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Abstract

In response to the increasingly severe antibiotic pollution in water bodies, this study developed a new
type of magnetic nano cobalt @ nano zero valent iron that is easy to prepare and inexpensive( nCo@nZVI
) Composite materials. The magnetic sheet-like nZVI was prepared using a rheological phase inversion
method, followed by the synthesis of nCo@nZVI through liquid-phase reduction. The material's physical
and chemical properties, along with its structure, were meticulously characterized through the utilization
of various techniques, including BET, FESEM, XRD, HRTEM, EDS, XPS, and FTIR. Batch experiments were
conducted to evaluate the adsorption-degradation mechanism of TC by the material in the Fenton
system, and to investigate the effects of factors such as temperature, pH value, and initial TC ion
concentration on removal efficiency. The results indicated that under conditions of pH 7 and temperature
of 20°C, the nCo@nZVI material could reduce the TC concentration in wastewater from an initial 20mg/L
to trace levels within 120 minutes. Adsorption kinetics and isotherm analysis revealed that the
adsorption process of TC by nCo@nZzZVI followed a pseudo-second-order kinetic model and Langmuir
isotherm model, indicating predominantly chemical adsorption with an adsorption capacity of
25.33mg/g. Thermodynamic studies have shown that the adsorption of TC by nCo@nZVI occurs
spontaneously. Furthermore, the nCo@nZzVI composite material is environmentally friendly and cost-
effective. It has the advantages of being recyclable and reusable under external magnetic fields, showing
great potential in the remediation of antibiotic contaminated sites, and this method has guiding
significance for the recovery of cobalt containing wastewater.

1. Introduction

Emerging contaminants, including pharmaceuticals and personal care products (PPCPs), are
increasingly being detected in the natural environment. These contaminants are challenging to degrade
and often exhibit a "pseudo-persistent” state in water bodies, posing significant threats to ecosystems
and human health!"l. Antibiotics, being among the most widely used drugs in healthcare, experienced a
dramatic rise in global consumption during the COVID-19 pandemicl?. Once these antibiotics enter living
organisms, approximately 30—-90% are excreted into the environment, further exacerbating
environmental and health risks!l. Tetracycline antibiotics, in particular, are relatively stable in acidic
conditions and resistant to oxidation in the environment, but they become unstable under extreme pH
conditions, leading to low volatility and poor degradation of byproducts!¥. Therefore, effectively
remediating antibiotic-contaminated water and soil while ensuring the safety of crops and human health
has become an urgent and critical challenge. Developing cost-effective methods to prevent the
infiltration of tetracycline residues into everyday life is now more necessary than everl®,

In the treatment of tetracycline antibiotics, commonly used methods include adsorption!®]
biodegradationm, and advanced oxidation processes (AOPs) (8] Among these, chemical methods are
employed to treat pollutants by applying chemical principles, with techniques such as photocatalysis,
Fenton oxidation, ozone oxidation, and chemical coagulation commonly used to remove antibiotics from
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water. Fenton oxidation, in particular, often works synergistically with other AOPsll. AOPs generate
highly reactive free radicals, such as hydroxyl radicals (-OH) and sulfate radicals (SO, *), via the
utilization of light radiation, electric current, high temperature and pressure, or the presence of catalysts.
These free radicals react with persistent pollutants, ultimately breaking them down into low-toxicity or
non-toxic small molecules!'% 11, Compared to other advanced oxidation processes, AOPs are particularly
favored for their simplicity, rapid reaction rates, and ability to produce flocculation.

In recent years, engineered magnetic nanoparticles have been extensively applied in the fields of
wastewater treatment and environmental remediation. The synthesis of nanoscale zero-valent iron
(nZVI) encompasses a variety of methods, including chemical reduction using sodium borohydride
(NaBH,) as the reductant, electrochemical reduction, carbothermal reduction, green synthesis, and
ultrasound-assisted synthesis. However, these methods often encounter challenges such as high raw
material costs, toxic or explosive by-products, hazardous operating procedures, and high energy
consumption“ 2.13] Therefore, the primary goal in developing new nZVI production methods is to reduce
production costs and facilitate the broader application of nZVI in practical settings. Similarly, in the field
of nanomaterials, cobalt-iron alloys, like nZVI, have shown significant potential across various domains
due to their unique physical and chemical properties, despite the challenges they facel',

