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Abstract

The use of activated persulfate to degrade antibiotics has been proven to be an effective technique. However, this technology
requires the preparation of many nanoscale persulfate activators to adapt to engineering applications, which is still a
challenge at present. In addressing the issue, this work prepared a nanoscale composite of pyrite@activated carbon (named
FeS;@AC) by mechanochemical ball milling. The composite has been shown to effectively activate persulfate, generating
sulfate radicals (SO4™*) and hydroxyl radicals (OH®). The optimal reaction conditions were determined through orthogonal
experiments, range analysis, and variance analysis. At initial concentrations of 50 mg/L and 100 mg/L, the degradation rates
of tetracycline hydrochloride by FeS,@AC reached 87.28% and 85.62%, respectively. Combining experimental validation and
density functional theory (DFT) calculations, Fe?* serves as the primary catalytic site, while S~ species facilitate rapid Fe3*/Fe?*
cycling, enhancing radical generation and catalytic durability. Notably, this one-step ball milling approach offers a cost-
effective, scalable, and environmentally benign alternative to traditional nanomaterial synthesis methods. The study further
elucidated degradation pathways and intermediate toxicity, providing critical insights for practical implementation. These
findings present a transformative framework for engineering high-activity nanocatalysts to combat antibiotic pollution in

wastewater treatment.
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1. Introduction

Antibiotics such as tetracycline hydrochloride (TC) have
become prevalent in numerous sectors including animal
husbandry due to their extensive antimicrobial spectrum.!'#
Literatures confirm that tetracycline hydrochloride has a
limited ability to be absorbed and degraded in humans and
animals, with 30% to 90% of the total amount of intake
excreted in its original form through urine and feces,*-*!which
in turn enters the water environment,>!! exacerbating the
problem of antibiotic contamination in the ecosystem.''"'4 At
present, treatment strategies for antibiotics in water bodies are
divided into three main categories: physical, chemical and
biological method.!'>'1 Due to the solubility of tetracycline in
water, physical methods such as coagulation and precipitation
are not effective.l?”! Biological methods rely on the metabolic
function of microorganisms to degrade low concentrations of
antibiotics. However, this method is greatly affected by
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environmental conditions, and antibiotics may have inhibitory
effects on microbial growth.?'l The effective removal of
tetracycline from organic wastewater has become a major
problem that needs to be overcome.

In recent years, there has been great interest in using
advanced oxidation processes (AOPs) to degrade tetracycline.
Photocatalysis is only suitable for treating low concentration
pollutants, and the degradation efficiency is usually low for
pollutants with concentrations of 100 mg/L and above. The
Fenton method generates a large amount of iron sludge, which
can easily cause catalyst deactivation and secondary pollution.
In nowadays, the activation of persulfate (PS) to degrade
pollutants has aroused widespread interests. The persulfate
emerges as a chemical entity with notable oxidative properties,
possessing a persulfate anion that is capable of direct reaction
with a broad spectrum of organic compounds to achieve
oxidative degradation.”” Especially, activated persulfate
exhibits a stronger oxidative capacity and can cope with more
difficult to degrade organic compounds, significantly
enhancing the oxidation efficiency.””” The current methods for
PS activation primarily encompass physical energy input
activation (photoactivation, thermal activation, and ultrasonic
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activation) and chemical catalytic activation (Metal-based
catalysts, carbon materials, and metal organic frameworks
(MOFs) materials.?* Physical energy input activation
promotes PS decomposition through external energy input,
without the need for catalysts, but with high energy
consumption and equipment costs, and difficult large-scale
applications. In chemical catalytic activation methods, carbon
materials such as activated carbon and graphene have attracted
attention due to their low cost and ease of modification.
However, the catalytic efficiency of raw carbon materials is
relatively low, and their performance needs to be improved by
doping (such as nitrogen, sulfur) or loading metals (such as Fe,
Co). This also increases its usage cost; MOFs have excellent
efficiency but high cost, especially MOF materials are difficult
to store for a long time and are prone to structural collapse,
which affects the reusability. Metal based catalysts include
homogeneous catalysts and heterogeneous catalysts.
Traditional homogeneous catalysts (such as Fe?*) have low
costs, but are prone to deactivation and lead to iron sludge
precipitation. Heterogeneous catalysts such as Co304, CuOy,
etc. reduce the reaction energy barrier through surface
adsorption and activation PS, and are recyclable and stable.
However, the heterogeneous catalysts usually need to be
prepared as nanomaterials to increase the number of active
sites. Although this improves catalytic efficiency, the
preparation process of nanomaterials usually requires high
energy consumption, and nanomaterials are prone to reduce
activity due to agglomeration.”>*! The combination of
heterogeneous catalysts with carbon materials to create

nanoscale composite catalysts has aroused widespread interest.

