.5 mg/kg
Ti 1.52 ± 0.31 mg/kg
Mg 74.4 ± 6.5 mg/kg
EC: electrical conductivity; TOM: total organic matter

Table 2 
XRF results of the clay.

Compound Value (W%)

SiO2 53
Al2O3 14.5
Fe2O3 7.4
CaO 2.7
MgO 0.8
Na2O 0.82
K2O 3.4
TiO2 1.3
MnO 0.6
SO3 0.24
P2O5 0.32
Cl2 0.2
BaO 0.7
ZnO 0.3
CuO 0.3
LOI 13.02
LOI: Loss on ignition
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silver nitrate, Tert-butanol, p-benzoquinone, and ammonium oxalate 
were purchased from Merck Company with purity > 99 %. Clay soil was 
prepared from a local soil mine in the south of Iran. The properties of the 
clay soil used in the present study are provided in Table 1. As observed, 
the utilized soil contains trivial amounts of chemical contamination 
while also containing useful metals which can function as catalyst.

The results of the XRF analysis for the clay are presented in Table 2. 
Of the compounds identified by XRF, SiO2 has the highest weight per
centage, followed by Al2O3, Fe2O3, K2O, and CaO.

2.2. Production of Clay-MgO catalyst

To prepare the Clay-MgO catalyst, a flask containing 3 g clay was 
mixed in 10, 35, 70, and 100 mL of MgCl2 solution (at 1,000 mg/L) plus 
5 mL of 1 M NaOH solution, and then diluted with distilled water to 250 
mL. The names of the Clay-MgO catalysts that were obtained with these 
magnesium chloride solutions were named 10-Clay-MgO, 35-Clay-MgO, 
70-Clay-MgO, and 100-Clay-MgO, respectively. The prepared mixture 
was placed inside shaker incubator device (300 rpm) for 5 h. Next, the 
suspension was placed still for a specific period of time (2 h) to pre
cipitate. After this stage, its top water was discharged and the remaining 
solution was filtered through Whatman filter paper 0.42 µm. The 
remaining materials were placed inside oven for 990 min at 98 ◦C in 
order to dry off. The obtained materials were put inside electrical 
furnace (without oxygen and nitrogen) at 500 ◦C for 2 h. Ultimately, a 
Clay-MgO catalyst was produced and utilized to study the removal of 
acetaminophen from wastewater and other aqueous solutions, using 
hydrogen peroxide and ultrasonic waves.

2.3. Method of optimizing the influential parameters

To evaluate the effect of pH, a range of 5–9 was tested with an 
acetaminophen concentration of 100 mg/L. The pH levels (5, 6, 7, 8, 9) 
were adjusted using HCl and NaOH. Then, 3 g/L of catalyst and 0.2 mL 
of H2O2 were added. After 1 h of contact time, the acetaminophen 
content was measured.

To assess the effect of the Clay-MgO catalyst on acetaminophen 
removal, six flasks containing acetaminophen at pH 8 were prepared. 
Each flask received 0.2 mL of H2O2 and specific amounts of catalyst (0.1, 
0.5, 1, 2, 3, and 4 g) and was placed in an ultrasonic device for 1 h. The 
solution was subsequently filtered using 0.42 μm filter paper, and the 
remaining acetaminophen was measured.

To evaluate the effect of H2O2 on acetaminophen removal, a solution 
with a specific amount of acetaminophen at the optimal pH was pre
pared, and 3 g of catalyst was added. Various amounts of H2O2 (0, 0.1, 
0.2, 0.3, 0.5, and 1 mg/L) were then introduced. After a 1 h reaction 
time, the pollutant content was measured.

To investigate acetaminophen removal using the Clay-MgO catalyst 
with hydrogen peroxide and ultrasonic waves, optimal pH, catalyst dose, 
and H2O2 concentration were first determined. Acetaminophen con
centrations of 10, 50, 100, 200, and 300 mg/L were then subjected to 
various reaction times (5, 10, 20, 30, 40, 60, and 100 min) in a shaker. 
After each reaction, the solution was filtered using 0.42 μm filter paper, 
and the remaining drug was measured.

To recover the catalyst, it was first isolated after use and subjected to 
a washing process. The catalyst was initially immersed in 250 mL of 
distilled water for 1 h (1 g of the recycled catalyst), followed by im
mersion in 250 mL of 0.1 M ethanol for 1 h (1 g of the water-washed 
catalyst). Finally, 1 g of the recycled catalyst was immersed in 250 mL 
of 0.1 M acetonitrile for 1 h. After washing, the catalyst was dried at 
70 ◦C for one day and then used in subsequent cycles.

All experiments were conducted with stirring at 200 rpm, and the 
temperature was kept at 24 ± 1 ◦C. Each series of experiments was 
performed in triplicate, with the mean and standard deviation reported.

2.4. Characterization of the synthesized catalyst and measurement of 
acetaminophen

To characterize the physicochemical properties of the synthesized 
Clay-MgO catalyst, a specific amount of the prepared catalyst was tested 
with acetaminophen under optimal operational circumstances. Then, 
fresh catalysts and those exposed to the drug were evaluated using 
different tests including BET (Asap2020 − Micromeritics), FT/IR 4600- 
JASCO, FE-SEM (ZEISS Sigma), TGA (STA6000- Perkin Elmer), and XRD 
(D8 Advance-BRUKER). X-ray fluorescence (XRF) analysis was applied 
to quantify the chemical compositions of Clay (Rigaku Primus IV) (Zhan 
et al., 2024). The particle size distribution of Clay-MgO particles was 
determined using Dynamic Light Scattering (DLS) on a Nano Plus DLS/ 
ELS instrument, which utilizes a 5 mW He-Ne laser with a 632.8 nm 
wavelength as its light source. DLS measurements were performed at a 
scattering angle (θ) of 173◦ and a temperature of 25 ◦C. The samples 

Fig. 1. (a) FTIR and analysis for fresh and used catalyst and its components and 
(B) XRD analysis for fresh catalyst and its components.
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were diluted in ethanol and sonicated for 10 min prior to analysis (del 
Álamo et al., 2020).