Cobalt-iron alloys possess unique soft magnetic properties, including high saturation magnetization,
high Curie temperature, low coercivity, high magnetic permeability, and low magnetocrystalline
anisotropy constant. As a critical magnetic nanomaterial, cobalt-iron alloys have been widely utilized in
strategic fields such as aerospace generators, computer read-write heads, micro-electromechanical
systems (MEMS), magnetic keys, and the automotive industry!'> 6. Due to quantum size effects, these
materials also show great potential in applications related to magnetism, catalysis, and electromagnetic
wave absorptionl'”- 8] Yang et al.'% investigated the adsorption of nitrate nitrogen in water using cobalt-
iron layered bimetallic biochar. Their results showed that the material has a significant adsorption
capacity for nitrate nitrogen, with an adsorption rate of 88.52 mg/g. The adsorption kinetics followed a
pseudo-second-order kinetic model, and the isotherm data aligned with the Langmuir isotherm model.
The adsorption mechanism involved ion exchange, ligand exchange, electrostatic attraction, and
hydrogen bonding. This material exhibited strong affinity for nitrate nitrogen in water bodies containing
various coexisting anions, highlighting its potential for practical applications.Ming et al. [Zo]developed
cobalt-iron nitride/alloy nanosheets (CoFe-NA/NF) on foam nickel using a simple three-step method.
These nanosheets acted as bifunctional catalysts for both the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), offering a novel approach to designing bifunctional catalysts for overall
water splitting. Additionally, Xie et al. [21] created carbon nanofibers (Fe/Co-CNFs) with a rough surface
and uniformly distributed iron/cobalt alloy nanoparticles. Their research demonstrated that Fe/Co-CNFs
have a large specific surface area and numerous active sites, enabling the complete electrocatalytic
degradation of tetracycline into COll and water. This finding provides a new material for the
environmental remediation of water bodies contaminated with antibiotics.
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This study investigates an economical and facile approach for the removal of tetracycline from aqueous
solutions using rod-shaped nCo@nZVI composite materials. In this work, FeCli-4HKO served as the
primary precursor, while sodium hydrosulfite(Na,S,0,), an inexpensive reducing agent, was utilized to
synthesize magnetic sheet-like nZVI materials via a rheological phase reaction. These materials were
subsequently reduced to produce the nCo@nZVI composite. Comprehensive characterization of the
material's physicochemical properties and microstructure was conducted using a range of techniques,
including FESEM, EDS, HRTEM, XRD, XPS, BET, and FTIR. The study further explored the influence of
tetracycline concentration, temperature, and pH on the removal efficiency of tetracycline. The findings
suggest that nCo@nZVI nanomaterials demonstrate a remarkable efficiency in eliminating tetracycline
ions from water. Additionally, the adsorption characteristics of the nCo@nzZVI composite towards
tetracycline, as well as the adsorption and degradation mechanisms within a Fenton system, were
examined in detail. The objective was to identify a cost-effective and efficient method for the treatment
of tetracycline-contaminated wastewater. This research not only addresses the pressing issue of
tetracycline pollution and the reutilization of agricultural waste resources but also provides significant
insights with potential applications in environmental pollution mitigation.

2. Experimental
2.1. Chemicals and regents

Tetrahydrate ferrous chloride (FeCl,-4H,0), sodium chloride (NaCl), cobalt chloride (CoCl,), hydrochloric
acid (HCI), tetracycline (C,,H,4,N,0g), sodium hydroxide (NaOH), high-purity nitrogen gas (99% purity)
sodium hydrosulfite (Na,S,0,). All chemicals used are analytical grade, purchased from Shanghai
McLean Biochemical Technology Co., Ltd., and prepared into the required solution using deionized water.

2.2 Experimental Methods
2.2.1 Preparation nCo@nZVI Nanomaterial methods

The first step is the preparation of nZVI material. Thoroughly mix NaOH and Na,S,0, in a 1:1 mass ratio

to obtain a solid mixture. During the mixing process, avoid contact with moisture and control the
humidity and temperature in the glove box to prevent sodium hydroxide from absorbing water. Transfer
the mixture to a beaker, seal it for storage, and place it in a nitrogen-rich glove box for later use.

