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A B S T R A C T   

This study introduces a sustainable method of synthesizing a magnetic Fenton catalyst. The use of readily 
available iron scrap waste and para-rubber wood ash from heating and power plants is innovative and cost- 
effective. The catalyst is obtained from the precursor materials by pyrolysis. The physicochemical properties 
of the catalyst were characterized to investigate the effects of different iron-to-ash ratios and pyrolysis tem
peratures. The Fenton process was investigated through the degradation of tetracycline (TC). A catalyst produced 
with an iron–ash ratio of 1:2 exhibited exceptional performances with a TC removal rate of up to 90 % within 15 
min under optimized conditions. The Fenton catalyst also possessed desirable magnetic properties, enabling easy 
separation. The stable catalyst could be regenerated and was successfully recycled four times while retaining its 
efficiency. This research not only addresses environmental concerns but also highlights the potential value of two 
waste materials in the synthesis of advanced Fenton-like catalysts.   

1. Introduction 

Antibiotic resistance acquired from antibiotic contamination poses a 
risk to aquatic ecosystems and human health (Wang & Zhuan, 2020; 
Xiang et al., 2020; Zhang et al., 2018). A substantial volume of anti
microbial agents is released annually into the environment, with tetra
cycline (TC) emerging as one of the most frequently identified antibiotic 
compounds within aquatic ecosystems. (Wang et al., 2021). The elimi
nation of TC from aquatic environments by adsorption (Dutta & Mala, 
2020; Krasucka et al., 2021; Priya & Radha, 2017) and coagulation 
(Choi et al., 2008; Saitoh et al., 2017) creates TC-contaminated solids 
which are considered hazardous waste. The suitable procedure for the 
collection and disposal of this waste has become a crucial issue since 
unsuitable disposal may discharge the contamination back into the 
environment. This issue can be addressed by the use of advanced 
oxidation processes, which break down organic contaminants with 
highly reactive radicals. These promising chemical processes offer 

advantages of technical feasibility, complete mineralization, high effi
ciency, and the ability to operate at ambient temperatures and pressures. 

One of the more familiar advanced oxidation processes is the Fenton 
reaction, which uses H2O2 and an iron-based catalyst. Iron-based ma
terials such as zero-valent iron (Chen et al., 2023; Jiang et al., 2020; Li 
et al., 2023; Yoon & Bae, 2019), iron oxides (Khataee et al., 2017; Li 
et al., 2022; Radoń et al., 2019; Rashmishree et al., 2023) and iron 
compounds (Agú et al., 2020; Soufi et al., 2021) have been extensively 
studied for the Fenton-like degradation of TC. Incorporating magnetic 
characteristics into Fenton catalysts during the preparation process is an 
approach that increases their applicability and facilitates the separation 
of catalysts. The acquired magnetic properties can be tuned to allow the 
rapid and effective separation of the catalyst with an external magnet 
and suitably magnetized iron particles can serve as active sites for 
Fenton-like reactions. This combination of tunable magnetic properties 
and catalytic functionality offers significant advantages in the field of 
wastewater treatment and pollutant degradation but the commercial 
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chemicals used as precursors increase production costs. 
Alternative precursors that are less expensive than the traditional 

iron salts are available in abundance and could lead to a sustainable 
method of reducing costs. Steel, for instance, is used in large quantities 
in fields such as transportation, building construction and 
manufacturing. The large volume of steel used creates waste materials, 
known collectively as iron scrap, that can be recycled by smelting at high 
temperatures, which is a costly and energy-intensive process (Koch 
et al., 2002). It is, however, feasible to use iron scrap in a more 
economical way as a precursor for advanced, novel, composite materials 
(Babar et al., 2018; Chandane et al., 2019; Deganello et al., 2019; 
Fatimah et al., 2023; Priyadarshini et al., 2023) produced in processes 
that uphold the principles of sustainable chemistry. 