The acetaminophen concentration was determined using a high- 
performance liquid chromatography (HPLC) device (Shimadzu LC, 
HPLC 20A) with a UV detector (UV/VIS, SPD-20A). An InertSustain C18 
column was used for the analysis. The mobile phase was a 25:75 volu
metric mixture of methanol and deionized water, flowing at 1 mL/min. 
The C18 column was kept at 30 ◦C, and measurements were taken at a 
wavelength of 245 nm. This method has been previously employed in 
other studies for the measurement of acetaminophen (Sanjeev and 
Valsan, 2024; Sun et al., 2024). The LOD and LOQ of this method was 
0.016 µg/L and 0.05 µg/L, respectively. The extent of acetaminophen 
mineralization in the studied system was measured using TOC device 
(Shimadzu, VCSH model, Japan). The ICP-OES instrument (730-ES, 
Varian) was used to analyze the metals present in the clay and the 
treated solution following each cycle of the catalyst reuse. The extent of 
acetaminophen mineralization was calculated by Formula (1): 

Acet.minerralization (%) =
([Acet.]initial − [Acet. ]residual)

[Acet.]initial
x 100 (1) 

3. Results and discussion

3.1. Properties of fresh and used Clay-MgO catalyst

FTIR analysis is used to examine and identify functional groups and 
to show the interactions between the different components of the ma
terials used. Fig. 1a presents the FTIR spectra for clay, MgO, and Clay- 
MgO both before and after the degradation of the target pollutant. The 
results show vibrations within the range of 3500–3600 cm− 1, attributed 
to the –OH vibrations within the structure of the samples (Foroughi 
et al., 2024). Additionally, vibrations are observed at 1448, 1214, 1014, 
and 460–570 cm− 1 in the clay structure, corresponding to the asym
metric vibrations of CO3 (Najafi et al., 2024; Largo et al., 2020), Si-O 
(Bougdour et al., 2024), Si-O-Si (Barhdadi et al., 2024), and Al-O-Al/ 
Si-O-Si (Mbognou et al., 2024; Bai et al., 2024), respectively. In the 
MgO spectrum, vibrations appear at 1430 and below 1000 cm− 1, 
attributed to Mg-O-Mg and Mg-O (Jin et al., 2023; Foroutan et al., 
2021). After modifying clay with MgO, the absorption peaks of both 
components are clearly visible in the Clay-MgO composite, indicating 
good interaction between the materials and successful integration of 
MgO into the clay structure. Post-acetaminophen degradation, no sig
nificant changes are observed in their functional groups and ranges, 
suggesting that the catalyst is stable and does not decompose during the 
degradation process.

Fig. 1b shows the XRD spectra for clay, MgO, and Clay-MgO samples, 

Fig. 2. SEM, EDX, and mapping results for (a-c) Clay, (d-f) fresh Clay-MgO, and (g-i) used Clay-MgO.
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confirming the crystalline and amorphous structures of the samples. The 
spectra reveal peaks of varying intensities, indicating the crystalline 
nature of the samples. Specific peaks are observed in the clay structure at 
2θ values of 20.92, 26.68, 29.5, 30.74, 34.94, 36.64, 39.52, 40.36, 
42.28, 50.16, 60.18, and 68.2. These peaks correspond to the presence of 
illite, kaolinite, quartz, calcite, and dolomite within the clay structure 
(Bellaj et al., 2024; Bellaj et al., 2024; Bai et al., 2024). In the presented 
MgO structure, XRD spectrum confirms existence of peaks at 2θ degrees 
of 37.84, 43.15, 62.26, 74.84, and 78.66; based on the JCPDS card 
number 04–0829 standard, they are attributed to the crystalline planes 
of (111), (200), (220), (311), and (222) (Shkir et al., 2024; He et al., 
2023; Chen et al., 2024). It should also be noted that in the XRD spec
trum related to MgO, a very high intensity peak has emerged at 18.52◦

which is attributed to the Mg(OH)2 state (Foroutan et al., 2021). After 
modifying the clay with MgO, the peaks associated with both materials 
successfully appear together. This indicates successful integration and 
good interaction between MgO and the clay.

SEM, EDX-map analysis has been presented for investigating the 
superficial properties and changes made in the morphology of clay and 
Clay-MgO samples before and after acetaminophen degradation process 
(Fig. 2a–i). As observed from the results, the surface of the clay exhibits 
various roughnesses, peaks, and troughs, with different elements 
dispersed across its surface, which can influence the acetaminophen 
degradation process. After modification with MgO, particles are visible 
within the clay structure, likely due to the integration of MgO particles. 
EDX-Map analysis showed that the MgO content in the clay structure 

increased from 2.3 W% to 7 W% after modification, confirming the 
successful integration of MgO via the chemical precipitation method. 
Post-oxidation process, SEM results indicated that the Clay-MgO struc
ture remained largely unchanged, demonstrating its structural stability. 
Additionally, EDX-Map analysis revealed the presence of similar ele
ments to those found in Clay-MgO before the oxidation process, though 
the percentages of some elements varied. These changes in element 
percentages may result from leaching or different points of analysis 
during imaging, as EDX-Map analysis is a point-based method where 
elemental composition can vary with the location of analysis.