Heterogeneous catalysts compensate for the insufficient
activity of carbon materials, and the use of carbon materials
can also save metal resources. Moreover, the larger specific
surface area of carbon materials is conducive to the dispersion
of heterogeneous catalysts and reduces agglomeration. A
series of heterogeneous catalyst/carbon composite materials,
including Fe@AC (copper alginate), porous copper
alginate/graphene oxide (CA/GO), nitrogen-doped porous
charcoal-loaded zero-valent iron (Fe-NPC), and magnetically
reduced graphene oxide nanosheets-iron oxide (rGO-Fe;Oy)
have been synthesized.**-*31 However, the preparation process
of these materials is relatively complex and the preparation
conditions are harsh. If highly active composite materials can
be prepared directly from natural minerals and activated
carbon using simple methods, it will effectively promote the
engineering application of advanced oxidation technology for
degrading antibiotic wastewater.

Mechanochemical ball milling technology has been
extensively studied in the field of metal material preparation,
as well as in related areas such as mechanical alloying,
inorganic material preparation, mineral material activation,
and nanocomposite  material  preparation.?+3!  The
mechanochemical ball milling method is not only a simple and
efficient way to prepare ultrafine nanoparticles, but also
relatively inexpensive. The heat generated during the
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mechanochemical ball milling process endows the material
with unique properties.’¢-*! Preparing nanoscale iron ore-
activated carbon composites by mechanochemical methods
for persulfate activation, offer a novel approach for the
treatment of antibiotic wastewater.[*! FeS,, as the main
component of natural mineral pyrite, is a green and low-cost
PS activating substance. By combining FeS, with activated
carbon through mechanochemical ball milling, not only can
metal/non-metal composite materials be efficiently prepared,
but the obtained ultrafine particles are expected to improve the
activation efficiency of persulfate. However, to the best of our
knowledge, the reports on the preparation of iron ore-activated
carbon nanocomposites by mechanochemical ball milling to
active PS and to investigate their degradation effects on
tetracycline are still relatively limited.

In this work, we successfully synthesized nanocomposites
of iron ore (FeS;) and activated carbon using
mechanochemical ball milling (named as FeS;@AC).
Compared with existing PS activation technologies, our
synthesized materials have cheaper raw materials, simpler
preparation methods, and lower costs. The combination of
nanoscale FeS; catalyst and carbon material has improved its
catalytic efficiency. After five cycles of use, the activity loss
rates were only 10.06% and 10.34%, respectively. Compared
with the existing superior PS activators, the FeS:@AC
combining the recyclability and surface catalytic activity of
heterogeneous catalysts, a balance between cost, efficiency,
and stability has been achieved, providing a more practical
option for PS activation.

2. Experimental section

2.1 Materials

Tert-butanol (C4H100, > 99.5%, AR) was purchased from
Sinopharm Chemical Reagent Co. Sodium persulfate
(NaxS208, > 99.0%, AR), tetracycline hydrochloride
(C22H25C1N208, 97%, HPLC), ascorbic acid (CeHgOe, 99%,
BR), sodium nitrite (NaNO2, 99.99%, RQG), pyrite (FeS.,
99.9%, RG), activated charcoal (AC, 99%, 200 mesh, RG),
and disodium ethylene diamine tetraacetic  acid
(CioH12N2NaxOg, > 98%, RG) were purchased from Shanghai
Taitan Technology Co.

2.2 Preparation of composites by ball milling method

Firstly, 0.45 g of FeS; and 0.45 g of AC were added into a 50
mL zirconium dioxide ball mill jar. Subsequently, the nitrogen
flow rate was adjusted to a suitable level and maintained for 5
min to eliminate the risk of powder eruption inside the jar and
to exhaust the residual air thoroughly. The ball milling jars are
sealed with a rubber ring, the lid is tightly fastened and the
mouth of the jars is reinforced with black tape to connect the
lid to ensure a tight seal. Following this, the ball milling jar
was placed in a planetary ball mill, with the ball-to-material
ratio set at 80:1 and the rotational speed set at 500 rpm for a
period of 4 min. Following the conclusion of the ball milling
process, the powder was promptly removed and sealed for
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storage in a dry tray.

2.3 Activation degradation experiment
FeS:@AC activated PS degradation of tetracycline: 50 mg/L
and 100 mg/L tetracycline hydrochloride solutions were pre-
configured, mixed thoroughly and placed in a backlit place for
use. Sodium persulfate (11.9 mg) was added to 50 ml of
tetracycline hydrochloride solution, and following complete
dissolution, FeS,@AC (5.0 mg) was introduced to initiate the
reaction. The pH was adjusted to 3 using 0.5 mol/L HCI and
NaOH, and ultrasonication was carried out for 1 min to
disperse agglomerated particles in the powder of FeS;@AC.
At 5 min intervals, 2 ml of samples were taken, and the
samples were filtered using a 0.22 um filter head and then
analyzed using a UV spectrophotometer to detect the
concentration of tetracycline hydrochloride. The intermediates
were analyzed by using Shimadzu LCMS-8040.