The experiment for preparing nZVI material was conducted in a glove box under N, protection. During all
processes involving FeCl,-4H,0, strict anaerobic conditions must be maintained to prevent the oxidation
of Fe(ll) to Fe(lll). Weigh an appropriate amount of FeCl,-4H,0 in the glove box and thoroughly mix it with
the solid mixture in the beaker. The mixed reactants were placed in an ice bath, and an appropriate
amount of deionized water was slowly added using a spray bottle while stirring was intensified until the
reactants entered the rheological phase and the chemical reaction commenced. After maintaining
continuous stirring for a certain period, stirring was ceased and the reactants were allowed to cool
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naturally to room temperature. Following the completion of the reaction, the cooled reaction product was
filtered under a nitrogen atmosphere and washed repeatedly with oxygen-free distilled water and
anhydrous ethanol to isolate the prepared nZVI particles. Subsequently, the supernatant was removed by
centrifugation, and ultrasonic cleaning was performed until the solution reached a neutral pH. Finally, the
nZVI material was obtained after vacuum drying.

Step 2: Synthesis of nCo@nZVI nanometer material. First, add 100 mL of deionized water to a three-
necked flask and allow nitrogen to flow for 30 minutes. Next, add a specific amount of hexahydrate
cobalt chloride (CoCl,-6H,0) and stir mechanically for 10 minutes to ensure full dissolution. Then, add
100 mg of elemental nZVI, synthesized according to the first step, to the mixed solution. Gradually heat
the mixture to 55°C and maintain this temperature for 2 hours to ensure that the cobalt salt is fully
reduced by the nZVI. The entire process should be carried out under nitrogen protection with continuous
mechanical stirring. Finally, collect the precipitate by centrifugation and wash it several times with
deionized water and ethanol, respectively. The washed material was placed in a vacuum drying oven and
subjected to drying for 24 hours to obtain the nCo@nZVI nanomaterial. The detailed synthesis process
flowchart for nCo@nZVI nanomaterials is shown in Fig. 1.

2.2.2 Experimental method for tetracycline removal

First, dissolve a specific amount of tetracycline (TC) in deionized water to prepare an original solution
with a concentration of 100 mg/L. Gradually dilute this stock solution according to the experimental
conditions. Transfer 100 mL of the diluted solution into a 250 mL Erlenmeyer flask. Place the flask in a
constant temperature shaker set to 20°C and a speed of 200 rpm, then add a specified amount of
nCo@nZVI nanometer material. At regular intervals, withdraw samples, filter them through a 0.22 ym
filter membrane, and analyze the concentration using a UV-visible spectrophotometer. Perform two
parallel experiments to account for potential errors. The removal amount (Qt) and removal rate (1) of TC
by the materials are calculated using the following formulas:

\VarvecQ, ,,pve; = (\varvecCy — \varvecC\ . ..,) X \varvecV/\varvecrn

\varvecn = (\varvecC|, — \varvecC\, ..;)/\varvecC, x 100%

5

In the equation, \varvecC’0 represents the initial concentration (mg/mL) of TC at time t =0,
\VarvecC\VarveCt represents the concentration (mg/mL) of TC at time t, V represents the volume (L) of

the solution, and m represents the amount (mg) of the material added.

2.2.3 TC detection method
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This article employs a UV-visible spectrophotometer to determine the concentration of tetracycline (TC)
in the filtrate. Prepare TC solutions with concentrations of 0 ~ 20 mg/L. Transfer 3 mL of each solution
into small brown bottles. Using water as a reference, measure the absorbance (A) at a wavelength of 357
nm with the UV-visible spectrophotometer. The standard curve for TC is shown in Fig. 2(a), with the
equation y = 0.29367x-0.03171 and R? = 0.9935, where y represents absorbance and x denotes the initial
concentration. The concentration of TC in the samples can be determined from this standard curve.