Fig. 3 represents a DLS analysis of magnesium-modified clay, 
showing particle size distribution from 100 to 500 nm. The peak in
tensity occurs between 200–300 nm, indicating dominant particle sizes 
within this range. Studies on clay modification with magnesium typi
cally show similar particle sizes, as reported in other works, such as 
those focusing on modified kaolinite or bentonite clays (El Bouraie and 
Masoud, 2017; Lin et al., 2020). These studies often report size ranges 
between 50–500 nm, with magnesium enhancing stability and disper
sion, aligning well with the presented data.

Thermal gravimetric analysis (TGA) was conducted to examine the 
thermal behavior properties of both the clay and Clay-MgO samples over 
the temperature range of 25–950 ◦C, with the results depicted in Fig. 4. 
The initial stage of weight loss, occurring between 25–150 ◦C, is 
attributed to the evaporation of surface moisture from the samples. The 
subsequent significant weight loss, spanning from 150-750 ◦C, is pri
marily due to the release of moisture from internal layers (Bée et al., 

Fig. 3. DLS analysis of Clay-MgO sample.

Fig. 4. TGA-DTG analysis for (a) Clay and (b) Clay-MgO.
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2017), the removal of water species associated with interlayer cations, 
and the hydroxylation of both clay and MgO (Kaya et al., 2015). No 
substantial change in weight loss is observed beyond 750 to 950 ◦C, 
indicating the complete removal of organic compounds and moisture 
from the sample structures (Wu et al., 2024). However, it is noteworthy 
that the percentage of weight loss for Clay-MgO is lower compared to 
that of clay, likely due to the incorporation of MgO within the clay 
structure. Therefore, it can be inferred that MgO has been effectively 
integrated into the Clay structure, constituting approximately 2.5 % of 
the Clay structure.

The structural properties of the Clay-MgO catalyst, evaluated before 
and after the acetaminophen degradation process, provide valuable in
sights into its catalytic performance. The BET surface area, pore volume, 
and pore diameter are crucial factors influencing the effectiveness of 
heterogeneous catalysts. In this study, BET analysis was conducted on 
MgO, Clay, and Clay-MgO samples both before and after acetaminophen 
removal, with the results summarized in Table 3 and Fig. 5.

The specific surface areas of MgO, Clay, fresh Clay-MgO, and used 
Clay-MgO were measured as 41.63, 38.42, 30.11, and 22.12 m2/g, 
respectively. This decline in surface area is a clear indication of catalyst 
fouling during the degradation process, likely due to the accumulation 
of reaction byproducts within the pores. This behavior is common in 
oxidation processes, where byproducts can block active sites and reduce 
the overall surface area available for further reactions (Bai et al., 2024).

In addition, the reduction in pore volume from 0.048 m3/g in fresh 
Clay-MgO to 0.035 m3/g in the used sample confirms the partial clog
ging of the pores. This decrease correlates with the reduction in specific 
surface area and suggests that the catalyst’s effectiveness diminishes 
over time due to physical obstruction of the pores by residual organics 

and other byproducts of the degradation process (Vaschetto et al., 
2023).

Despite this, mesoporous nature of the Clay-MgO catalyst is main
tained, as demonstrated by the N2 adsorption–desorption isotherms. The 
type IV curves observed for all samples, according to the IUPAC classi
fication (Zhang et al., 2024; Gao et al., 2024), confirm that the material 
remains mesoporous, with pore diameters ranging from 2 to 50 nm 
(Foroutan et al., 2024; Foroughi et al., 2024). This characteristic is 
beneficial for drug degradation processes, as mesopores allow better 
diffusion of reactants and products, ensuring high catalytic activity (Lin 
et al., 2021; Yu et al., 2024).

Comparing the results with other studies, we observe similar trends 
in surface area reduction post-reaction. For example, TiO2-based cata
lysts often exhibit a surface area between 40–60 m2/g but suffer from 
similar deactivation due to pore blockage during degradation (Gaya and 
Abdullah, 2008). Zeolite-based catalysts, known for their high surface 
areas (100–300 m2/g), also experience reductions in catalytic efficiency 
due to agglomeration (Cundy and Cox, 2003). However, the moderate 
surface area of Clay-MgO coupled with its stability and cost- 

Table 3 
Characteristics of surface and volume of particles used in this study.

Parameter MgO Clay Fresh Clay- 
MgO

Used Clay- 
MgO

BET area (m2/g) 41.63 38.42 30.11 22.12
Pore volume (m3/g) 0.122 0.053 0.048 0.035
Average pore width 

(nm)
11.738 5.52 6.40 6.46

Fig. 5. BET analysis for (a) MgO, (b) Clay, (c) fresh Clay-MgO, and (d) used Clay-MgO.

Fig. 6. Effect of MgO concentrations in the catalyst on the acetaminophen 
removal (pH: 6.8, [Acet.]: 100 mg/L, [catalyst]: 3 g/L, [H2O2]: 0.2 mL/100 mL, 
time: 60 min).
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effectiveness makes it a competitive candidate for environmental 
applications.

3.2. Effect of MgO concentrations in the catalyst on the acetaminophen 
removal

Four Clay-MgO catalysts (10-Clay-MgO, 35-Clay-MgO, 70-Clay- 
MgO, and 100-Clay-MgO) was tested for acetaminophen removal based 
on the content of their Mg. The Mg content of these catalysts were ob
tained 3 %, 7 %, 9.7 %, and 11 %, respectively. As can be seen in Fig. 6, 
increasing the amount of magnesium in the catalyst increased the effi
ciency from 3 % to 7 %. For magnesium percentages above 7 %, the 
efficiency has not changed significantly. Therefore, the catalyst con
taining 7 % magnesium was selected to continue the removal of the 
target drug. Based on past research, increasing the amount of magne
sium can increase the active area of the catalyst, and a higher range can 
also block the pores and lead to a decrease in surface area (Jalali et al., 
2021). In two separate researches, Jalali et al. used zeolite modified with 
sea water ions and magnesium oxide to remove amoxicillin and found a 
similar process in which the increase of magnesium was useful up to a 
certain range and then it was useless (Jalali et al., 2022; Jalali et al., 
2021).