Tetracycline hydrochloride removal rate was calculated
according to Eq. (1):

c,—C

D= x100% (1

0

where D: tetracycline hydrochloride removal rate, 100%; Co:
initial concentration of tetracycline hydrochloride, mg/L; C:
tetracycline hydrochloride concentration, mg/L.

In the subsequent phase of the study, the impact of various
parameters on the degradation of tetracycline hydrochloride
was investigated. These parameters included the ball milling
time, the ball milling speed, the ball-to-material ratio, the
composite concentration, the sodium persulfate concentration,
and the initial pH. Orthogonal experiments were conducted to
ascertain the optimal conditions for the degradation of
tetracycline hydrochloride by FeS,@AC.

2.4 Experimental characterization

The X-ray diffraction patterns of the samples were obtained
using a X-Pert PRO MPD model X-ray diffractometer, with a
Cu-Ko-ray source (wavelength A = 1.5418 A). The
microscopic morphology of the samples was characterized in
detail by a scanning electron microscope (SEM) model S-4800
with a transmission electron microscope (TEM) model JEM-
2100F. Concurrently, the elemental composition and elemental
chemistries of the samples were analyzed by ESCALAB
250XTI model electron spectrometer (XPS). The free radical
species were explored by using sodium nitrite, tert-butanol and
ascorbic acid as free radical trapping agents, and the ESR
spectra were recorded by a Bruker EMXplus model electron
paramagnetic resonance spectrometer (ESR). This allowed the
free radical species that were activated and played a major role
in the degradation of tetracycline hydrochloride to be
identified.

2.5 Density functional theory (DFT) calculation
The DFT calculations for FeS, were performed using the
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Vienna Ab initio Simulation Package (VASP) code with the
projector-augmented-wave method and the Perdew-Burke-
Ernzerhof functional including Grimme’s DFT-D3 dispersion
corrections.[*1 We employed a kinetic energy of 500 eV in
plane-wave basis sets. FeS, (100) slab based on 2 x 2 x 1
supercells of the crystal structures with 20-A vacuum along
the ¢ axis. The calculations with the FeS, (100) slab also
applied the Hubbard U corrections (U = 1.50 eV, J =0 eV).
The adsorption energy (Ebinding) i calculated following Eq.

2):
)

Ebinding = Enmottsiab — Emot — Esiap

where Emotslab represents the total energy of the molecule
adsorbed on the slab, Emo is the energy of the isolated
molecule, and Esab is the energy of the clean slab surface. The
calculation content is shown in Table S1.
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Fig. 1: XRD patterns of activated carbon (a), pyrite (b), and
FeS,@AC (c) after ball milling.

3. Results and discussion

3.1 Composite material characterization

Fig. 1 displays the X-ray diffraction (XRD) patterns of ball-
milled samples of activated carbon (a), pyrite (b), and
FeS:@AC (c). It is evident from the figure that a significant
characteristic diffraction peak of C atoms exists at 26.3° for
activated carbon (Fig. 1a), while pyrite exhibits characteristic
diffraction peaks of cubic FeS; at 32.6°, 36.6°, 40.7°, 47.2°,
56.2°, 61.6°, and 64.1°, corresponding to (200), (210), (211),
(220), (311), (321), and (131) crystal planes (Fig. 1b),
respectively (JCPDS Card No. 71-0053).44 The ball-milled
sample FeS,@AC not only shows all the diffraction peaks of
cubic FeS,, but also shows some distinct diffraction peaks at
27.9°,35.4°,47.2°, and 58.8° correspond well with the crystal
planes (120), (111), (240), and (160) of FeOOH (JCPDS Card
No. 29-0713) (Fig. Ic), indicating the formation of FeOOH
during ball milling.*3 It can also be seen that the diffraction
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Fig. 2: SEM image of FeS; (a), AC (b), FeSo@AC prepared by grinding for 3 h (c, d), 4h (e, f), Sh (g, h), 6h (i, j) and 7 h (k, 1).

peak of FeS, in sample FeS,@AC has a slight shift compared
to sample FeS,, which may be due to the interaction with
activated carbon. Although nitrogen was initially introduced
into the ball mill jar for protection, the particles were in large
size before ball milling, and residual air may still exist in the
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gaps between the particles. During the ball milling process, the
strong collision and friction between the grinding ball and the
material will generate a large amount of heat, which may
accelerate the oxidation reaction between FeS, with trace
amounts of oxygen remaining in the tank. In addition, the
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Fig. 3: TEM of FeS;@AC (a-c), EDS diagram of FeS,@AC (d-i).

functional groups on the surface of activated carbon can
catalyze the reaction between FeS, and trace amounts of
oxygen during ball milling, producing trivalent iron and
hydroxylated iron oxide, especially under high-energy
conditions such as ball milling.