To improve the efficiency of iron-based catalysts, many studies have 
attached the catalysts to solid supports such as silica (Do et al., 2018; 
Farhadian et al., 2021; Fatimah et al., 2019; Munoz et al., 2015; Šuligoj 
et al., 2023; Wang & Zhuan, 2020) and carbon-based materials (Chen 
et al., 2020; Li et al., 2020; Lu et al., 2023; Priyadarshini et al., 2023; Tao 
et al., 2023; Wang & Zhuan, 2020; Wu et al., 2024; Yoo et al., 2017). 
These works were motivated by the stability, low toxicity, widespread 
availability and cost-effectiveness of the supporting materials. Para- 
rubber wood ash (PRA) is the residual solid waste produced by the 
combustion of para-rubber wood for electricity generation in wood 
substitute industries (Hasan et al., 2000; Masae, 2013; Saosee et al., 
2020). In Thailand, the world’s major producer of para-rubber wood, 
this practice produces a large amount of ash (Masae, 2013), which is 
classed as particulate matter and causes air pollution and respiratory 
diseases (Le Blond et al., 2017; Rodríguez-Díaz et al., 2015). Many at
tempts have been made to find a use for PRA, whether as a component of 
building materials (Madurwar et al., 2014; Sales & Lima, 2010; Xu et al., 
2018) or as an acidic soil neutralizer to increase agricultural output 
(Purnomo et al., 2018; Webber et al., 2017). PRA is also a promising 
material as a catalyst support, due to its large surface area, stability and 
silica-based structure (Abdul Mutalib et al., 2020; Fatimah et al., 2019; 
Ma et al., 2020). Therefore, iron scrap and PRA are potentially intriguing 
starting materials for the synthesis of a magnetic Fenton catalyst. 

In this work, a magnetic PRA catalyst (MPRA) is obtained by the 
simple pyrolysis of PRA previously impregnated with an iron scrap so
lution. PRA possesses favorable chemical properties that make it a 
promising catalyst support for iron oxide. Notably, its inert silica surface 
can hinder the aggregation of magnetic particles in liquid media during 
synthesis, thereby enhancing stability and mitigating concerns related to 
biodegradability and toxicity (Thangaraj et al., 2019). At the same time, 
hydroxyl groups on the surface of PRA facilitate strong interactions 
between the support and iron oxide particles (Vinayagam et al., 2022). 
Additionally, synthesizing a Fenton catalyst from PRA and iron scrap not 
only adds value to these waste materials but also contributes to the 
development of sustainable catalytic processes. Harnessing these 
chemical advantages holds significant potential for advancing catalytic 
systems. 

2. Experimental 

2.1. Materials and chemicals 

Sodium hydroxide (97.0 %) was from RCI Labscan (Bangkok, 
Thailand); hydrochloric acid (36.5–38.0 %) from J.T. Baker (Phillips
burg, NJ, USA); and tetracycline hydrochloride (>98.0 %) from TCI 
America (Portland, OR, USA). PRA was obtained from the wood sub
stitute plant of Panel Plus Public Company Limited in Songkhla, 
Thailand, and was used as a catalyst support. Iron scrap was obtained 
from a local junkyard in Songkhla Province. Experiments were carried 
out with AR-grade chemicals of high purity and deionized (DI) water. 

2.2. Preparation of MPRA catalyst 

A solution of iron scrap was prepared by dissolving iron scrap in 
concentrated HCl (1 g/mL) under stirring for 20 min. The obtained so
lution was diluted with DI water at a ratio of 1:3. Various precursor 
mixtures were then prepared by mixing 15 g of PRA under stirring for 1 h 
with different amounts of iron precursor solution to give weight ratios of 
iron scrap–PRA of 1:1, 1:2, and 1:4. In the optimal catalyst ultimately 
used to impregnate PRA, 15 g of PRA were mixed with 300 mL of the 
diluted iron scrap solution to give an iron scrap–PRA weight ratio of 1:2 
and a total iron concentration of ~ 6250 mg/L. The various mixtures 
were dried at 110 ◦C and dried samples were pyrolyzed for 1.5 h under 
nitrogen gas at different temperatures from 600 to 800 ◦C, ramped at 
2 ◦C/min to obtain magnetic iron oxide@PRA composites (MPRA). 

The obtained PRA catalysts were labeled MPRAx-y-T, where x-y 
represents the weight ratio of iron scrap–PRA and T is the pyrolysis 
temperature, and a control catalyst, denoted Scrap-800, was prepared 
using the same procedure without the inclusion of PRA. All prepared 
materials were ground to a fine powder with a particle size of around 20 
μm measured by field emission scanning electron microscope (FESEM) 
analysis. Five replications of each sample were produced and the overall 
preparation yield is shown in Table S1. 

2.3. Characterization of MPRA catalysts 

The surface morphology of the particles was examined by field 
emission scanning electron microscopy integrated with energy- 
dispersive X-ray spectroscopy (FESEM-EDX, Apreo, FEI). Pore volume, 
pore size, and surface area were determined using a nitrogen adsorp
tion/desorption analyzer (ASAP2460, Micromeritics). Prior to N2 
adsorption/desorption examination, the samples were degassed at 
120 ◦C for 16 h. Functional groups and iron species at the surface of the 
catalyst were identified by Fourier transform infrared spectroscopy (FT- 
IR, Spectrum GX, Perkin Elmer) from 4000 to 400 cm− 1 utilizing a KBr 
pellet. Surface functionalities were quantitatively and qualitatively 
analyzed by X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD, 
Kratos Analytical Ltd.). The crystal structure and iron speciation of 
samples was analyzed by X-ray diffraction analysis (XRD, Philips, X’Pert 
MPD), with a 2θ scanning range of 5◦ to 90◦ and a step size of 0.05◦. The 
magnetization of samples was studied at 298 K using a vibrating sample 
magnetometer (VSM, Lake Shore). X-ray fluorescence spectrometry 
(XRF, Zetium, PANalytical) was employed to identify the chemical 
composition of PRA. 