3.3. Effect of operational parameters

3.3.1. Solution pH
The pH level significantly impacts pollutant removal by affecting 

catalyst surface properties, the chemical nature of the pollutant, and 
reaction kinetics (Zhu et al., 2024). To investigate the density of surface 
charges and the effect of pH on the degradation efficiency of acet
aminophen, pH was varied within the range of 5–9, and the results are 
depicted in Fig. 7.

Fig. 7a illustrates that the point of zero charge (pHzpc) for the 
catalyst of interest was determined to be 7.65. This indicates that the 
catalyst exhibits positive superficial charges at pH values below pHzpc 
and negative superficial charges at pH values above pHzpc. Addition
ally, as shown in Fig. 7b, an increase in the initial pH of the aqueous 
solution from 3 to 9 resulted in a rise in the efficiency of acetaminophen 
degradation from 48.25 % to 75.08 %. This increase in degradation ef
ficiency can be attributed to the pKa value of acetaminophen, which is 
9.3 (Zyoud et al., 2020). At an initial pH of 9, the proportion of pro
tonated or dissociative species is expected to be maximal (Wang et al., 
2016). Since the catalyst possesses a negative superficial charge at pH 
values greater than 7.65, an electrostatic attraction occurs between the 
catalyst surface and the protonated species of acetaminophen, leading to 
the absorption and degradation of the drug.

Given that no significant difference was observed between the effi
ciencies achieved at pH 8 and 9, pH 8 was selected for subsequent ex
periments to mitigate the potential financial burden associated with 

further alkaline elevation if this method were to be implemented. 
Similarly, in a study by Zyoud et al. (2020) (Zyoud et al., 2020), the 
effectiveness of acetaminophen removal was examined using a ZnO and 
TiO2 catalyst. The authors reported that the efficiency of acetaminophen 
degradation was significantly influenced by pH, with higher pH values 
leading to improved removal rates. Their findings indicated that an 
optimal pH range, which exceeded the pHzpc of the catalyst, facilitated 
better pollutant adsorption and degradation. This supports our choice of 
pH 8 for subsequent experiments, balancing high degradation efficiency 
with cost considerations.

3.3.2. Quantity of Clay-MgO catalyst
The influence of Clay-MgO catalyst concentration, ranging from 0 to 

4 g/L, on acetaminophen removal from aqueous solutions was exam
ined, and the outcomes are depicted in Fig. 8a. It is evident that the 
efficiency of acetaminophen degradation increased from 11 % to around 

Fig. 7. (a) pHzpc for Clay-MgO catalyst and (b) Effect of pH ([Acet.]: 100 mg/L, [catalyst]: 3 g/L, [H2O2]: 0.2 mL/100 mL, time: 60 min).

Fig. 8. Effect of (a) mass of Clay-MgO catalyst (pH: 8, [Acet.]: 100 mg/L, 
[H2O2]: 0.2 mL/100 mL, time: 60 min) and (b) H2O2 content (pH: 8, [Acet.]: 
100 mg/L, [catalyst]: 3 g/L, [time: 60 min).
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74 % with an escalation in catalyst dosage from 0 to 3 g/L. However, at 
higher catalyst concentrations, the efficiency reached a plateau. 
Consequently, the optimal catalyst mass for acetaminophen oxidation 
was determined to be 3 g/L. The improvement in acetaminophen 
removal with the rise in Clay-MgO concentration can be attributed to the 
larger surface area, providing more active sites for interactions between 
hydrogen peroxide and the catalyst. This interaction facilitates the 
initiation and propagation of radical generation reactions, leading to 
improved acetaminophen degradation efficiency (Jalali et al., 2022; 
Kasprzyk-Hordern et al., 2003; Yaghmaeian et al., 2017). As a result, the 
probability of interaction between the contaminant and the release of 
radicals into the solution increases, leading to a higher removal effi
ciency. Furthermore, with the augmentation in the number of active 
sites on the catalyst, the degradation process becomes more prominent 
(Jalali et al., 2022). The efficiency of catalytic processes in eliminating 
pollutants depends on the quantity of catalyst available for radical for
mation. In this study, augmenting the catalyst dosage leads to the for
mation of a greater number of active sites and the production of 
additional hydroxyl radicals, consequently amplifying the degree of 
pollutant removal (Yang et al., 2019). Another point is that the extent of 
removal when the catalyst concentration in the solution is zero is around 
11 %, which can be due to oxidation of acetaminophen with hydrogen 
peroxide.

