
Introduction

Iron is a plentiful element that is distributed 
throughout the Earth’s crust, comprising approximately 
4.8% of the total weight of crustal elements and ranking 

as the second most abundant metal after aluminum. As 
a key transition metal, iron serves as the foundation of 
modern infrastructure, playing an indispensable role in 
construction, manufacturing, and industry worldwide. 
The predominant form of iron in nature is oxide. In 
addition to its well-known use in the production of 
steel and stainless steel, the application of iron and 
iron oxides is also widespread in catalysis, adsorption, 
sensor technology, magnetic data storage, and energy 
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Abstract

The synthesis and characterization of iron particles (Fe-Ps) derived from a reaction between dark 
tea extract and an iron precursor were investigated. FTIR and XRD analyses confirmed the interaction 
of iron with plant constituents and the amorphous nature of the Fe-Ps. The catalytic activity of the Fe-Ps 
sample on malachite green (MG) degradation in a Fenton system was evaluated, along with operational 
factors such as reaction time, Fe-Ps loading, MG concentration, and reusability. The experimental 
results showed a significant enhancement in degradation efficiency when H2O2 was combined with 
the synthesized Fe-Ps, compared to the individual use of H2O2. The degradation efficiency of MG 
by the synthesized Fe-Ps remained stable at 90% after five cycles, indicating good reusability. 
The decrease in degradation efficiency after the reusability process was attributed to several factors, 
including changes in the crystallite phase, the decrease in BET surface area, and the higher chloride 
content in the sample. The kinetic results demonstrated the suitability of the BMG model for describing 
the reaction between the synthesized Fe-Ps and MG in a Fenton system. The BMG model facilitated 
the determination of the superior reaction rate constant and degradation capacity. These findings provide 
valuable insights into the potential application of tea residues in the synthesis of metal particles. 
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storage due to their exceptional optical, thermal, 
mechanical, and electrical properties [1-7]. There are 
three major methods for iron and its oxide fabrication, 
including chemical, physical, and biological methods. 
Chemical-based preparations constitute approximately 
90% of iron and iron oxide synthesis due to their high 
yield. However, this method necessitates the use of a 
substantial quantity of chemical reagents, which has a 
deleterious effect on the environment. An alternative 
approach involves the utilization of biological-based 
technology for the synthesis of iron and oxides. The 
biologically based methods principally consist of 
protein-mediated, bacterial-mediated, fungal-mediated, 
and plant-mediated technologies, accounting for 66%, 
21%, 11%, and 2%, respectively [8]. Although the plant-
mediated method exhibits a lower ratio compared to 
alternative synthesis technologies, an increasing number 
of researchers have focused their attention on this 
aspect in recent years. Li and colleagues developed an 
innovative method for synthesizing Fe-based samples 
with an average particle size of 78 nm through a reaction 
between eucalyptus  leaf extract and FeCl3 solution. 
These nanoparticles exhibited significant efficacy in 
the simultaneous removal of various antimony ions 
from mining solutions, with removal efficiencies of 
100% and 97% for adsorption and oxidation systems, 
respectively [9]. In a related study, Sun et al. reported 
the environmentally friendly synthesis of Fe-based 
nanoparticles via the reaction of pomegranate leaf 
extract and FeSO4 solution, and the particle size ranged 
between 75 nm and 105 nm, with a quasi-spherical 
morphology observed by TEM. These nanoparticles 
were subsequently used to degrade an indole solution, 
and a removal efficiency of 51.5% was achieved after 
90 minutes of reaction time [10]. In addition, recent 
studies have explored antibacterial, antimicrobial, and 
antibiotic activities [11-13]. These studies highlight 
the considerable interest in plant-mediated synthesis 
of iron and iron oxide as a subject of active research 
in recent years. It is evident that the synthesis process 
using plant extracts requires a smaller amount of 
chemical reagents and consequently generates a lower 
risk of producing harmful substances. The advantage 
of the tea leaf synthesis process is the use of tea leaves 
that have been discarded after brewing, as their active 
ingredients, including tea polyphenols and tea pigments 
(theaflavins, thearubigins, and theabrownin), can still be 
extracted by boiling water. The waste tea leaves can be 
effectively reused, which further increases their practical  
flexibility. 