The stability of the as-prepared catalysts was assessed by quantifying 
total iron ion contents using ICP-OES (AVIO 500, Perkin Elmer) to 
determine iron release from the composites. In the catalytic experi
ments, the concentration of TC in solution (C0 = 80 mg/L) after the 
experiments was measured by UV–Vis spectrophotometry. The TC so
lution (C0 = 80 mg/L) treated with MPRA1-2-800 was also analyzed by 
liquid chromatography-mass spectrometry (ESI– mode, Agilent Tech
nologies). A TOC analyzer (multi N/C 3100, Analytik Jena) was used to 
quantify the degree of mineralization by measuring the total organic 
carbon (TOC) removal. 

2.4. Experimental procedure for TC degradation 

TC degradation by Fenton reaction: Using 250 mL conical flasks, 0.2 g 
of MPRA was mixed with 200 mL of 80 mg/L TC solution. The flasks 
were placed in a thermostat water bath (Model TOL09-FTSH- 01, SCI
FINETECH) at a temperature of 28 ± 2 ◦C, and shaken at 200 rpm for 1 h 
while maintaining the pH of the mixture at 3.7. After 1 h, the TC solution 
was sampled to measure concentration, and H2O2 (1–10 mM) was added 
to initiate the reaction. The influence of solution pH on the degradation 
of TC was tested by altering pH with 0.1 M HCl or 0.1 M NaOH. These 
experiments were conducted in darkness. After specific time periods 
(0–4 h), a magnet was used to separate the MPRA from solution, and TC 
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concentration was determined. TC concentration before and after the 
initiation of the Fenton reaction was measured by UV–Vis spectropho
tometry (UV 2600, Shimadzu) via a calibrated approach at λ = 357 nm. 
Degradation efficiency was calculated from formula (1): 

%Efficiency =
(C0 − Ct)

C0
× 100 (1)  

where Ct denotes the concentration of TC at specific time periods, 
measured in mg/L. 

Catalyst regeneration: A 0.2 g sample was combined with 200 mL of an 
80 mg/L TC solution. The mixture was then shaken in a thermostat 
water bath for 4 h at 28 ± 2 ◦C. The pH value was carefully controlled at 
3.7. Subsequently, 5 mM of H2O2 was added to the mixture. An external 
magnet was used to isolate the catalyst. The collected catalyst was then 
heated in air at 300 ◦C to be reactivated. A further four experimental 
runs were then carried out using the same sample of magnetic catalyst. 

3. Results and discussion 

3.1. Optimization of the preparation conditions 

The pyrolysis temperature was preliminarily optimized in the range 
of 600–800 ◦C under a N2 atmosphere. The preliminary results showed 
that the samples pyrolyzed at 600 and 700 ◦C (MPRA1-2–600 and 
MPRA1-2–700) displayed very low magnetization values (Fig. 1 and 
Table S1) and cannot be attracted by an external magnet. Only samples 
pyrolyzed at 800 ◦C were attracted to a magnet (Fig. S1A-C). In com
parison to the samples calcined at 600 and 700 ◦C, the one calcined at 
800 ◦C (MPRA1-2-800) showed stronger peak intensities at 35.6◦ (311) 
and 62.5◦ (440) corresponding to magnetite (Fe3O4, JCPDS No. 01–076- 
5948). Specifically, only the diffraction pattern of MPRA1-2-800 
revealed a distinct peak of magnetite at 30.33◦ (220) as shown in 
Fig. S1D. These findings indicate a greater extent of magnetite formation 
at 800 ◦C than at 600 ◦C and 700 ◦C. Therefore, the pyrolysis temper
ature of 800 ◦C was suitable and was used for the synthesis of further 
samples. 