3.3.3. Quantity of H2O2
Various amounts of H2O2 (ranging from 0 to 1 mL/100 mL) were 

investigated for their impact on the removal of acetaminophen from 
aqueous solution in the presence of Clay-MgO catalyst, and the findings 
are illustrated in Fig. 8b. It is evident that the presence of H2O2 has a 
dual effect: as the concentration of this oxidant increases from 0 to 0.2 
mL/100 mL, the extent of acetaminophen removal rises from 18 % to 74 
%. However, beyond this concentration, the efficiency decreases with 
further elevation of H2O2. The enhancement in removal efficiency with 
an increase in H2O2 concentration can be attributed to the greater 
generation of oxidizing radicals, which are crucial components of the 
reaction. As larger amounts of H2O2 are present, the production of these 
radicals increases, consequently leading to higher removal efficiency 
(Moussavi et al., 2009). Increasing the concentration of H2O2 beyond 
0.2 mL/100 mL has led to a decrease in the removal rate. This decline 
could be attributed to the inhibitory effect of H2O2, acting as an inhibitor 
and/or radical inhibitor (Suh and Mohseni, 2004). A high content of 
H2O2 can be absorbed onto the catalyst, and reduce the removal of 
pollutants, since H2O2 reacts executively with the radicals (Wang et al., 

2021). Decline of removal efficiency with H2O2 elevation can also be 
due to the fact that it causes generation of radicals with less reactivity 
than hydroxyl. Indeed, excess H2O2 can contribute to removal of OH•

(OH + H2O2 → HO2 + H2O•) from the solution, causing generation of 
HO2

•, which has less oxidation potential compared to hydroxyl radicals 
(Deng et al., 2018). Hence, a small quantity of H2O2 contributes posi
tively to degradation efficiency, whereas larger amounts have a detri
mental effect (Bansal and Verma, 2017). Increasing the H2O2 
concentration doesn’t significantly contribute to system enhancement. 
Another noteworthy observation is that when the H2O2 concentration in 
the reaction solution is zero, approximately 18 % removal still occurs, 
possibly due to adsorption onto the catalyst.

Mojahedimotlagh et al. (2024) (Mojahedimotlagh et al., 2024) 
investigated the decomposition of azithromycin using H2O2 activation 
over a clay catalyst modified with nanofiltration brine. They observed 
that increasing the concentration of the clay catalyst led to higher 
degradation efficiencies, similar to the improvement observed in this 
study. However, like our results, they also noted that beyond a certain 
concentration, the efficiency did not increase significantly and 
plateaued.

3.3.4. Concentration and time
The starting concentration of the pollutant is pivotal in shaping the 

degradation process. In this investigation, we examined how the initial 
concentration of acetaminophen affects removal efficiency within the 
10–300 mg/L range under optimal conditions. The removal of different 
drug concentrations was evaluated across contact times spanning from 5 
to 100 min using the Clay-MgO/H2O2/Ultrasonic process, with the 
findings presented in Fig. 9.

As depicted in the figure, prolonging the contact time and reducing 
the initial acetaminophen concentration lead to a higher level of drug 
degradation in the aqueous solution. Initially, when the acetaminophen 
concentration is high, there is a higher likelihood of contact between 
pollutant molecules and hydroxyl free radicals. Over time, these hy
droxyl free radicals oxidize the acetaminophen metabolites (Jalali et al., 
2022; Damiri et al., 2020). In catalytic oxidation processes, several 
factors can contribute to a decrease in pollutant removal efficiency at 
higher initial concentrations: 

1) Higher pollutant concentrations may occupy a larger number of 
active sites on the catalyst surface, thereby inhibiting the production 
of oxidizing agents, primarily hydroxyl radicals.

Fig. 9. Effect of acetaminophen concentration and time (pH: 8, [Acet.]: 100 mg/L, [catalyst]: 3 g/L, [H2O2]: 0.2 mL/100 mL).
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2) An increase in pollutant content leads to more oxidizing agents 
reacting, resulting in a reduction in the amount of these oxidizing 
radicals and consequently lowering the removal efficiency.

3) With a consistent catalyst quantity employed in catalytic processes, 
and hence a fixed volume of OH radicals produced in the reactor, the 
proportion of radicals to pollutant molecules declines as the initial 
concentration rises. This decline results in a decrease in degradation 
percentage (Yaghmaeian et al., 2017).

The findings suggest that lower concentrations and longer contact 
times yield higher efficiency and benefits. This may also stem from an 
inadequate amount of radicals generated by H2O2 for pollutant removal 
as the concentration increases (Jalali et al., 2022; Su et al., 2012). 
Similar findings have also been reported for degradation of acetamino
phen using TiO2 photocatalytic process (Yang et al., 2008). Chen et al. 
(2024) (Chen et al., 2024) investigated trimethoprim degradation using 
a palladium-based catalyst and self-generated hydrogen peroxide. They 
observed that as trimethoprim concentration increased, the pollutant 

removal efficiency dropped, particularly with shorter contact times. This 
aligns with our findings, where acetaminophen degradation also 
decreased at higher concentrations due to competition for catalyst active 
sites and limited OH radicals. However, extending the contact time 
improved degradation efficiency, highlighting the importance of 
balancing radicals with pollutant levels for optimal removal.

3.4. Kinetic study

The reaction kinetics play a pivotal role in comprehending the rate 
and mechanism of the conversion of reactants into products (Moradi 
et al., 2021). In this study, the pseudo first-order and Langmuir- 
Hinshelwood models (Eqs. (2), 3) was employed to assess the kinetic 
behavior of acetaminophen catalytic decontamination. Langmuir- 
Hinshelwood is the commonplace kinetic model to explain heteroge
neous catalytic processes. In this model, the pollutant adsorption on the 
catalyst active sites is evaluated (Rajabi et al., 2022). 

Ln
[final Acet. conc.]
[initial Acet. conc.]

= − kobs.t (2) 

1
kobs

=
1

kckL− H
+
[initial Acet. conc.]

kc
(3) 

Where, kobs is the reaction rate constant (1/min), t denotes time of re
action (min), kc is the surface reaction rate constant (mg/L.min) and kL-H 
is the adsorption equilibrium constant (L/mg) (Tamaddon et al., 2020).