Fig. 2 presents the SEM images of different samples
before and after ball milling. Prior to ball milling, both pyrite
and activated carbon exhibited a substantial, well-defined,
three-dimensional structure. During the ball milling process,
the materials experienced a variety of mechanical forces,
including friction, collision, compression, grinding, shear,
impact and extension.*”? These forces resulted in fracture,
welding and deformation of the materials. Following this
series of mechanical forces, the FeS@AC composites
synthesized by ball milling underwent a significant change in
morphology, transforming into smaller, irregularly shaped
granular objects, as shown in the SEM of FeS,@AC after
milling for 3 h and 4 h. A portion of finer particles, presumably
pyrite, were observed on the surface of these particles,
suggesting potential loading on the surface and within the
activated carbon. As the ball milling time increased, the
originally larger pyrite and activated carbon particles
gradually transformed into particulate matter with smaller
particle sizes. However, with further increase in ball milling
time to 5 h, a process of agglomeration becomes evident,
resulting in some of the particulate matter increasing in size
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again. As shown in the SEM image, continue grinding for 7 h,
the agglomerated particles will once again turn into fine
particles, indicating that the grinding process is accompanied
by complex physical and chemical changes. The presence of
small particles on the surface of the activated carbon is clearly
discernible, which are likely to be crystal FeS; formed during
ball milling.

Figs. 3a-c show the TEM image of the sample FeS;@AC.
As shown in Fig. 3a, the overall ground sample presents a
regular ellipsoid shape. The long diameter is 200 nm and the
short diameter is 100 nm. Fig. 3b is the TEM image of
nanoparticles with a size of approximately 20 nm that form the
ellipsoidal shape. The lattice stripes in the dashed box of Fig.
3¢ indicate the crystallization of products during the ball
milling process. The lattice stripe spacing is 0.27 nm,
corresponding to the (200) crystal plane of FeS,.[#1 As shown
in the energy spectrum analysis (EDS) results of FeS;@AC
presented in Figs. 3d-i, uniform distribution of C, O, Fe, and
S elements was found, indicating that various substances have
been uniformly dispersed in the obtained sample after grinding,
which is beneficial for ensuring the stability of various
properties of the sample during use. As shown in the Zeta
potential test (Fig. S1), when the pH range is 2.6-4.8, FeS»
carries a positive charge, while AC carries a negative charge.
The pH during work is 3, and electrostatic attraction tightly
connects the two.
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Table 1: Orthogonal experimental design and its experimental results.

Ball milling conditions

Activation condition

Orthogonal Ball- FeS:@AC Degradation
. time speed time PS conc.
experiment material dose rate (%)
(h) . (rpm) () (mM)
ratio (g/L)
1 3 60 450 20 0.10 1 17.64
2 3 70 550 40 0.15 2 62.20
3 3 80 650 60 0.20 3 78.42
4 4 70 650 20 0.10 2 30.03
5 4 80 450 40 0.15 3 78.37
6 4 60 550 60 0.20 1 82.83
7 5 80 550 20 0.15 1 35.32
8 5 60 650 40 0.20 2 64.29
9 5 70 450 60 0.10 3 70.28
10 3 70 550 20 0.20 3 37.72
11 3 80 650 40 0.10 1 52.69
12 3 60 450 60 0.15 2 58.63
13 4 60 650 20 0.15 3 53.30
14 4 70 450 40 0.20 1 72.21
15 4 80 550 60 0.10 2 85.30
16 5 80 450 20 0.20 2 24.68
17 5 60 550 40 0.10 3 56.61
18 5 70 650 60 0.15 1 70.23
Table 2: Results of polar analysis of orthogonal experiments.
Ball milling conditions Activation condition
Ball-
Level FeS:@AC PS conc.
time (h) material speed (rpm) time (h)
) dose (g/L) (mM)
ratio
1 51.1 55.6 53.6 63.8 33.0 52.1
2 67.0 57.0 59.9 74.9 64.4 59.7
3 53.6 59.1 58.2 82.4 74.3 59.9
Range % 15.9 35 6.3 41.3 7.8 8.2
3.2 Orthogonal experiments for degradation of influencing the efficiency of tetracycline hydrochloride

tetracycline
Orthogonal experiments were designed for the degradation of
tetracycline hydrochloride at concentrations of 50 mg/L and
100 mg/L by FeS»@AC activated PS, respectively. The design
of the orthogonal experiments for the degradation of
tetracycline hydrochloride at 50 mg/L, along with the results
thereof, is presented in Table 1. The analysis of the orthogonal
experiments was conducted using polar analysis of variance
and analysis of variance, as illustrated in Tables 2 and 3,
respectively.