3. Results and discussion
3.1 Characterization of Materials

3.1.1 XRD, HRTEM, and FESEM characterization analysis

Figure 2 (b) shows nCo@nZVI XRD patterns of nanomaterials. As illustrated in the figure, the diffraction

peaks of 20 at 44.67 °, 65.02°, and 82.33° correspond to a-Fe 221 1y addition, diffraction peaks of
CoFe,0, appeared at 26 of 18.31°,30.55°, 35.86°, 43.76°, and 62.15°. This indicates that the main

reaction products of the experiment are CoFe,0, and a-Fe [23],

The morphological characteristics of nCo@nZVI nanocomposites were observed using field emission
scanning electron microscopy (FESEM). Figure 3(a) shows that nZVI particles form a sheet-like structure
with significantly reduced aggregation, while CoFe, 0 exhibits a radial morphology. Upon further
magnification, the nCo@nZzZVI nanocomposite materials display distinct rod-like structures, with lengths
ranging from 100 to 2000 nanometers and thicknesses less than 100 nanometers. Figures 3(c-f) present
the energy dispersive spectroscopy (EDS) results of the boxed area in Fig. 1. Additionally, the
transmission electron microscopy (TEM) line scan images of the nanosheets in Figs. 3(k) and 3(l) reveal
that the main elements of the nanosheets are Fe, Co, S, and O. SEM testing at different magnifications
confirmed the material's morphology, uniformity, microstructure, and particle size. The results indicate
that the nanorods have a solid structure, smooth surface, and uniform size, exhibiting the characteristics
of hexagonal prism-shaped nanorods 24,

Further observation using high-resolution transmission electron microscopy (HRTEM) is shown in

Fig. 3(h), where TEM images of some nanosheets reveal dark mottled structures within a single
nanosheet. Figures 3(l) and 3(i) provide detailed views of the crystal structure in these bright and dark
regions. At higher resolution, the lattice spacing in the dark regions is 0.20267 nm, corresponding to the
body-centered cubic (110) plane of a-Fe. The interplanar spacing in the light-colored regions is 0.25310
nm and 0.2099 nm, corresponding to the (311) and (400) crystal planes of the CoFe,0, phase,
respectively. These measurements are consistent with the results from XRD analysis. Additionally, the
selected area electron diffraction (SAED) image of the material in Fig. 3(i) shows distinct continuous
diffraction rings corresponding to the (311), (222), and (440) crystal planes, further aligning with the XRD

analysis results 251 From this, it is evident that the reaction product is a composite nanosheet
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composed of sheet-like a-Fe and rod-shaped CoFe,0,, which can be referred to as nCo@nzVI
nanocomposite materials.

3.1.2 BET and FTIR characterization analysis

The adsorption performance of nCo@nZVI nanomaterials is significantly governed by their specific
surface area and pore size distribution characteristics. To this end, the present study employed N,
adsorption-desorption analysis to characterize the specific surface area and pore structure of nCo@nZzZVI
nanomaterials. As depicted in Fig. 4(a), the material exhibits a typical Type IV isotherm, revealing its
mesoporous lamellar structure, which encompasses narrow slit-like pores along with some hollow and
microporous regions. A pronounced hysteresis loop is observed within the P/P, range of 0.6 to 1.0,
attributed to capillary condensation, further confirming the typical characteristics of a Type IV isotherm
261 Moreover, the nCo@nZVI nanomaterial demonstrates a high specific surface area of 42.0122 m?/g.

Figure 3(b) displays the FTIR spectroscopy analysis results of nCo@nZVI nanomaterials. In the
spectrum, the absorption peaks at 1630 cmi' and 3400 cmi* correspond to the bending vibration mode
of water molecules H-O-H and the stretching vibration of surface hydroxyl groups (-OH), respectively [27]
indicating the occurrence of hydroxylation on the surface of nCo@nZzVI. According to reports in literature
[28,29] metal oxide surfaces are covered with hydroxyl groups, which exhibit different forms as the pH
value changes. Therefore, the surface charge state of nCo@nZVI nanomaterials in aqueous solution will
fluctuate with pH values. Additionally, the peak to the right of 500 cml{" in the spectrum is associated
with the stretching vibration of Fe-S within the nCo@nZVI nanomateriall®® 37l During the synthesis
process of the material, these functional groups can effectively capture Fe(Il) from the solution,
facilitating the loading of nanoscale zerovalent iron.