The amount of kobs was achieved by scheming Ln [final Acet. conc.]
[initial Acet. conc.]

versus t in the different concentrations that are shown in Table 4.
After that, a linear equation was obtained by plotting the curve 1/ 

kobs against the acetaminophen initial concentration and by using it, kc 
and kL-H values were calculated (Fig. 10). Based on the achieved results 
the amounts of kL-H and kc were 0.52 L/mg and 1.79 mg/L.min, 
respectively, and it was shown that degradation of the acetaminophen 
follows Langmuir-Hinshelwood and pseudo-first-order kinetics. In a 
study, metronidazole removal using CuCoFe2O4@MC/AC catalyst fol
lows pseudo-first-order and Langmuir-Hinshelwood kinetics (Rajabi 
et al., 2022). In a study by Jalali et al. (Jalali et al., 2022), degradation of 
amoxicillin from wastewater using Zeolite Y-MgO catalyst in the pres
ence of hydrogen peroxide had followed pseudo-first-order kinetics.

3.5. Comparison of the performance process with other processes

The results of applying the developed method in this paper for the 
removal of pharmaceutical contaminants are compared with other 
published works in Table 5. Comparing different studies with varying 
laboratory conditions is very challenging. Factors such as the type of 

Table 4 
The parameters of pseudo-first-order kinetic for acetaminophen degradation.

[Acet.]0 (mg/L) R2 kobs (1/min) Line equation

10 0.9738 0.0906 y = -0.1176x + 0.135
50 0.9673 0.0253 y = -0.0144x − 0.3596
100 0.9861 0.0184 y = -0.0203x − 0.4133
200 0.9897 0.0118 y = -0.0118x − 0.2433
300 0.9724 0.0096 y = -0.0096x − 0.199

Fig. 10. Langmuir-Hinshelwood kinetic curve.

Table 5 
Comparison of the conditions and removal efficiency of the contaminant in this work with previously published studies.

Catalyst Pollutant Initial 
Conc. (mg/ 
L)

Catalyst 
quantity (g/L)

Time 
(min)

H2O2 Efficiency 
(%)

Kinetic model Ref.

Ultrasonic wave/Clay-MgO Acetaminophen 50 3 60 2 mL/L 81.8 Pseudo first-order and 
Langmuir-Hinshelwood

This work

Sea sediment-titanate/H2O2/US/ 
UV

Cephalexin 100 1.5 100 1.63 
mg/L

87.01 first-order (Tavasol et al., 
2021)

Sonication/ultraviolet/ H2O2/ 
zeolite-titanate photocatalyst 
system

Ibuprofen 100 1 100 0.05 
mM

99 first-order (Jalali et al., 
2022)

Catalyst/H2O2/ultrasound Amoxicillin 5 4.5 60 50 mM 98 first-order (Damiri et al., 
2020)

Fly ash/UV/H2O2 Amoxicillin 50 − 240 10 mM 36.1 − (Ramírez-Franco 
et al., 2019)

Magnesium oxide nanocatalyst/ 
ultrasound

Amoxicillin 11 1.8 80 − 84.1 − (Soltani et al., 
2018)

AGCu-hsCN Acetaminophen 20 0.2 180 1000 
ppm

94.8 first-order (Tian et al., 
2023)
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contaminant, catalyst dosage, reaction time, reactor conditions, radical 
scavengers, catalyst levels, and the presence of enhancers like light or 
ultrasonic waves all affect the removal efficiency. Although the effi
ciency of this study is lower than that of many other works, the working 
conditions such as reaction time and catalyst dosage are relatively 
lower, which can be an advantage.

3.6. Removal of acetaminophen and TOC from different environments

Fig. 11 illustrates the removal percentage of acetaminophen and TOC 
in various solutions, including distilled water, wastewater, urban piping 
systems, and seawater. It is evident that the extent of acetaminophen 
removal in distilled water, urban piping systems, wastewater, and 
seawater is approximately 75 %, 53 %, 44 %, and 35 %, respectively. 
The corresponding percentages for TOC removal (mineralization) in 
these waters are approximately 42 %, 30 %, 20 %, and 13 %. Distilled 
water and seawater exhibit the highest and lowest efficiencies in acet
aminophen and TOC removal, respectively. The decreased efficiency in 
TOC and drug removal from seawater and wastewater compared to 
other environments may be attributed to the presence of interfering 
factors and radical scavengers (Stucchi et al., 2018). The findings of this 

study have been confirmed with the study done for removal of amoxi
cillin from wastewater with activation of H2O2 through zeolite catalyst 
(Jalali et al., 2022). As depicted in this figure, the percentage of TOC 
removal has exceeded that of acetaminophen removal in distilled water 
and tap water. This variance in the removal efficiency of TOC and 
acetaminophen suggests the presence of intermediate compounds 
generated during the degradation process of the pollutant. Conversely, 
in wastewater and seawater, the efficiency of TOC removal has been 
lower than that of acetaminophen removal. This reduced value can be 
attributed to the presence of additional organic agents, aside from 
acetaminophen, in wastewater and seawater (Wang et al., 2018; Moradi 
et al., 2020).

3.7. Reusability and stability

Reusability and stability are important parameters for use of cata
lysts under real conditions, and provide the possibility of using catalysts 
in the long term (Tang et al., 2018). To assess catalyst reusability, it was 
subjected to six consecutive cycles under optimal conditions, and the 
results are depicted in Fig. 12. It can be observed that the efficiency of 
acetaminophen degradation decreased as the catalyst was used in more 

Fig. 11. The acetaminophen and TOC removal by Ultrasonic wave/Clay-MgO/H2O2 system in different aqueous medium (pH: 8, [Acet.]: 100 mg/L, [catalyst]: 3 g/L, 
[H2O2]: 0.2 mL/100 mL, time: 60 min).

Fig. 12. The reusability of the Clay-MgO catalyst for acetaminophen removal (pH: 8, [Acet.]: 100 mg/L, [catalyst]: 3 g/L, [H2O2]: 0.2 mL/100 mL, time: 60 min).
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Fig. 13. SEM images with magnifications of (a) 1 µm and (b) 200 nm for the desired catalyst after five times reuse.