The effect of the iron scrap–PRA weight ratio on the physical 
appearance of the catalyst was investigated. Images of MPRA1-1–800, 
MPRA1-2-800, MPRA1-4–800, and Scrap-800 are shown in Fig. S2. 
Their yields are listed in Table S1. PRA was dark grey in color while iron 

scrap powder was red. The magnetic properties of MPRA1-1–800, 
MPRA1-2-800, MPRA1-4–800, and Scrap-800 were also measured by 
VSM. All four samples produced hysteresis loops within the ± 10 kOe 
range at a temperature of 300 K (Fig. 1), indicating their ferromagnetic 
nature. It was noted that the saturation magnetization values (Ms) of the 
sample series were well correlated to the weight of iron scrap in the 
samples. The magnetization of MPRA1-4–800 was only 0.31 emu/g. The 
sample was barely attracted to the magnet due to the relatively low 
amount of iron scrap used in the preparation process. All the other 
samples were attracted to the magnet. Scrap-800 was prepared using 
only iron scrap but the magnetization of Scrap-800 was lower than 
MPRA1-1–800, indicating that the use of PRA as a catalyst support 
prevented the aggregation of magnetic iron oxide particles and main
tained magnetic properties (Castillo et al., 2021; Chen et al., 2022; 
Thangaraj et al., 2019). Thus, the inclusion of PRA improved the mag
netic properties of the composite. After pyrolysis, the MPRA samples 
were darker in color. The degree of darkening was proportional to the 
ratio of iron scrap in the sample and was attributed to the presence of 
iron oxide, probably magnetite, in the materials (Fig. S2). 

3.2. Characterization of MPRA catalysts 

The FESEM-EDX results for all samples in Fig. S3 show that the 
particles of MPRA were rougher than the particles of PRA. The increased 
surface roughness of MPRA was due to the iron oxide particles precip
itated on the PRA surface. EDX mapping of all MPRA samples revealed a 
uniform distribution of iron particles, along with calcium, oxygen, and 
silicon elements. The average iron contents of the MPRA samples were 
6.6 wt% for MPRA-1–4-800, 14.7 wt% for MPRA-1–2-800, and 43.3 wt% 
for MPRA-1–1-800 (Table S2). These results exhibited a strong corre
lation with their respective magnetization values. 

The presence of iron oxide particles was also confirmed by XRD 
analysis (Fig. 2). The patterns of magnetite (Fe3O4, JCPDS No. 01–076- 
5948) and hematite (Fe2O3, JCPDS No. 01–079-1741) were observed, 
indicating that mixed phases of iron were formed during pyrolysis due to 
the uncontrolled mole ratio between Fe2+ and Fe3+ in the iron scrap 
solution (Yi et al., 2019). Both forms of iron oxide were also detected in 
the Scrap-800 sample. Additionally, silica (SiO2, JCPDS No. 03–065- 
0466) from PRA was detected in all MPRA samples. Notably, in agree
ment with the EDX results, calcite (CaCO3, JCPDS No. 01–078-4614) 
was detected in the PRA sample, but the maximum intensity of the 
calcite peaks was very low compared to the maximum intensity of the 
silica peak at 26.64◦ 2θ. Additionally, sylvite (KCl, JCPDS No. 01–075- 
0296) was also detected in all MPRA samples. XRF spectrometry was 
used to confirm the presence of calcite and silica in the PRA sample. The 
XRF analysis revealed that the composition of PRA included 48.48 %wt 
SiO2, 22.03 %wt CaO, 6.96 %wt K2O, and 5.81 %wt Al2O3, along with 
3.48 %wt CHNO. This analysis indicated that silica and calcite were the 
main constituents of PRA. 

The functional groups on the surface of the catalysts were examined 
using FTIR spectroscopy. Detailed band assignments were listed in 
Table S3. The absorption bands around 3435 cm− 1 were attributed to 
the stretching vibrations of O − H of adsorbed water and silanol groups 
(Si-OH). The absorption bands in the range of 1700–1400 cm− 1 indi
cated stretching vibrations of C-O bonds of carbonate groups and C = C 
bonds, suggesting the presence of CaCO3 and carbon materials in the 
samples. Additionally, the peak at ~ 1076 cm− 1 was attributed to the 
stretching vibrations of Si-O-Si bonds, indicating the presence of silica in 
PRA (Fig. S4). Therefore, PRA contained silica, CaCO3, and carbon 
materials. After the preparation process, a significant amount of CaCO3 
had been eliminated by HCl, and a new absorption band was present in 
the spectra of MPRA samples at 563 cm− 1, which was associated with 
the stretching vibrations of Fe-O bonds from iron oxides. 