A comprehensive analysis of the experimental findings
reveals that the activation time is the primary factor
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degradation, while the ball material ratio exhibits the least
impact. Consequently, it can be deduced that the primary
sequence of factors influencing the degradation efficiency is
as follows: Activation time > Ball milling time > PS
concentration > FeS>@AC concentration > Ball milling speed >
Ball material ratio. This conclusion is consistent with the
results of the inverse analysis. The optimal process conditions
for the preparation of FeS,@AC and activation of PS for the
degradation of 50 mg/L tetracycline hydrochloride were
determined as follows: in the experiments conducted at a
temperature of 25 °C, the ball milling duration was set at 4 h,
with a ball-to-material ratio maintained at 80:1 and a ball
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Table 3: The result of variance analysis for orthogonal experimental design.

Element Sum of squared Degrees of Foratio F critical
errors freedom value
Ball milling time 0.088 2 0.744 3.890
Ball material ratio 0.004 2 0.034 3.890
Ball milling speed 0.013 2 0.110 3.890
Activation time 0.557 2 4.704 3.890
FeS2@AC concentration 0.024 2 0.203 3.890
PS concentration 0.024 2 0.203 3.890

Inaccuracies 0.710 12 -- --

Table 4: Orthogonal experimental design and its experimental results.

Ball milling conditions

Activation condition

Orthogonal i Ball- speed time FeS2@AC  PS conc. Degradation
experiment rate (%)
(h) mater. ratio (rpm) (h) dose (g/L) (mM)
1 3 60 450 20 0.1 1 28.10
2 3 70 500 40 0.2 2 49.46
3 3 80 550 60 0.3 3 67.70
4 3 90 600 80 0.4 4 73.70
5 3 100 650 100 0.5 5 76.75
6 4 90 650 20 0.2 3 60.80
7 4 100 450 40 0.3 4 70.99
8 4 60 500 60 0.4 5 84.20
9 4 70 550 80 0.5 1 76.19
10 4 80 600 100 0.1 2 79.01
11 5 70 600 20 0.3 5 53.66
12 5 80 650 40 0.4 1 52.98
13 5 90 450 60 0.5 2 66.68
14 5 100 500 80 0.1 3 61.10
15 5 60 550 100 0.2 4 68.33
16 6 10 550 20 0.4 2 45.60
17 6 60 600 40 0.5 3 50.98
18 6 70 650 60 0.1 4 59.80
19 6 80 450 80 0.2 5 68.83
20 6 90 550 100 0.3 1 56.00
21 7 80 500 20 0.5 4 47.20
22 7 90 550 40 0.1 5 45.12
23 7 100 600 60 0.2 1 38.27
24 7 60 650 80 0.3 2 58.83
25 7 70 450 100 0.4 3 62.70

milling speed of 550 rpm. The activation time was optimized
to 60 min, while the concentration of FeS;@AC was adjusted
to 0.3 g/L. The concentration of sodium persulfate was set at
2 mM, and the initial pH value of the solution was controlled
at 3. Through practical experimental validation, we obtained
the optimal degradation efficiency, achieving a degradation
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rate as high as 87.28%.

The configuration of the orthogonal experiment, with 100
mg/L tetracycline hydrochloride as the degradation target, is
delineated in Table 4. The analysis of the orthogonal
experiment was conducted through polar analysis of variance
and analysis of variance to ascertain the pertinent outcomes,
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as illustrated in Tables 5 and 6.

Considering the experimental findings, it was determined
that among the factors influencing the degradation efficiency
of tetracycline hydrochloride, the activation time exhibited the
most significant polar deviation, while the ball milling speed
demonstrated the least polar deviation. Consequently, it can be
deduced that the order of precedence of the influence of the
factors on the degradation efficiency is: Activation time > Ball
milling time > PS concentration > FeS»@AC concentration >
Ball material ratio > Ball milling speed. This conclusion was
corroborated by inverse analysis. The process conditions were
optimized for the preparation of FeS>@AC and activation of
PS for the degradation of 100 mg/L tetracycline hydrochloride
by ball milling of iron ore composite activated carbon. The
optimal conditions that were established for this process are
outlined below: the temperature was maintained at 25 °C, the
ball milling time was set at 4 h, the ball feed ratio was used at
80:1, the ball milling speed was set at 550 r/min, the activation
time was extended to 100 min, and the concentration of
FeS;@AC was adjusted to 0.4 g/L, the concentration of
sodium persulfate was elevated to 5 mM, and the initial pH
value of the solution was maintained at 3. Performing the
experiments under these conditions, the optimal degradation
rate of 85.62% was obtained. Comparative summary of TC
degradation at 50 mg/L and 100 mg/L under different

conditions is shown in Table S2.