Fig. 14. (a) The effect of system components on acetaminophen removal (pH: 8, [Acet.]: 100 mg/L, [catalyst]: 3 g/L, [H2O2]: 0.2 mL/100 mL, time: 60 min) and (b) 
The effect scavengers on acetaminophen removal by the developed system (pH: 8, Acet. concentration: 100 mg/L, catalyst dose: 3 g/L, [H2O2]: 2 mL/100 mL, time: 
60 min).
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cycles. After six cycles of catalyst recovery, the efficiency reached 
approximately 50 %. The outcomes of multiple catalyst uses suggest its 
stability and potential applicability in the water and wastewater in
dustry. The reduction in efficiency could be attributed to several factors, 
including deactivation of some active sites of the nanocomposite due to 
reactions with the pollutant or by-products, loss of some nano
composites during the collection and drying process, and release of 
certain ions (Ghosh et al., 2017). In other words, the decline of the 
catalyst efficiency with increase in the consumption cycle can be due to 
leakage of its vital components into the treated solution and damage to 
the active sites (Jalali et al., 2022). Empirical observations of Dutta et al. 
(Dutta and Ray, 2004) indicated that intermediate products which are 
absorbed strongly on the catalyst, occupy the active sites on the catalyst 
surface, leading to diminished catalytic degradation.

An essential factor in the application of heterogeneous catalysts is 
the stability of their structural integrity during repeated cycles. In this 
study, we evaluated the durability of the magnesium-clay catalyst, 
specifically focusing on the retention of magnesium as the active 
component (Fig. 12). Our experiments revealed that with increasing 
catalytic cycles, a progressive leaching of magnesium into the treated 
solution occurred. After five cycles, the concentration of leached mag
nesium reached a critical threshold, indicating substantial degradation 
of catalytic efficiency. Beyond five cycles, further use of the catalyst 
resulted in a significant decline in performance, attributed to the 
depletion of this essential component. These findings suggest that while 
the magnesium-clay catalyst demonstrates initial effectiveness in 
conjunction with H2O2 and ultrasonic waves for acetaminophen 
degradation, its practical application is limited by the gradual loss of 
active material, necessitating regeneration or replacement after five 
cycles to maintain optimal performance.

To investigate the structure of Clay/MgO after fifth cycle of the 
degradation process, SEM analysis with 1 µm and 200 nm magnification 
was used so that the layers and the empty space between the particles 
can be clearly seen (Fig. 13). As the results show, after the degradation 
and regeneration process, the desired catalyst has a layered structure 
with pores that can be suitable for absorbing and destroying the desired 
pollutant.

3.8. Effect of system components on acetaminophen elimination

The efficiency of acetaminophen elimination using various compo
nents of the treatment process employed in this study (including Clay- 
MgO alone, H2O2 alone, ultrasonic waves alone, ultrasonic/H2O2/ 
MgO, ultrasonic/H2O2/Clay, ultrasonic/H2O2/Clay-MgO) was exam
ined, and the results are illustrated in Fig. 14a. It can be observed that 
the adsorption of acetaminophen onto Clay-MgO particles had minimal 
impact on its removal from aqueous media, with the maximum removal 
percentage being around 10–12 %.

Furthermore, the maximum removal of acetaminophen for H2O2 
alone and ultrasonic waves alone was less than 10 %. These findings 
suggest that Clay-MgO is not an effective adsorbent for acetaminophen 
and direct oxidation with H2O2 and ultrasonic waves alone is also 
ineffective. Hydrogen peroxide (H2O2) serves as a source of hydroxyl 
radicals under the right conditions. In the presence of ultrasonic waves 
and/or catalysts, H2O2 undergoes homolytic cleavage to generate •OH 
radicals: 

H2O2 → 2 •OH(4)                                                                               

However, as observed in the experiments, using H2O2 alone was not 
effective because the activation energy required for the efficient gen
eration of hydroxyl radicals was not met without the aid of ultrasound or 
a catalyst.

Ultrasound generates cavitation bubbles in the aqueous solution, 
which collapse and produce localized high temperatures and pressures 
(Yuan et al., 2024; Xie et al., 2024). This intense energy is sufficient to 

break chemical bonds in water and hydrogen peroxide, leading to the 
formation of hydroxyl radicals (Nasiri et al., 2021): 

H2O → •OH + H•(5)                                                                          

The radicals generated via sonolysis enhance the degradation of 
acetaminophen, though ultrasound alone is not highly efficient due to 
the limited concentration of •OH radicals (Malakootian et al., 2020).

MgO is a metal oxide catalyst that plays a crucial role in enhancing 
•OH radical production by acting as an electron donor or acceptor in 
heterogeneous catalysis. MgO particles catalyze the decomposition of 
H2O2 to produce more hydroxyl radicals through the following reaction: 

H2O2 + MgO → 2 •OH(6)                                                                   

Additionally, MgO may provide surface active sites that stabilize 
intermediates during acetaminophen oxidation, which facilitates 
pollutant degradation.

In addition, the removal efficiency of acetaminophen using the Ul
trasonic/H2O2/Clay process increased to approximately 40 %. This in
dicates the positive contribution of Clay to the removal of 
acetaminophen from aqueous environments, possibly due to its catalytic 
and adsorption properties. However, a removal efficiency of 40 % is not 
considered highly effective for pollutant removal from aqueous media, 
and this low efficiency is likely attributed to the low concentration of 
•OH radicals formed under the experimental conditions.