3.1.3 X-ray Photoelectron Spectroscopy (XPS)
characterization analysis

XPS was utilized for qualitative analysis of the elemental composition based on the characteristic
spectral lines observed in the energy spectrum of nCo@nZV!I. Figure 4(c) presents the XPS survey
spectrum of the nCo@nZVI nanomaterials, with binding energy peaks corresponding to S 2p, O 1s, Fe 2p,
and Co 2p, respectively, from low to high energies, further confirming the coexistence of iron and cobalt
in these nanomaterials. In Fig. 4(d), the characteristic peaks at 708.9 eV and 719.7 eV are attributed to
Fe(0), while those at 710.1 eV and 724.5 eV represent Fe(ll), indicating that Fe(ll) and Fe(0) are the
primary iron species in the nanomaterials. On the surface of the core-shell structure, iron primarily exists
in the forms of Fe(ll) and Fe(lll), whereas in the core region 32 it is mainly present as Fe(ll) and Fe(0).
Based on these observations, it is hypothesized that the nCo@nZVI nanomaterials may possess a
core@shell structural feature with Fe(0) concentrated in the core region 331, This finding aligns with
previous research indicating that the outer oxide layer of nZVI is primarily composed of FeOOHIFeOla/y-

Fe,05, and Fe304[34]. Consistent with the conclusions of other researchers, the present study also points
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out that the oxide surface of nZVl is composed of specific components. Specifically, Fe 2p spin-orbit
split peaks were observed at energies of 706.8 eV and 723.5 eV, attributed to the photoelectron
contributions of Fe(lll), Fe(ll), and Fe(0). During Ar* sputtering, although the signal of Fe(0) increased
slightly, the magnitude of this enhancement was modest, suggesting that a-Fe is not widely dispersed or
precipitated within the Fe;0, matrix.

In Fig. 4(e), the distinct spectral peak at Co 2p3/2 (781.2 eV) corresponds to Co(ll), indicating that cobalt
exists in the form of CoO or Co(OH) in the nCo@nZVI nanomaterials [3%. The peak at 786.8 eV is
identified as the satellite peak of Co(ll) [36], Additionally, in cobalt iron hydroxide, the Co 2p1/2 peak
(796.6 eV) shifts towards lower energy, suggesting that the dominant layer formed on the surface of the
nCo@nZVI nanomaterials may enhance their reactivity. Furthermore, during the synthesis process, some
sulfur is oxidized to form sulfur oxides. In summary, the surface shell of nCo@nZVI nanocomposites is
primarily composed of sulfur oxides with a small amount of iron (hydrogen) oxides.

Figure 3(f) shows the O 1s peak splitting results for nCo@nZVI nanomaterials. In the fine spectrum, the
peaks at 530.18 eV, 532.47 eV, and 533.60 eV correspond to lattice oxygen (Fe-O, Co-0), chemisorbed
oxygen, and surface-adsorbed oxygen, respectively. The presence of lattice oxygen confirms the
formation of metal oxides following carbonization treatment. Chemisorbed oxygen refers mainly to Ol or
Og_ adsorbed on the surface of metal oxides, which have high activity and a fast migration rate, aiding

in the acceleration of the material's electron transfer process 371 Surface-adsorbed oxygen mainly
includes oxygen vacancies on the material's surface, as well as oxygen or oxygen-containing substances

(such as HIO), whose presence can influence the material's catalytic performance [38l,