Fig. 3 presents the wide-scan XPS spectrum of MPRA1-2-800 and the 
high-resolution C 1 s, O 1 s, Si 2p, and Fe 2p spectra of the same sample. 
The XPS survey scan confirmed the presence of C, O, Si, and Fe in 

Fig. 1. The magnetic hysteresis loops for MPRA1-1–800, MPRA1-2-800, 
MPRA1-4–800, MPRA1-2–600, MPRA1-2–700 and Scrap-800 samples. The 
inset displays a zoomed-in view of the magnetic hysteresis loops for the MPRA- 
1–4–800, MPRA1-2–600, and MPRA1-2–700 samples. 
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MPRA1-2-800, and the high-resolution C 1 s and O 1 s spectra showed 
the presence of oxygenated functional groups that included carboxylic, 
hydroxyl, and ether groups. These groups were responsible for the hy
drophilic properties of the catalyst. The peak at around 530 eV binding 
energy was attributed to magnetite (Fe3O4) (Zhu et al., 2016). This 
finding was consistent with the presence of the band associated with Fe- 
O bonding at around 559 cm− 1 in the FTIR spectra and the XRD data. 
Moreover, CaCO3 and SiO2 were found in all MPRA samples. These were 
the inorganic compounds left from the pyrolysis process. The Fe 2p 
spectrum confirmed the presence of Fe(II) and Fe(III) in MPRA1-2-800. 
More specifically, the peaks at 710.66 and 723.76 eV verified the 
presence of Fe(II) in magnetite form. Table S4 contains the compre
hensive peak assignments for the deconvoluted XPS peaks derived from 
the XPS spectra, along with their corresponding binding energies. The 
high-resolution Fe 2p spectrum confirmed the presence of both Fe2+ and 
Fe3+ (36.5:63.5 %at) from the magnetite structure in the materials. 
These findings corroborated the presence of magnetite particles on the 
surface of PRA. 

During the synthesis of MPRA by pyrolysis, the residual carbon in 
PRA reduced Fe3+ to Fe2+ and then both Fe2+ and Fe3+ formed 
magnetite and hematite. The process is described in reactions R(1)–R(3) 
(Liu et al., 2020; Wang et al., 2021).  

4FeCl3 + C + 18H2O → 4 FeCl2⋅4H2O + CO2 + 4HCl                      (R1)  

Fe2+ + 2Fe3+ +8OH- → Fe3O4 + 4H2O                                           (R2)  

4Fe3O4 + O2 → 6Fe2O3                                                                 (R3) 

Subsequently, iron oxide particles were precipitated and deposited 
onto the surface of PRA, leading to the acquisition of magnetic 
properties. 

3.3. Effect of reaction conditions on the catalytic activity of MPRA 

This section focuses on examining the MPRA composite as a het
erogeneous Fenton catalyst, specifically investigating the catalytic 
degradation of TC. First, an 80 ppm TC solution at pH 3.7 was shaken in 
darkness for 1 h on MPRA at a catalyst concentration of 1 g/L. The re
action was then initiated by introducing 5 mM of H2O2. MPRA1-2-800 
showed the highest removal efficiency at ~ 95 % (Fig. 4A). MPRA1- 
1–800 removed ~ 66 % of TC after a 4-hour reaction time, even though 
the iron content in MPRA1-1–800 was higher. The Scrap-800 control 
removed only ~ 40 % of TC. In the absence of the catalyst (only 5 mM of 
H2O2 with TC), only 5.66 % of TC was removed. This finding shows that 
the presence of PRA as a catalyst support considerably enhanced 
removal efficiency. The degree of Fe leaching was 1.65, 2.74, and 4.45 
mg/L for MPRA1-1–800, MPRA1-2-800, and Scrap-800, respectively. 
This result indicated the lower stability of Scrap-800 due to the lack of 
support material. Although MPRA1-1–800 had a higher magnetization 
value with better stability than MPRA1-2-800, MPRA1-2-800 showed a 
significantly higher efficiency toward TC removal. BET surface area 
analysis (Table S5) revealed that the BET surface area of MPRA1-2-800 
was bigger, which was a beneficial characteristic because it allowed TC 
molecules greater accessibility to active sites. As a result, MPRA1-2-800 
was selected as the most promising Fenton catalyst for the catalytic 
degradation of TC. This choice was based on its capacity to remove TC, 
its satisfactory level of iron leaching, and its strong magnetic 
characteristics. 