By employing Ultrasonic/H2O2/MgO and Ultrasonic/H2O2/Clay- 
MgO, the efficiency of acetaminophen removal significantly increased, 
reaching 70 % and 75 %, respectively. This can be attributed to the 
presence of MgO particles, which induce and accelerate the formation of 
oxidizing radicals in the process, likely due to the catalytic potential of 
MgO particles (Yaghmaeian et al., 2017; Du et al., 2016). These obser
vations also suggest that MgO coating aspects on clay and its usage in 
pharmaceutical pollutant degradation such as acetaminophen have been 
well effective. In addition, by applying Clay-supported MgO catalyst 
plus hydrogen peroxide (H2O2), the oxidizing properties of the process 
have also improved (Bilal et al., 2022; Chen et al., 2011).

The combination of clay and MgO has a synergistic effect on acet
aminophen removal. The clay acts as an adsorbent, providing a surface 
where acetaminophen can accumulate, which increases its local con
centration near active MgO catalytic sites. The MgO coating enhances 
the clay’s catalytic properties, increasing the generation of •OH radicals 
and accelerating oxidation. The combined processes result in more 
efficient pollutant breakdown: 

Acetaminophen + •OH → Degradation Products(7)                              

This synergistic effect explains the higher removal efficiency (~75 
%) observed when Clay-MgO, H2O2, and ultrasonic waves are used 
together.

3.9. Radical scavenger study

Fig. 14b illustrates the influence of various radical scavengers, 
including tert-butanol (OH radical scavenger), p-benzoquinone (O2

– 

radical scavenger), silver nitrate (e- scavenger), and ammonium oxalate 
(h+ radical scavenger), on the acetaminophen degradation process. 
Specifically, 5 mM of each scavenger was added to the reaction medium 
under optimal conditions, and the efficiency of acetaminophen removal 
was measured.

It is evident that the acetaminophen removal efficiency under 
optimal conditions, which was approximately 74 % without adding 
radical scavengers, decreased to 57 %, 14 %, 11.6 %, and 7 % in the 
presence of tert-butanol, p-benzoquinone, silver nitrate, and ammonium 
oxalate, respectively. These results highlight the significant inhibitory 
effect of p-benzoquinone, silver nitrate, and ammonium oxalate. It 
suggests that superoxide and hydroxyl radicals play a crucial role in the 
decomposition process of pollutants in the studied process (Maktedar 
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Fig. 15. A possible degradation pathway of Acetaminophen and its intermediates in H2O2/Ultrasonic/Clay-MgO.
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et al., 2017). The great impact on superoxide radical reveals that dis
solved oxygen plays a central role in acetaminophen degradation pro
cess (Zeng et al., 2023). Chen et al. (Chen et al., 2022) reported that 
alcohols like isopropyl (IPA) and methanol can cause absorption of 
hydroxyl radicals. Also, Huang et al. (Hwang et al., 2010) stated that 
isopropyl alcohol can absorb OH radicals.

3.10. Acetaminophen degradation pathway

In this investigation, after 60 min, approximately 74 % of acet
aminophen was eliminated through the Clay-MgO/US/H2O2 process, 
indicating its efficacy in removing pharmaceutical contaminants. In this 
phase of the research, the potential pathway of acetaminophen degra
dation and its resulting byproducts was elucidated using a GC-Mass 
device by analyzing the sample treated under optimal conditions (see 
Fig. 15).

As depicted, upon the attack of oxidizing agents and free radicals 
(such as hydroxyl) at one of the carbon positions within the acetamin
ophen structure, byproducts such as 2-hydroxy-4-(N-acetyl)aminophe
nol, 1,4-benzoquinone, and acetamide are generated. The formation of 
these intermediate products in response to acetaminophen degradation 
in aqueous solutions has also been documented in previous studies 
(Yang et al., 2008; Le et al., 2017). Among these three intermediate 
products, including 2-hydroxy-4-(N-acetyl)aminophenol and 1,4-benzo
quinone, they still retain a benzene ring in their structure. Under the 
influence of degrading agents, they transform into products such as 
acetamide, benzaldehyde, and benzoic acid. Benzaldehyde and benzoic 
acid are also products containing a benzene ring. Subsequently, the 
benzene structure of these by-products undergoes further breakdown, 
leading to the formation of a series of aliphatic organic acids (Fig. 15), 
while acetamide is converted to oxalic acid. Ultimately, with the pro
gression of the oxidation process, these organic acids with a linear 
structure are transformed into mineral ions such as nitrate and ammo
nium, along with the final by-products of oxidation, namely water and 
carbon dioxide.

4. Conclusions

In this research, clay soil underwent modification with magnesium 
oxide to serve as a catalyst alongside hydrogen peroxide and ultrasonic 
waves for removing acetaminophen from wastewater. Key parameters 
affecting the catalyst’s efficacy, such as optimal pH, catalyst dosage, 
H2O2 concentration, and acetaminophen concentration, were initially 
explored. The physiochemical properties of the catalyst were charac
terized using TGA, XRD, SEM, FTIR, and EDX. The crystalline catalyst 
exhibited a BET surface area of 30 m2/g and featured functional groups 
suitable for activating hydrogen peroxide. Under optimal conditions, the 
removal efficiency reached approximately 75 %. Notably, the catalyst 
maintained its effectiveness over six cycles of reuse. Radical scavenger 
studies highlighted the pivotal role of hydroxyl radicals in acetamino
phen degradation. The catalyst demonstrated efficient removal of acet
aminophen from complex solutions, including hospital wastewater, tap 
water, and seawater. The degradation process followed which followed 
pseudo-first-order and Langmuir-Hinshelwood models. Hence, MgO- 
modified clay proves to be a promising candidate for hydrogen 
peroxide activation and removal of pharmaceutical pollutants.
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