Dark tea, also known as post-fermented tea, is 
distinguished by a unique fermentation process that 
differentiates it from the other six tea categories. 
During the process of dark tea production, microbial 
fermentation occurs, leading to the generation  
of significant amounts of tea pigments, including 
theabrownin, thearubigin, and theaflavin. The 
oxidation-reduction potential (ORP) of various dark 
tea infusions was evaluated to range from -63 mV 

to -103 mV, indicating strong antioxidant behavior 
[14]. From 2017 to 2023, the production of dark tea in 
China expanded from 28.86 to 45.8 million tons, with 
continued growth projected [15]. Despite this expansion, 
the improper disposal of dark tea residues after 
brewing presents a potential source of environmental 
pollution. In our earlier research, we elucidated the 
potential of tea residues as a natural sorbent for dye 
adsorption, with multiple adsorption-regeneration 
cycles successfully achieved [16, 17]. Additionally, 
the fabrication of nanostructured metal particles 
through the interaction of tea extract and a metallic 
precursor has been investigated. It has been determined  
that these particles can be used for the degradation  
of dyes in the Fenton-like advanced oxidation systems 
[18-20]. These important findings underpin the 
development of sustainable and reusable treatments of 
tea residues in environmental remediation. In contrast  
to the more prevalent production of green and black 
tea, the production of dark tea is comparatively 
less extensive, and its utilization in the synthesis of 
metal particles is less documented. The objectives of 
this research are to investigate the synthesis of iron 
particles (Fe-Ps) using dark tea extract and to identify  
the chemical structures of the synthesized Fe-Ps 
by FTIR, XRD, and XPS techniques. The catalytic 
activity of the synthesized Fe-Ps sample in the Fenton 
oxidation of malachite green (MG) was evaluated, and 
the reusability of the Fe-Ps was also assessed to explore 
their stability. 

Materials and Methods

Materials 

All chemicals and reagents used in the experimental 
procedures were of analytical grade and purchased from 
Sigma-Aldrich (Shanghai) Trading Co., Ltd.  Ferric 
nitrate nonahydrate (Fe(NO3)3·9H2O4) was used as an 
iron precursor in the synthesis process. Hydrochloric 
acid (HCl, 37%) and sodium hydroxide (NaOH) 
were used for pH adjustment of the aqueous solution. 
Hydrogen peroxide (H2O2, 30%) and malachite green 
(MG) were directly used in the Fenton system without 
further processing. Potassium bromide (KBr) was used 
for FTIR spectroscopy. Dark tea samples were obtained 
from a specialized tea market located in Fuding City, 
Fujian Province, China. 

Synthesis of the Iron Particles 

The dark tea samples were collected after brewing and 
subsequently washed with deionized H2O. The washed 
dark tea samples were oven-dried at 50ºC for 24 hours. 
The dried dark tea samples were crushed to pass 
through an 80-mesh sieve in powder form. Twenty 
grams of the dark tea powder were mixed with 500 mL 
of deionized H2O in a reaction vessel and agitated 
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vigorously at 80ºC for 1 hour to extract the target 
compounds. After cooling, the extracted solution was 
centrifuged (10,000 rpm) for 5 minutes and filtered.  
A 0.1 mol/L of Fe(NO3)3 solution was added to the 
dark tea extract (volume ratio 1:3), and the mixture 
was stirred thoroughly on a rotary shaker for 24 hours. 
The resulting precipitates were isolated through 
centrifugation (10,000 rpm) for 5 minutes, rinsed three 
times with deionized H2O, and subsequently washed 
twice with ethanol to ensure that the residual impurities 
were removed as completely as possible. After these 
steps, the washed samples were freeze-dried to obtain 
the Fe-Ps product and preserved in a thermostat for 
subsequent characterization and evaluation of catalytic 
activity.

Analytical Methods 

Fourier transform infrared spectroscopy (FTIR, 
Thermo Scientific iS10 spectrometer) was employed  
to identify the functional groups and vibrational 
modes of the synthesized Fe-Ps in the spectral range  
of 4000-400 cm-1. The Fe-Ps samples were homogenized 
with KBr at a mass ratio of 1:200, pressed into a thin 
disc for spectral acquisition.  X-ray powder diffraction 
(XRD) analysis was conducted using a Bruker AXS 
D8 Discover with Cu Kα radiation (λ = 1.5406 Å) to 
determine structural properties, with diffraction patterns 
recorded over a 2θ range of 10° to 80°.