3.3 Mechanistic analysis

FeSo@AC composites at a concentration of 0.1 g/L were co-
located with 1 mM sodium persulfate in 50 mg/L tetracycline
hydrochloride solution, and the reaction was allowed to
continue for 1 h. Subsequently, the remaining solid powders
were separated by filtration and placed in a vacuum drying
oven at 80 °C for 1 h. Following the conclusion of the drying
process, the samples were sealed. The elemental valence
changes of FeS,@AC activated persulfate (PS) during the
degradation of tetracycline hydrochloride were investigated
by means of comparative analyses using X-ray photoelectron
spectroscopy (XPS) technique. As illustrated in Fig. 4a, the
XPS full spectrogram of the FeS;@AC composite clearly
indicates the presence of Fe, O, C and S atoms. A comparison
of the Fig. 4b plot with the FeS;@AC composite reveals a
significant weakening of the characteristic peaks of the O
atoms. This phenomenon can be attributed to the reaction of
the S atoms with the PS (persulfate) to form SO4*, and these
sulfate ions were subsequently dissolved in the tetracycline
hydrochloride solution.® Figs. 4c, d reveal that the
concentrations of Fe?* and Fe** ions in the solution remained
relatively constant before and after activation.5%5! Specifically,
the percentage of Fe?" decreased marginally from 57.88% to

Table 5: Results of polar analysis of orthogonal experiments.

Ball milling conditions

Activation condition

Level ] Ball- speed . FeS:@AC PS conc.
time (h) ) time (h)

mater. ratio (rpm) dose (g/L) (mM)

1 59.7 58.1 59.5 47.1 54.6 50.3

2 74.2 60.4 60.5 53.9 57.1 59.9

3 60.5 63.1 59.8 63.3 614 60.6

4 56.2 60.5 59.1 67.7 63.8 64.0

5 504 58.5 61.8 68.6 63.6 65.7

Range % 23.8 5.0 2.7 24.5 9.2 154

Table 6: The result of variance analysis for orthogonal experimental design.
Sum of squared
Element Degrees of freedom F-ratio F critical value
errors
Ball milling time 0.155 4 2.009 2.780
Ball material ratio 0.008 4 0.108 2.780
Ball milling speed 0.002 4 0.027 2.780
Activation time 0.174 4 2.357 2.780
FeS2@AC conc. 0.033 4 0.447 2.780
PS conc. 0.071 4 0.962 2.780
Inaccuracies 0.210 24 -- --
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Fig. 4: XPS spectra of FeS,@AC: (a) Pre-use full spectrum; (b) Post-use full spectrum; (c) Pre-use Fe 2p map; (d) Post-use Fe 2p

map; (e) Pre-use S 2p map; (f) Post-use S 2p map.

57.19%, while the percentage of Fe3" increased from 21.41%
to 25.41%. Fig. 4e shows the presence of S-, S?* and SO4> of
the fresh FeS,.52%1 Ball milling causes FeS, to decompose into
FeS and S, which is further oxidized by O, to SO, and SOs3,
ultimately generating SO4>. Combining the analysis of plots
Figs. 4e and 4f, it was found that the atomic content of S
decreased significantly from 33.55% to 15.67%, while the S*
peak at 163.2 eV changed into S° peak at 162.5 eV, with peak
area increased from 20.27% to 58.65%. This observation
suggests that during the activation process, a portion of Fe?* is

Engineered Science Publisher

involved in the activation of PS and converted to Fe**, while
S- may reduce part of Fe** back to Fe?" under a certain
mechanism as shown in Eq. (3).°* Consequently, the overall
change in the content of Fe?* and Fe** ions is not significant.
Furthermore, a decline in the content of SO4* from 45.73% to
25.68% was observed, presumably due to the dissolution of
some SO4* in the tetracycline hydrochloride solution.

S™+Fe =S5+ Fe* (3)
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(c) Recyclability of FeS>@AC for five times; (d) The degradation when using different quenching agents.

We conducted degradation experiments under different
influencing factors to determine the role of sulfite activation.
As shown in Fig. 5a, to avoid the effects of photolysis or
photocatalysis, we conducted experiments of FeS;@AC/PS
system in dark, and the degradation curve of tetracycline was
basically the same as that under natural light conditions; The
blank tetracycline solution showed no degradation under
natural light, and showed ~10% degradation under a 500 W
xenon lamp after 1 h. This fully demonstrates that the
degradation of tetracycline is caused by persulfate activation,
rather than by photocatalysis or photolysis. The degradation
efficiency of single component FeS, reaches 67.95%, while
the removal rate of tetracycline by activated carbon is only
43.38%. In the presence of RhB (10 mg/L) and Cr¢* ions (10
mg/L), the degradation rate of TC is 78.19%, indicating that
other pollutants have insignificant effect on the activation of
persulfate for TC degradation. The degradation process is fit
to pseudo-first-order kinetics, —In(C/Co) = kt, where £ is the
reaction apparent rate constant and t is time, as shown in Fig.
5b. The constant speed is basically 0.03005, which is faster in
the first 30 min and slightly slower in the last 30 min. At 30
min, the degradation rate had reached 76.94%, indicating the
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excellent effect of this technology. Fig. 5¢c shows that after 5
cycles, the degradation rates decreased from 87.12% and
85.53% to 78.36% and 76.69%, with loss rates were only
10.06% and 10.34%, respectively. The degradation rates of
50mg/L and 100mg/L tetracycline hydrochloride remained
above 80% after 4 cycles, indicating the good stability of the
activator. The free radical quenching experiment showed that
the degradation rate was 87.28% without the addition of
quenching agent. After adding 1.0mM sodium nitrite (SN), tert
butanol (TBT), and ascorbic acid (AA), the degradation rates
of TC were 7.00%, 57.68%, and 46.51%, respectively. This
indicates that the main free radicals are SO4™, followed by OH*
radicals. However, holes and superoxide ions have little effect
(Fig.5d).