3.2 Effects of Initial TC Concentration

At pH 7 and a temperature of 20°C, the effect of different initial concentrations of tetracycline (TC) on the
removal efficiency was studied using nCo@nZVI nanomaterials at a dosage of 1 g/L. The experimental
results indicate that when the initial concentration of TC is low, nCo@nZVI nanomaterials effectively
remove TC from wastewater. Especially when treating simulated wastewater samples with an initial TC
concentration of 20 mg/L, the nCo@nZVI nanomaterials were able to effectively reduce the TC
concentration to trace levels within approximately 120 minutes, achieving a removal efficiency close to
100%. This outcome suggests that under the specified conditions, the nanomaterials offered abundant
active sites for TC molecules to occupy. However, as the initial TC concentration increased to 50 mg/L,
the removal efficiency gradually declined to 48.67% 3. This may be attributed to the limited number of
binding sites on the surface of the nCo@nZVI nanomaterials, which constrained the effective adsorption
and removal of TC molecules from the solution, thereby resulting in a decrease in removal efficiency. In
view of this, for high-concentration wastewater treatment scenarios, considering an increase in the
dosage of nCo@nZVI nanomaterials or the introduction of other treatment methods may become
effective strategies to enhance removal efficiency.
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The experimental results also showed that nCo@nZVI nanomaterials can efficiently remove TC from
aqueous solutions, with the four control groups with different initial concentrations almost reaching
equilibrium simultaneously at around 120 min. This indicates that nCo@nZVI nanomaterials have a
strong ability to remove TC. When removing low-concentration simulated wastewater, nCo@nZVI
nanomaterials exhibit extremely high processing efficiency, overcoming the challenges faced by
traditional methods such as adsorption, membrane separation techniques, ozone oxidation, and
photocatalytic oxidation in removing low-concentration TC 01,

3.3 The influence of initial pH value.

Due to the multiple ionizing functional groups of tetracycline, the pH value of the solution significantly
affects the number of charges carried by its molecules and their forms of existence. The pH value of the
solution has a significant impact on the removal of TC. Tetracycline molecules are multifunctional
amphiphilic molecules, and their surface charge is closely related to the pH value of the solution: when
pH > 7.7, tetracycline molecules carry a negative charge; when 3.3 < pH < 7.7, tetracycline molecules
carry both negative and positive charges; and when pH < 3.3, tetracycline molecules carry a positive
charge 411 Therefore, this experiment investigated the effects of pH values of 5, 7, 8, and 11 on the
removal efficiency of TC by nCo@nZVI nanomaterials. The other experimental conditions are a
temperature of 20 °C, an initial TC concentration of 30 mg/L, and a nCo@nZVI hanomaterial dosage of 1
g/L.

The experimental results indicate that at low initial concentrations, nCo@nZVI nanomaterials exhibit high
adsorption rates across a wide pH range. When the initial pH of the solution is 7, the TC removal rate
reaches 81.01% after 120 minutes of adsorption. However, as the pH gradually increased to 11, the
removal rate ultimately decreased to 46.33%, showing that the removal efficiency of TC gradually
decreases, which is consistent with the typical characteristics of the Fenton reaction?. The lower the
pH value, the less likely it is for a passivation layer to form on the Fell surface, leading to a faster
corrosion rate and a large amount of iron ions dissolving out of the solution[*3l. At pH = 3, iron ions may
undergo coordination reactions with tetracycline, leading to tetracycline polymerization and precipitation,
accompanied by the adsorption and reduction effects of nCo@nZVI nanomaterials, resulting in a fast
reaction rate.

When the initial pH value increases to 8 and 11, tetracycline exists in the form of an anion, while nano
iron carries a negative charge on its surface at pH > 8, which is not conducive to the adsorption of TC by
nCo@nZVI nanomaterialsi?l. As the pH value increases, iron ions will also be converted into Fe(OH)5 or

Co(OH), precipitates, covering the surface of nCo@nZVI nanomaterials and hindering the further

progress of reactions. Therefore, at higher pH values, the removal efficiency of TC is poort#4.

3.4 The Influence of Temperature
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At a pH value of 7 and an initial TC concentration of 30 mg/L, the effect of temperature on the adsorption
process of TC was studied using nCo@nZVI nanomaterials at a dosage of 1 g/L. The ambient
temperatures during adsorption were varied (293.15 K, 313.15 K, 333.15 K). Figure 7 shows the
characteristics of the adsorption process at different temperatures. It can be seen from the graph that as
the temperature increases, the removal rate of TC by nCo@nZVI nanomaterials also increases. Although
the removal rate of TC in the coupled system does not change significantly with the increase in reaction
temperature, higher temperatures can accelerate the reaction process of TC. When the temperature
increased from 293.15 K to 333.15 K, the removal rate of TC increased from 81.01-90.69% after about
120 min of adsorption.