X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific Nexsa G2) was performed to analyze surface 
elemental composition and chemical states. The wide-
scan and high-resolution core-level spectra for Fe 
2p and C 1s were acquired under Al Kα radiation. 
Measurements were performed at a pass energy of  
50 eV with a 90° electron emission angle, and the 
binding energies of all elements were referenced to the 
C 1s peak at 284.6 eV. 

Catalytic Experiments

The catalytic activity of the synthesized Fe-Ps 
sample was evaluated in a Fenton reaction system for 
the degradation of MG. In a typical experimental setup, 
the pH of the MG solution was carefully controlled 
at 7.0±0.2 by titration with dilute NaOH and HCl 
solutions. 0.1 mL of H2O2 was added to a reaction vessel 
containing 50 mL of MG solution at a concentration 
of 100 mg/L, followed by the addition of 50 mg of 
the Fe-Ps sample. The mixture was then placed in a 
temperature-controlled shaker and agitated at 200 rpm. 
After the reaction, the mixture was centrifuged at  
10,000 rpm for 3 minutes to separate the solid  
Fe-Ps catalyst. The supernatant was collected for 
quantitative analysis of MG concentration using  
a UV-Vis spectrometer at 616 nm. Control experiments 
were also conducted under identical conditions without 
the addition of H2O2 to evaluate the sole adsorption 
efficiency.

The SPSS 16.0 software was used to evaluate 
statistical significance using one-way ANOVA (analysis 
of variance) with a 0.05 and 0.01 probability level.

Results and Discussion

Structural Characterization of the Synthesized  
Fe-Ps

FTIR and XRD Identification

The FTIR spectrum of the synthesized Fe-Ps is 
depicted in Fig. 1a). A broad band at 3418 cm-1 signifies 
the O-H stretching mode associated with hydroxyl 
groups. Two minor peaks at 2921 cm-1 and 2852 cm-1 
correspond to the C-H stretching vibrations that are 
characteristic of alkane chains. A distinct split peak 
emerges between 2338 and 2359 cm-1, which is likely 
attributable to fluctuations in CO2 levels during the 
calibration process versus the analysis of the sample 
[21]. The intense band at 1648 cm-1 corresponds to the 
C=C stretching within carbonyl groups derived from tea 
polyphenols present in the extract [22]. A sharp peak 
at 1362 cm-1 probably relates to either C-H bending or 
C-N stretching vibrations. Additionally, the weaker 
peaks observed between 1420 cm-1 and 1560 cm-1 are 
associated with minor N-H bending vibrations [23]. 
The C-O-H stretching vibration of phenolic compounds 
is observed at 1027 cm-1, while the C-O stretching 
vibration of the carbohydrate ring is noted at 1110 cm-1 
[24, 25]. The band at 651 cm-1 corresponds to the iron-
carbonyl complexes (Fe-C-O), thereby confirming 
the interaction of iron with the plant constituents [26]. 
The strong absorption observed below 600 cm-1 can be 
attributed to Fe-O stretching, indicating the formation of 
iron particles through the reaction of the iron precursor 
and tea extract.  

The XRD pattern of the Fe-Ps sample, as illustrated 
in Fig. 1b), reveals a predominantly amorphous 
structure. The absence of sharp diffraction peaks in the 
XRD indicates the amorphous nature of the synthesized 
Fe-Ps sample. A broad hump is discernible between 
38o and 45o, with a minor peak at 44o potentially 
corresponding to zero-valent iron (α-Fe) [27]. Moreover, 
a prominent hump at 23o-26o can be observed, which can 
be attributed to organic substances adsorbed from the 
dark tea leaf extract, potentially serving as a capping 
or stabilizing agent. Similar XRD patterns have been 
reported for Fe-Ps synthesized using mechanochemical 
activation and extracts from tobacco leaves supported 
by yeast [28, 29]. 