As demonstrated in Fig. S2a, the ESR spectrum of pure
ammonium persulfate (concentration of 1 mM) is shown. A
thorough analysis of this figure reveals that in the system of
sodium persulfate solution alone, the production of reactive
radicals is minimal, which rationally explains why the pure
sodium persulfate system exhibits a very low rate in the
degradation of tetracycline. In contrast, when FeS;@AC
powder (concentration of 0.1 g/L) was added to the system
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shown in Fig. S2b, characteristic peaks corresponding to
hydroxyl radicals (OH") and sulfate radicals (SO4*) became
prominent in the FeSx@AC/PS system, and these peaks were
of comparable intensity.’” It is noteworthy that SO4" is
produced by the activation of sodium persulfate by FeS>;@AC,
whereas OH" is mainly converted from SO4* with hydroxide
ions (OH") in water by some mechanism as shown in Eq. (4).
This finding provides strong evidence that FeS;@AC can
activate sodium persulfate efficiently, which significantly
promotes its decomposition and releases reactive free radicals.

SO; - +OH™ = S02~ + OH @)

To elucidate more comprehensively the influence of sulfur
(S) and iron (Fe) sites within pyrite on the activation of
persulfate (PS, S,0s%"), we employed density functional theory
(DFT) calculations to model the adsorption and activation
dynamics of PS on the (100) lattice plane of pyrite. Fig. 6
provides a visual representation of the adsorption bond lengths

Engineered Science Publisher

of S,0s?" at the S site and Fe site. The adsorption bond lengths
at the S site and Fe site are shown. The Fe-O bond length is
1.93 A, and the S-O bond length is 3.01 A. Usually, the shorter
the chemical bond, the stronger the interatomic force. It can be
seen that the force of PS adsorption on Fe sites is stronger.

As demonstrated in Fig. 7, the reaction pathway of this
experiment is simulated. The initial stage is representative of
the unadsorbed state of S,Os? and FeS,, with an initial relative
energy of 0. The subsequent stage is representative of the
energy change when S;Os* adsorbs onto the surface, with
negative values indicating exothermic reactions. The upper
and lower parts correspond to the S site and Fe site,
respectively. As demonstrated by the Fig. 7, the adsorption
energy of S,Og?" at the Fe site is lower (-4.27 eV vs -3.59 V),
indicating that Fe site is more favorable for adsorption. The
third stage of the process represents the energy required for the
formation of the SO4° radical. From a topographical
perspective, the formation of a radical at the S site necessitates
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the absorption of heat from the external environment. In
contrast, the reaction at the Fe site is characterized as
exothermic, thereby facilitating the formation of free radicals.
Collectively, these findings indicate that Fe** plays a pivotal
role in PS activation, while sulfur atoms in pyrite function as
electron donors to facilitate the regeneration of Fe?* from Fe3*
as described in Eq. (3), thereby sustaining the catalytic cycle.

The mechanism of activating persulfate to generate free
radicals for the degradation of tetracycline is shown in Fig. 8.
The enormous shear force during the mechanochemical ball
milling process causes FeS, particles to become nano-sized,
possessing high surface energy for PS activation. During the
activation of persulfate by FeS,@AC, sulfate radicals (SO4™)
and hydroxyl radicals (OH") are primarily generated, with
sulfate radicals (SO4*) playing a significant role in the
degradation process.* It is noteworthy that the sulfur atom
(S) within the FeS,@AC structure exhibits reductive
properties, capable of reversing the electron configuration of
Fe3* to Fe?*. This process is a continuous activation of PS, as
illustrated in Fig. 8. Finally, under the attack of sulfate radicals
(8047) and hydroxyl radicals (OH"), tetracycline is degraded
into small molecules.