In the low-temperature region (< 333.15 K), heating will intensify the diffusion process of oxygen, thereby
accelerating the corrosion of nCo@nZVI nanomaterials, which increases the surface area and the
number of active sites of the adsorbent. Additionally, an increase in temperature will increase the
number of activated molecules, making it easier for TC to migrate from the solution to the surface of the
adsorbent, accelerating the adsorption process and enhancing the accessibility of active sites on the
surface of nCo@nZVI nanomaterials [46]. After 120 min of reaction, the removal rate of tetracycline by the
coupled system was above 80%, indicating that the coupled system can adapt to a wide temperature
range, which is of great significance for practical engineering applications.

3.5 Reaction Kinetics
3.5.1 Quasi First and Second-Order Kinetic Models

To gain insights into the removal process and mechanism of TC (tetracycline) adsorption by nCo@nZVI,
linear fitting of adsorption kinetic data was conducted using both pseudo-first-order and pseudo-second-
order kinetic models. The experiments were based on varying initial concentrations of TC (20 mg/L, 30
mg/L, 40 mg/L, and 50 mg/L), and these kinetic models were applied to fit the experimental data,
simulating the TC removal process at multiple time points (5, 10, 20, 30, 60, 120, and 240 minutes).

Figure 8 visually presents the linear fitting results of the pseudo-first-order and pseudo-second-order
kinetic models for the TC removal process. Upon comparison, it was found that the correlation

coefficient of the pseudo-second-order kinetic model (R,2 = 0.99787) was higher than that of the pseudo-

first-order kinetic model (R, = 0.98095), indicating that the adsorption process conforms better to the
pseudo-second-order kinetic model, suggesting that the adsorption of TC by nCo@nZzZVI is primarily
chemical in nature. Generally, the pseudo-first-order equation is primarily used to describe the initial
stage of adsorption, whereas the pseudo-second-order equation encompasses more complex
adsorption processes such as liquid film diffusion, surface adsorption, intraparticle diffusion, and
electron sharing or transfer. Therefore, the pseudo-second-order kinetic model provides a more
reasonable explanation for the adsorption process of TC by nCo@nZVI, which is also the general kinetic
law for the removal of TC by nanoscale zero-valent iron composites.
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Furthermore, the experiments observed that as the initial concentration of TC increased, the removal rate
accelerated, and the time required to reach equilibrium decreased. This suggests that rate-controlling
steps may play a pivotal role in the adsorption process 33,471 |n chemical adsorption, the adsorption
capacity is directly proportional to the number of active sites on the adsorbent surface; thus, as the initial
pollutant concentration increases, the kinetic characteristics of removal also change [48] The kinetic
parameters obtained through linear regression analysis are shown in Table 1, revealing that higher initial
concentrations result in higher ultimate adsorption capacities (qg).

Table 1
Kinetic parameters obtained by linear regression analysis
Heavy metal ion Initial concentration/(mg/L) 4 J(mgg™ ) R
20 20 0.98338
TC 30 24.30253 0.98273
40 25.02158 0.99247
50 25.33313 0.99787

3.5.2 Internal diffusion model

To elucidate the roles of boundary layer diffusion (external mass transfer) and intraparticle diffusion
(internal surface diffusion) in the adsorption mechanism, an intraparticle diffusion model analysis was
conducted on the kinetic data. If intraparticle diffusion is the sole rate-controlling step, the fitted line
would pass through the origin. Otherwise, boundary layer diffusion partially controls the adsorption

process!9 [50]

Figure 9 presents the linear fitting results of the intraparticle diffusion model for the TC removal process
at 20°C. The adsorption process of TC is nonlinear throughout the entire time range, indicating that
multiple processes influence the adsorption. No distinct diffusion stage was observed in the three
experiments, suggesting that under the experimental conditions, the adsorption of TC on nCo@nZVI
nanomaterials is likely dominated by surface adsorption. The first stage (l) is attributed to surface
diffusion resulting from surface complexation and instantaneous electron transfer. In the second stage
(1), as the concentration of metal ions decreases, the internal transfer of TC from the boundary to the
cores of nCo@nZVI nanomaterials becomes relatively slow. The final stage (lll) is a slow and stable
equilibrium process, possibly due to increased cation repulsion[51] 52 However, the overall TC removal
curve is not linear, indicating that intraparticle diffusion is only a secondary rate-limiting step, with other

mechanisms such as surface mass transfer or degradation likely also playing a rolel53l.