XPS Survey and Deconvolution of O1s and Fe 2p 

The elemental binding configuration of the 
synthesized Fe-Ps as determined by XPS is shown in 
Fig. 2. The full-range scan in Fig. 2a) reveals the signals 
corresponding to iron (Fe), oxygen (O), nitrogen (N), 
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and carbon (C) on the Fe-Ps surface. The C 1s spectrum 
exhibits a broad range, which was deconvoluted into 
three distinct regions at 284.8 eV, 286.5 eV, and 288.5 eV, 
respectively.  The signals at 284.8 eV and 286.5 eV 
are assigned to C-C/C-H, C-O/C-N bonding, 
respectively, likely associated with the polyphenol 
groups bound to the Fe-Ps, and the amino acids from 
the dark tea extract. The higher-energy peak at 288.5 eV 
corresponds to functional groups such as C=O, 
C=N, or O-C=O. XRD analysis did not detect sharp 
crystalline phases, indicating the amorphous nature of 
the Fe-Ps sample. Consequently, deconvolution of the 
Fe 2p region in the XPS provides critical information 
regarding the valence condition. The Fe 2p region was 
deconvoluted to determine the iron oxidation state, 
revealing two prominent peaks at 711.1 eV and 724.4 eV, 
which correspond to the Fe 2p3/2 and Fe 2p1/2 states, 
respectively. In addition, the appearance of two satellite 
peaks is attributed to the spin-orbit split doublets of Fe 
2p3/2 and Fe 2p1/2. The binding energies at 711.1 eV 
and 724.4 eV are indicative of Fe3+, with no discernible 
signal or shoulder observed at lower binding energies. 
This observation indicates the absence of Fe2+ ions  

(~708 eV) on the surface of the sample. These energy 
levels suggest the presence of iron in the form of iron 
oxides (Fe2O3 or Fe3O4) or iron oxyhydroxide (FeOOH). 

Catalytic Evaluation and Effects  
of Parameters on the Degradation of MG

As previously indicated, the XRD suggested the 
potential presence of zero-valent iron and the definitive 
presence of Fe3+ species in the sample, as determined 
by XPS. This is advantageous for the catalytic H2O2, 
subsequently inducing the Fenton reaction and leading to 
the degradation of MG. A preliminary experiment was 
conducted in a batch reactor for 20 minutes to assess the 
potential enhancement of the degradation efficiency of 
MG through the integrated reaction of H2O2 and Fe-Ps. 
As demonstrated in Fig. 3a), the degradation efficiencies 
of MG were evaluated under three different operational 
conditions. Conversely, the individual use of H2O2 
and Fe-Ps showed degradation efficiencies of 6.21% 
and 53.48%, respectively. Notably, the degradation 
efficiency achieved through the Fenton reaction reached 
96.93%. The ANOVA analysis further indicated  

Fig. 1. a) FTIR spectrum and b) XRD pattern of the synthesized Fe-Ps.
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the individual use of H2O2 and Fe-Ps. The degradation 
efficiency rapidly exceeded 80% within 10 minutes and 
subsequently increased to 95% within 30 minutes. This 
finding suggests that the synthesized Fe-Ps catalyze 
H2O2 to generate OH free radicals as the reaction time 
increases. It is noteworthy that the Fe-Ps exhibited  
a certain degree of degradation efficiency, with a slight 
increase after 20 minutes, reaching approximately 55% 
at 180 minutes. These findings illustrate that the Fe-Ps, 
synthesized through the reaction of dark tea extract and 
an iron precursor, exhibit considerable potential for the 
adsorption reaction. Furthermore, the influence of the 
individual use of H2O2 on the degradation efficiency 
remained constant at a range of 8-10%, indicating 
that its effect on the degradation efficiency is not 
significant in this study. In summary, the application of  
the synthesized Fe-Ps catalyst in a Fenton system for  
the degradation of MG in an aqueous solution 
demonstrates superior degradation efficiency. 

The influence of the synthesized Fe-Ps loading on 
the degradation efficiency of MG in a Fenton system  

a highly significant difference in the experiment  
(p<0.01). This finding suggests that the isolated use 
of H2O2 and Fe-Ps resulted in significantly lower 
degradation efficiencies compared to their combined 
application. A comprehensive evaluation of these 
findings reveals that Fe-Ps, acting as a catalyst within 
the coexistence system, facilitates the conversion 
of H2O2 into hydroxyl (OH) free radicals. These 
radicals subsequently react with MG, culminating 
in a substantial increase in degradation efficiency to 
96.93%. Consequently, the Fenton system demonstrates 
a remarkable capability to promote MG degradation 
efficiency, highlighting the critical role of employing  
Fe-Ps in the degradation process. 