To investigate the the
photocatalytic decomposition of TC by FeS;@AC, liquid
chromatography-mass spectrometry (LC-MS) was used to
analyze the constituents of the response mixture for various
response times. Two plausible degradation pathways of TC
(m/z = 445) are depicted in Fig. 9a. In Pathway 1, TC removes
the functional group containing N and opens a benzene ring to
form A1 (m/z = 453). Then, the outer branch is removed, and
the benzene ring on the second outer side opens to form A2
(m/z = 365), followed by the formation of A3 (m/z = 141) in
the same carbocycle cleavage reaction. In Pathway 2, TC loses
a methyl group, yielding product B1 (m/z = 431), which
remove one amide group and hydroxyl group to form B2 (m/z
= 358). After carbocycle cleavage reaction, B2 changed into

intermediates formed in

Fe (111)

Reduction Milling

FeS,@AC

Fe (II)

\
\

\\

Mechanochemical Ball

B3 (m/z = 208). Additionally, intermediates A3 and B3 are
subject to attack by side chains and rings, leading to gradual
decomposition into smaller molecules, including T1 (m/z =
143), T2 (m/z = 147), T3 (m/z=115) and T4 (m/z = 74). These
intermediates can be subsequently decomposed into smaller
molecules such as CO; and H>O.

The toxicity estimation software tool (T.E.S.T.) was
adopted to evaluate the toxicity of TC and its’ intermediate
products. As shown in Fig. 9b, “Fathead minnow LC 50 (96
h)” is the concentration of a chemical substance that causes 50%
of fat headed fish to die within 96 h. The smaller the value, the
stronger the toxicity. The concentrations of the intermediates
of A3 (26.79 mg/L), B32 (42.17 mg/L), T1 (244.00 mg/L), T2
(1720.21 mg/L), T3 (119.98 mg/L), and T4 (206.36 mg/L)
were all higher than that of TC (0.90 mg/L), indicating that the
intermediates have reduced toxicity. Bioconcentration Factor
(BCF) is a key indicator used in toxicology to measure the
ability of chemicals to accumulate in organisms. Fig. 9c
indicates that the intermediates A1, A2, B1, T1, and T2 have a
lower bioaccumulation potential compared to TC. In
toxicology analysis, mutagenicity refers to the ability of
chemical substances, physical factors, or biological factors to
cause permanent changes in the genetic material of an
organism, and the intermediates B3, T1, T2, T3 and T4 have
reduced mutagenicity compared to TC, Fig. 9d. The
developmental toxicity of intermediates A1 (0.67), A2 (0.78),
A3 (0.71), B2 (0.77), B3 (0.68), T2 (0.73), T3 (0.74), and T4
(0.77) were also lower than that of TC (0.86). T1 with the
value of 0.26 is developmental non-toxicant (Fig. 9¢). In
summary, while the initial degradation of TC may generate
intermediates with higher toxicity, these compounds are
ultimately transformed into less harmful products and
completely mineralized into innocuous substances like CO»
and H2O.

This technology is easy to operate, suitable for mechanized
operation, and reduces labor costs. The ball milling time is
only 6 h, which is much shorter than the duration and energy

N

| Activation
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Fig. 8: Schematic diagram of persulfate activation by FeS;@AC to generate sulfate radical and degrade TC.
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consumption of the hydrothermal method.The cost of treating
tetracycline per ton of water is approximately $11.8, and the
next step is to use primary ore to further reduce the cost. For
large-scale production, it is recommended to optimize the
continuous ball milling process from two aspects: firstly, by
adjusting the ball to material ratio, rotation speed, and nitrogen
protection parameters, the oxidation of intermediate products
can be reduced, while avoiding particle agglomeration caused
by excessive grinding; The second is to develop a continuous
flow reaction system that combines ball milling preparation
with activated degradation processes to improve processing
efficiency and further reduce the cost of large-scale
applications.

Engineered Science Publisher

4. Conclusion

This work successfully prepared FeS@AC nanoscale
composites via mechanochemical ball milling of pyrite and
activated carbon. The composites effectively activated
persulfate (PS) to generate sulfate radicals (SO4") and
hydroxyl radicals (-OH), with SO4" being the dominant
species for tetracycline hydrochloride (TC) degradation.
Orthogonal experiments were conducted to identify the
optimal conditions, and the activation time were found to be
the most important key factor. At concentrations of 50 mg/L
and 100 mg/L of TC, degradation efficiencies of 87.28% and
85.62% were achieved, respectively. Experimental data and
density functional theory (DFT) calculations indicate that Fe?*
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is the main catalytic site, and S mainly promotes the cycling
of Fe between different valence states during the reaction
process, eliminating the necessity of adding any reducing
agents. The degradation mechanism and the toxicity of the
intermediates were also analyzed. This work provides insights
into TC degradation intermediates and demonstrates feasible
strategies for engineering environmental remediation. The
limitation of this work is that the use of pure chemical reagents
increased the cost. Next, we will investigate the activation
ability of primary ores towards persulfate.
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