The pH level is a crucial determinant in the Fenton-like reaction (Lai 
et al., 2019; Wang et al., 2016). The effect of initial solution pH on the 
catalytic degradation of TC using MPRA1-2-800 is shown in Fig. 4B. At a 
pH solution of 3.7, up to 90 % of TC was removed within 15 min, and 
95.61 % in 4 h. This result is consistent with the fact that an acidic so
lution is often the suitable condition for most Fenton-like catalysts 
(Subramanian et al., 2016). Moreover, TC degradation remained nearly 
the same when the pH was increased from 3.7 to 9.0, indicating that this 
Fenton system can be applied in a wide pH range, therefore overcoming 
the costly requirement of classical Fenton systems for an acidic condi
tion that also results in secondary pollution of iron sludge. However, the 
effectiveness of the reaction notably decreased as the pH of the solution 
approached 12 due to a reduction in the reactivity of the radicals and the 
precipitation of iron. (Subramanian et al., 2016). Hence, the pH of 3.7 
was selected as the optimal pH for subsequent experiments. The results 
were analyzed using the BMG kinetic model to assess the kinetics of TC 
catalytic degradation (Behnajady et al., 2007; Sidney Santana et al., 
2019) as in Equation (2), 

t
(

1 − C
C0

) = m+ bt (2)  

where C is the TC concentration at time t (min) and C0 is the initial 
concentration of TC at time t = 0. Additionally, b and m are two char
acteristic constants associated with the reaction kinetics and oxidation 
capacities. The kinetics of TC degradation on MPRA1-2-800 fitted well 
with the BMG kinetic model with an R2 close to 1 (Fig. S5). The recip
rocal of the b value is the theoretical maximum TC fraction that can be 
removed, which is equal to the maximum oxidation capacity at the end 
of the reaction. Meanwhile, 1/m is the initial rate of TC removal. In this 
work, the value of 1/b was 0.944, which is close to 1 (maximum ca
pacity) and the value of 1/m was 1.491, which is very high. This model 
suggests that the oxidation of TC by Fenton-like processes, utilizing iron 
as a catalyst, typically proceeds in two stages: a rapid initial stage and a 
slower secondary stage. The initial rapidity of the process was ascribed 

Fig. 2. XRD patterns of MPRA1-1–800, MPRA1-2-800, MPRA1-4–800, Scrap- 
800, and PRA samples. 
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Fig. 3. (A) The wide-scan XPS and (B-E) high-resolution C 1 s, O 1 s, Si 2p, and Fe 2p spectra of MPRA1-2-800.  

Fig. 4. (A) Results from the preliminary test of the catalytic heterogeneous Fenton-like reaction and the catalytic degradation of TC: (B) effect of initial pH; (C) effect 
of H2O2 concentration; and (D) scavenger test. (Conditions: TC initial concentration (C0) is 80 mg/L, pH is 3.7 (natural), 5 mM H2O2, catalyst dosage of 1 g/L, and 
temperature at 28 ± 2 ◦C). 
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to the reaction between dissolved iron ions and H2O2, while the subse
quent slower rate was caused by the accumulation of Fe3+ and the 
limited regeneration of Fe2+ by H2O2. This finding was consistent with 
the rate constant of the reaction between Fe2+ and H2O2, which is 
generally higher than that of the reaction between Fe3+ and H2O2 in 
homogeneous reactions. When these two competing processes consume 
H2O2, the concentration of H2O2 in the solution is gradually reduced to a 
low level, the retardation stage begins, and the small amount of oxidant 
in the solution becomes a limiting factor. 

A succession of trials was carried out using H2O2 concentrations of 0, 
1, 2.5, 5, and 10 mM to investigate the influence of different quantities 
on the catalytic degradation of TC (Fig. 4C). An absence of H2O2 in the 
adsorption experiment restricted the elimination of TC to 22.8 %, owing 
to the shortage of adsorption sites and the low BET surface area. 
Nonetheless, as the concentration of H2O2 increased, the effectiveness of 
MPRA1-2-800 increased. After 4 h, 5 mM H2O2 had removed 95.61 % of 
TC. However, the removal of TC in 10 mM H2O2 was relatively un
changed because the surplus H2O2 competed with TC for ⋅OH in the 
following reactions (Lai et al., 2019):  

H2O2 + ⋅OH → HO2⋅ + H2O                                                          (R4)  

HO2⋅ + ⋅OH → O2 + H2O                                                              (R5) 

Thus, the optimal concentration of H2O2 was 5 mM. 
To identify the free radicals involved in the Fenton-like reaction, free 

radical scavengers were incorporated into the reaction solution. Hy
droxyl radicals (⋅OH) were trapped with 0.3 M tert-butyl alcohol (TBA), 
and superoxide radicals (⋅O2