A preliminary investigation was conducted to 
examine the impact of the Fenton reaction on the 
degradation efficiency of MG. A comparative experiment 
was conducted to provide a more comprehensive 
illustration of the degradation behavior of MG in the 
Fenton reaction. As illustrated in Fig. 3b), the Fenton 
reaction exerts a considerable influence compared to 

Fig. 2. XPS spectra and deconvolution analyses of the synthesized Fe-Ps: a) full scan, b) C 1s spectrum, c) Fe 2p spectrum.

Fe2p

Binding energy (eV)
1002003004005006007008009001000110012001300

In
te

ns
ity

 (a
.u

)

O1s

N1s

C1s

(a) full scan

290 288 286 284 282

   C-O
286.5 eV 

 

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

 

(b) C 1s

   O-C=O
288.5 eV 

   C-C
284.8 eV

736 734 732 730 728 726 724 722 720 718 716 714 712 710 708 706 704

Fe 2p1/2

Sat.
   Fe3+

724.4 eV

 

 

In
te

ns
ity

 (a
.u

.)

Binding energy (eV)

Sat.

Fe 2p3/2(c) Fe 2p 

   Fe3+

711.1 eV



Xiyao Liu, et al.6

is presented in Fig. 4. A distinct improvement in 
degradation performance was observed, with MG 
degradation efficiency increasing from 27% to 
approximately 90% as the Fe-Ps loading increased 
from 10 mg to 30 mg,and a loading of 50 mg resulted 
in a degradation efficiency of 99.2%. A statistically 
significant difference between 10 and 30 mg was 
determined by ANOVA (p<0.05). This is because more 
Fe-Ps loading results in more OH free radical generation, 
which in turn results in higher degradation. In contrast, 

the degradation efficiency slightly decreased to 90% and 
88% at 80 mg and 100 mg, respectively. No significant 
difference was observed within a range of 30-100 mg, 
as evaluated by ANOVA (p>0.05). This phenomenon 
is likely due to the presence of organic substance 
coatings on the Fe-Ps surface. These organic substances 
released from the Fe-Ps surface scavenged the OH free 
radicals, thereby decreasing the degradation efficiency. 
The feasibility of the synthesized Fe-Ps at different 
MG concentrations was tested. As shown in Fig. 5, 

Fig. 3. Catalytic activity of the synthesized Fe-Ps for the degradation of MG in different systems: a) preliminary test (p<0.01) and b) 
effect of reaction time. 
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for the degradation of MG in a Fenton system (p<0.05 between 
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Fig. 5. Effect of MG concentration on the catalytic activity of the 
synthesized Fe-Ps for the degradation of MG in a Fenton system 
(p<0.05).
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degradation efficiency remained above 95% within 
the range of 50-100 mg/L and decreased to 80% at an 
MG concentration of 250 mg/L. A subsequent analysis 
revealed a statistically significant change in degradation 
efficiency within the range of 50-250 mg/L (p<0.05). 
This is because the MG molecules increasingly bind to 
the Fe-Ps surface as the MG concentration increases.  
The generation of hydroxyl free radicals, on the other 
hand, remains constant under the given operating 
conditions. Under the given experimental conditions, the 
number of generated hydroxyl free radicals is sufficient 
to degrade more than 90% of the MG molecules in the 
range of 50-150 mg/L. To achieve 90% degradation 
efficiency, more hydroxyl free radicals are required 
when the MG concentration exceeds 200 mg/L. 

Based on the experimental findings, the synthesized 
Fe-Ps exhibited the potential ability to degrade MG in 
a Fenton system. Combined with previous literature,  
a degradation mechanism of MG using synthesized 
Fe-Ps is proposed [18, 30]. Initially, MG is adsorbed 
onto the surface of the synthesized sample (Eq. (1)). 
Subsequently, the generation of hydroxyl radicals is 
hypothesized. The Fe0 converts to Fe2+ in the presence 
of H2O2 (Eq. (2)). Then, Fe2+ and H2O2 can interact 
with each other to generate *OH (Eq. (3)). This process 
produces Fe3+, which can then be reduced back to Fe2+ 
(Eq. (4)). Finally, the highly reactive *OH radicals 
rapidly react with the adsorbed MG, leading to the 
cleavage of dye molecule bonds. A portion of the MG 
is mineralized into CO2 and H2O on the surface of the 
synthesized Fe-Ps. The proposed degradation pathway 
using synthesized Fe-Ps is elucidated as follows:

Step 1: Adsorption process: 

	 MG  Fe-Ps  MG / Fe-Ps+ → 	  (1)

Step 2: Process of generating *OH radicals:

	
o 2

2 2Fe H O Fe + −+ → + 2ΟΗ 	 (2)

	
2

2 2Fe  H O Fe  OH+ 3+ −+ → + ΟΗ + ∗ 	  (3)

	
3

2 2Fe  H O Fe  OOH+ 2+ ++ → + Η + ∗ 	  (4)

Step 3: *OH radicals attack MG on the surface  
of Fe-Ps:

MG / Fe Ps  OH  Reaction intermediates / Fe-Ps− + ∗ → 	
  	 (5)

2 2Reaction intermediates / Fe-Ps + *OH CO  + H O→ 	 (6)

Degradation Kinetic Study 

In contrast to traditional adsorption and catalytic 
reactions, the Fenton reaction is a complex system 

with over eighteen reactions that have been implicated 
[31-34]. The process is generally understood to involve 
two primary steps: rapid generation of OH through 
the oxidation of Fe2+ by H2O2, followed by a slower 
step characterized by the regeneration of ferrous [35]. 
The first-order and second-order kinetic models are 
appropriate for elucidating the initial and subsequent 
stages of the Fenton reaction, respectively [36, 37]. 
The BMG (Behnajady-Modirshahla-Ghanbary) kinetic 
model, originally established by Chan and Chu and 
subsequently modified by Behnajady and colleagues, is 
widely used. The BMG model effectively addresses and 
integrates the two primary phases of the Fenton reaction 
[38, 39]. The BMG kinetic model can be expressed by 
Eq. (7), and linearized by Eq. (8):

	
1t

o

C t
C m b t

 = −  + ⋅  	 (7)

	
1 t

o

t m b t
C
C

= + ⋅
 

−  
  	 (8)

Here, Co and Ct denote the initial MG concentration 
and its concentration at a specific time  t, respectively. 
Variables m (intercept) and b (slope) are fundamental 
constants that reflect the reaction kinetics and the 
degradation capacity within the BMG model. For 
comparison, the zero-order, first-order, and second-
order kinetic models were also taken into account, as 
delineated by Eq. (9) to (11). 

	 1t oC C k t− = − 	 (9)

	
2ln t

o

C k t
C

= −
	 (10)

	
3

1 1

t o

k t
C C

− =
	 (11)

The fitting results of the different kinetic models for 
the catalytic degradation of MG by the synthesized Fe-Ps 
in a Fenton system are shown in Fig. 6. The BMG model 
shows the most accurate fit to elucidate MG degradation 
kinetics in both reactions. It was observed that other 
models for the Fenton system exhibited a two-stage curve 
and a lower regression coefficient. The experimental fits 
are in accordance with the fundamental principles of the 
Fenton reaction, characterized by a rapid initial reaction 
phase followed by a slower subsequent reaction phase. 
In the BMG model, the physical significance of the 
1/m represents the initial degradation rate, and the 1/m 
values for Fe-Ps+H2O2 and the individual use of H2O2 
are 2.6008 and 0.1381, respectively. The value of 1/b 
can be used to evaluate the degradation capacity in the 
reaction. The degradation capacities of both reactions 
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were determined to be 0.9887 and 0.1381, respectively, 
indicating a more than sevenfold increase for Fe-
Ps+H2O2 compared to the individual use of H2O2. The 

degradation capacity of Fe-Ps+H2O2 is consistent with 
the previous reports, where the values of 1/b ranged 
from 0.909 to 1.01 for various dyes [40, 41]. Based 
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on these findings, it can be concluded that the BMG 
kinetic model effectively characterizes the degradation 
of MG by the synthesized Fe-Ps. Furthermore, it has 
been confirmed that there is an improved degradation 
capacity. In fact, kinetic information can be used to 
evaluate the extent of pilot-scale reactions, reaction 
rates, and catalyst loading in real-world applications. 
Nevertheless, the implementation of the kinetic model 
necessitates consideration of several critical factors, 

including the effects of internal and external mass 
transfer and the reactor configuration (fixed-bed, 
fluidized-bed, or plug-flow, etc.). Moreover, despite its 
effective performance, the BMG model is completely 
empirical, and its predictions are not based on the suite 
of chemical reactions occurring in a Fenton process [42].

Reusability 

In addition to the commendable degradation 
reactivity and performance of the Fe-Ps catalyst, the 
reusability of a catalyst is a crucial consideration from 
an industrial perspective. Five consecutive cycles of 
the synthesized Fe-Ps were evaluated. As can be seen 
in Fig. 7, the degradation efficiency exhibited a modest 
decrease from 99.82% in the first cycle to 90.22% in the 
fifth cycle. Statistical analysis revealed no significant 
variance in degradation efficiency after the first cycle 
(p>0.05). The synthesized Fe-Ps maintained reusability 
after the first cycle, indicating that the synthesis of Fe-
Ps using tea extract is a viable and effective method for 
catalytic dye degradation in a Fenton system. 

It is very important to understand the reason for 
the deactivation of the synthesized Fe-Ps. After the 
reusability process, the sample was characterized by 
XRD, N2 adsorption, and a chloride analyzer. As shown 
in Fig. 8, the well-crystalline phase of the sample 
was observed after reusability. The main crystallite 
phases, hematite (α-Fe2O3) and goethite (α-FeOOH), 
have relatively lower catalytic activity compared to 
Fe2+ and Fe0 in a Fenton system. Furthermore, the BET 
surface area decreased from 32.61 to 23.51 m2/g after 
reusability cycles. The pore structure of the sample 

Fig. 7. Reusability of the catalytic activity of the synthesized 
Fe-Ps for the degradation of MG in a Fenton system (p>0.05 
between the 2nd and 5th cycles).
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underwent obvious alterations. Chloride originated from  
the MG reagent C23H25ClN2. The chloride content  
in the fresh and used samples was determined to be 
4.56±0.12 mg/g and 36.23±2.02 mg/g, respectively, as 
determined by a chloride analyzer. This confirmed that 
due to the strong adsorption affinity between the sample 
and MG, smaller portions of the MG molecules were 
adsorbed onto the sample, which further reduced the 
catalytic activity of the sample. Overall, the observed 
decrease in degradation efficiency during the reusability 
process can be attributed to changes in the crystallite 
phase, the decrease in BET surface area, and the higher 
chloride content in the sample.   

To compare the degradation ability of dye in  
a Fenton system using Fe-Ps synthesized from diverse 
plant extracts, relevant literature was collected and 
summarized in Table 1. The results indicate that the 
majority of the synthesized Fe-Ps samples exhibit 
efficiency in the degradation of dyes in a Fenton 
system. Specifically, the present study demonstrates that  
a degradation efficiency of 99% was achieved within 
120 minutes, with more than 90% efficiency being 
maintained. These findings suggest that the synthesized 
Fe-Ps using dark tea extract are effective catalysts for 
H2O2 oxidation, facilitating MG catalytic degradation. 
Moreover, the use of waste dark tea is identified as  
a valuable biomass source.

Conclusions

The synthesis of Fe-Ps employing dark tea extracts 
as a reducing agent was investigated. FTIR and XRD 
analyses revealed the presence of polyphenols and 
various iron compounds, including Fe-O and Fe-
O-C bonds, along with an amorphous phase. The 
synthesized Fe-Ps demonstrated remarkable catalytic 
activity in a Fenton system, achieving over 99% 
degradation efficiency for malachite green (MG). The 
optimal loading of Fe-Ps was determined to be 50 mg, 
with degradation efficiency exceeding 95% within the 
MG concentration range of 50-100 mg/L. The BMG 
kinetic model accurately described the degradation 
process, demonstrating higher reaction rate constants  

and degradation capacities compared to the individual 
use of the H2O2 reaction. In addition, the synthesized 
Fe-Ps exhibited notable reusability, maintaining 
consistent degradation efficiency over five consecutive 
cycles. In summary, the findings of this study indicate 
that the Fe-Ps sample synthesized through the reaction 
between dark tea extract and an iron precursor is  
a promising heterogeneous catalyst for the remediation 
of dye wastewater in industrial applications. 
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