–) were trapped with 20 mM p-benzoquinone 
(BQ) (Hou et al., 2016; Ma et al., 2018). TBA significantly hindered TC 
degradation but 20 mM BQ had only a small effect on TC degradation 
(Fig. 4D). It was concluded that ⋅OH served as the main reactive oxygen 
species in this heterogeneous Fenton-like system and to confirm that the 
Fenton-like reaction was induced by ⋅OH radicals, 0.3 M isopropanol 
(IPA) was added to the reaction to differentiate between adsorbed and 
unbound hydroxyl radicals. Generally, TBA can suppress both free hy
droxyl radicals in solution (⋅OHfree) and hydroxyl radicals adsorbed onto 
the catalyst surface (⋅OHads), whereas IPA can only suppress ⋅OHfree. The 
degradation of TC was substantially inhibited by the addition of IPA, and 
removal efficiency was comparable to that achieved in the presence of 
TBA. These results suggested that ⋅ OHfree contributed to the degradation 
of TC, while ⋅ OHads and ⋅ O2

– had very minor impacts. 
The total organic carbon (TOC) content of the TC solution was 

determined both before and after catalytic degradation. This evaluation 
provided additional evidence that the primary mechanism for TC 
removal was catalytic degradation and not adsorption. The removal of 
TOC was found to be 90.81 %, indicating the mineralization of TC 
during the Fenton-like reaction. Moreover, a solution of 80 ppm TC was 
analyzed by LC-MS before and after degradation on MPRA1-2-800. The 
loss of the m/z peak at 443.16 after degradation (Fig. S6) suggested that 
the intermediates quickly underwent oxidation to inorganic compounds. 

The LC-MS analysis was used to explore the mechanism of degra
dation. A possible degradation pathway was proposed in Fig. S7. The 
peak at m/z 325.18 has been associated previously with TC degradation 
and confirms the presence of the intermediate P4 (C19H18O5) (Huang 
et al., 2020), suggesting that fresh TC molecules (m/z = 443) first 
degraded into P1 (m/z = 461) via hydroxylation at position 14, and then 
P1 was further decomposed into P2 (m/z = 429) by losing the methyl in 
the amino group. After that, the amide of P2 was attacked by reactive 
radicals, which resulted in the production of P3 (m/z = 371). P3 
continuously converted to smaller structures of P4 (m/z = 325) through 
dehydroxylation and the oxidation of the –NHCH3 group at positions 1 
and 2, respectively. Subsequently, the double bond at position 1 was 
attacked, leading to a ring cleavage reaction, and an aldehyde group was 
formed at position 17, producing P5 (m/z = 272) which was further 
decomposed to P6 (m/z = 179). Finally, the molecules P6 were further 
oxidized into smaller products via subsequent reactions such as ring 

cleavage and mineralization into inorganic compounds such as CO2 and 
H2O. 

The mechanism of the Fenton-like reaction on the MPRA1-2-800 
catalyst is proposed as shown in R6-R10 (Ameta et al., 2018; Gan 
et al., 2020; Tang & Wang, 2018). Initially, the iron oxide on the surface 
of MPRA1-2-800 dissolves rapidly in the acidic condition. Subsequently, 
iron ions (Fe2+/Fe3+) engage in a reaction with H2O2, resulting in the 
formation of hydroxyl radicals (⋅OH), perhydroxyl radicals (⋅OOH), and 
superoxide radicals (⋅O2

–), as shown in R6-R8. To maintain the catalytic 
cycle, Fe2+ is regenerated through the reduction of Fe3+, as described by 
R9-R10. 

Fe2+ +H2O2 ̅̅→
[Ox]

Fe3+ +OH− + • OHfree (R6)  

Fe3+ +H2O2 ̅̅̅→
[Red]

Fe2+ + • OOH +H+ (R7)  

Fe3+ +H2O2 ̅̅̅→
[Red]

Fe2+ + ⋅O−
2 + 2H+ (R8)  

Fe3+ + • OOH ̅̅̅→
[Red]

Fe2+ +O2 +H+ (R9)  

Fe3+ + ⋅O−
2 ̅̅̅→

[Red]
Fe2+ +O2 (R10) 

The dissolution of the iron ions into the solution, due to the acidic 
condition, was considered inevitable, leading to the leaching of Fe into 
the solution. However, the Fe concentration determined by ICP-OES was 
2.74 mg/L, which does not exceed the maximum concentration 
permitted in industrial areas of Thailand (<10 mg/L). 

3.4. The regeneration of MPRA1-2-800 

Catalyst regeneration was studied because it is a crucial criterion of 
practicality. The reusability of MPRA1-2-800 was tested by degrading 
200 mL of 80 mg/L TC solution for 4 h, at pH 3.7 with the addition of 5 
mM of H2O2. The used sample was then regenerated by heat treatment at 
300 ◦C for 1 h in air to expose more iron oxide as active sites. The 
reactivated catalyst was then used again to degrade TC. As shown in 
Fig. 5A, the degradation of TC on the fresh catalyst was 95.61 %. After 
four cycles of use, degradation efficiency was 67.40 % which is an 
acceptable level. The degree of Fe leaching was only high during the first 
use and, afterwards was less than 0.5 mg/L until the fourth cycle 
(Fig. 5B). Despite the Fe leaching, the magnetic properties of the catalyst 
were maintained, indicating the good stability of the catalyst. Moreover, 
the high-resolution XPS spectra of the used catalyst in Fig. S8 showed 
that the surface chemistry of used MPRA1-2-800 after four cycles was 
similar to the surface chemistry of fresh catalyst (Fig. 3). Interestingly, 
the Fe(II)–Fe(III) ratio from Fe 2p in Table S4 was changed from 1:2 to 
1:1, indicating that circulation of Fe(II) and Fe(III) occurred during the 
Fenton-like reaction. This behavior could enhance degradation effi
ciency because the rate constant of the Fenton reaction is higher when 
Fe2+ is involved (R6) than Fe3+ (R7) (Wang et al., 2021). Furthermore, 
the used MPRA1-2-800 was characterized by VSM analysis (Fig. 5C). The 
saturation magnetization of used MPRA1-2-800 was lower but the 
catalyst was still attracted to the magnet. The decrease in magnetic 
strength may be attributed to a combination of factors, including the 
leaching of iron, and the air oxidation during the air-calcination 
regeneration process. Following four cycles of catalyst use, the %Fe 
content from the EDX analysis decreased slightly, from 14.70 to 13.50 % 
(Table S2). Fe leaching should thus not be a primary cause of the loss of 
magnetic strength. The primary cause should be the air-calcination 
process, since oxygen gas in the air may gradually oxidize the mag
netic phase to the non-magnetic phase. 

3.5. Comparative analyses 

To assess the performance of MPRA1-2-800 as a Fenton-like catalyst 
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for TC degradation, a comparison was made with previous studies 
(Table S6). In terms of efficiency, the MPRA1-2-800 removed 90 % of TC 
within 15 min and up to 94.35 % in 4 h. Most previous studies used quite 
low concentrations or a small volume of TC solution, leading to a high 
removal percentage. This is reflected by the actual amount of removed 
TC in mg which confirms the high performance of the proposed Fenton- 
like catalyst compared to other catalysts. Although some studies used 
hybrid systems between Fenton and other techniques such as UV-Fenton 
degradation, ultrasound-assisted Fenton-like degradation, and photo- 
Fenton degradation, their actual removal values were low compared 
to this work. Also, the H2O2 concentration is a key factor that affects 
operating costs. The H2O2 concentration used in this work was quite low 
compared to previous reports, leading to better cost effectiveness for a 
real operation. Additionally, the high TOC removal in the present work 
indicates the effective degradation of TC by mineralization and oxida
tion. Secondary contamination from intermediates is therefore minimal, 
which cannot be said for processes in some other works that reported 
low TOC removal values. Furthermore, the Fenton-like catalyst in this 
work was prepared by a simple pyrolysis method using only para-rubber 
wood ash and iron scrap as precursors, which are waste industrial ma
terials. On the contrary, previous studies described complicated pro
cedures and used harmful chemicals, in particular some highly toxic 
heavy metals were utilized to accelerate Fe(II)/Fe(III) circulation, which 
must lead to secondary contamination. Therefore, MPRA1-2-800 is a 
promising Fenton-like catalyst for water remediation. 

4. Conclusion 

A magnetic catalyst was synthesized from para-rubber wood ash and 

iron scrap by pyrolysis. The catalyst was used for the degradation of 
tetracycline in a Fenton system. Extensive characterizations confirmed 
the uniform distribution of iron oxide species on the para-rubber wood 
ash support material. The most effective catalyst removed more than 90 
% of tetracycline within 15 min under optimal conditions (1 g/L catalyst 
dose, 5 mM H2O2, pH 3.7, and 80 mg/L tetracycline solution), while 
demonstrating excellent magnetic properties and good stability. The 
removal percentage exceeded those previously reported, highlighting 
the potential of the proposed catalyst for the Fenton-like degradation of 
antibiotics in wastewater. Scavenging experiments indicated that hy
droxyl radicals were the major reactive species in the catalytic Fenton 
system. LC–MS analysis identified reaction intermediates, enabling the 
proposal of a possible pathway of tetracycline degradation. Addition
ally, the catalyst could be recycled with minimal Fe leaching, retaining 
stability over four cycles. Further research might prioritize the expan
sion of synthesis on a larger scale, investigating its effectiveness against 
different contaminants, and evaluating its real-world performance to 
promote sustainable wastewater treatment. 
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