3.6 Reaction Thermodynamics

Thermodynamic parameters play a pivotal role in assessing the feasibility of adsorption processes. In
this study, Van't Hoff plots of Ink; versus 1/T were constructed to thoroughly investigate the energy
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conversion and spontaneous reaction characteristics involved in the binding process between
nCo@nZVI nanomaterials and TC, through the analysis of entropy change (AS%), enthalpy change (AHP),
and standard free energy change (AGY). As clearly illustrated in Fig. 10, all Van't Hoff plots exhibited

good linear correlations. Based on this linear relationship, precise values of AHand AS° were accurately
calculated using the results of linear fitting.

The fitted AHO value was positive, which is attributed to the endothermic nature of the chemical
adsorption process occurring between nCo@nZVI nanomaterials and TC [54] consistent with
experimentally observed phenomena. In other words, as the adsorption ambient temperature increases,
the removal efficiency of TC is enhanced.

From the relevant data tables, it can be observed that the calculated AGO values were all negative and
further decreased with increasing temperature. This trend not only confirms the promotion of adsorption
reactions by elevated temperatures but also validates the practical feasibility of the removal process,
clearly indicating that the adsorption process is spontaneous.

The positive ASY value to some extent reveals structural changes between the adsorbate (TC) and
adsorbent (hnCo@nZVI nanomaterials), indicating that the adsorption process leads to an increase in the
disorder and randomness of the system, i.e., the adsorption proceeds in the direction of entropy
increase. This change may suggest the occurrence of some chemical interaction between TC and
nCo@nZVI nanomaterials, further highlighting the strong affinity of nCo@nZVI nanomaterials for TC [50],
Additionally, the positive AS° value typically implies the possible release of solvent molecules (such as
H,0) during the adsorption of tetracycline molecules onto the surface of nCo@nZVI nanomaterials.
These released solvent molecules enter the solution phase, increasing the entropy of the entire system,
which also partially explains the positive AHO value, indicating that this adsorption process is
endothermic and requires the absorption of heat to maintain the reaction [551, Notably, the relationship |
AHO| < |T+AS°| shown in the data further indicates that entropy effects dominate over enthalpy effects in
this adsorption process. Therefore, it can be concluded that this adsorption process is primarily
controlled by entropy.

Table 2
Thermodynamic fitting results of TC adsorption by nCo@nZVI

Pollutant  T/K ASY/(J/mol/K)  AHY/(KJ/mol)  AG®/(KJ/mol)

TC 293.15 88.3057 22.975 -2.804
313.15 -4.923
333.15 -6.305

3.7 Adsorption Isotherm
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The adsorption process is usually described using Langmuir and Freundlich isotherms to characterize
the interaction between the adsorbent and the adsorbate. In this study, data were obtained from the
equilibrium results of the kinetic study, and a chart was plotted at 20°C to show the adsorption capacity
of TC and the corresponding adsorption equilibrium concentration, resulting in an adsorption isotherm.
Subsequently, these data were applied to Langmuir and Freundlich models, as shown in Fig. 11.

By using the Langmuir model, we can determine the maximum adsorption capacity q,,,,, of nCo@nZVI
nanomaterials for different concentrations of TC, which is 25.33313 mg/g. The experimental data and
the fitting results of the Langmuir model have a higher

2 N .
\varvecL\varveca\varvecn\varvecg\varvecm\varvecu\varveci\varvecr ~ 0.99268 compared to the Freundlich
2 _
model R\varvecF\varvecr\varvece\varvecu\varvecn\varvecd\varvecl\varveci\varvecc\varvech - 094444’

indicating that the interaction between nCo@nZVI nanomaterials and TC is primarily chemical
adsorption!®l. The adsorption process aligns more closely with the Langmuir model's assumption of
single-layer and uniform adsorption. In other words, the adsorbent surface has equal binding energy, and
there is no interaction between the adsorbates, resulting in TC being fixed on the surface of nCo@nzVI
nanomaterials in a monolayer form.

3.8 nCo@nZVI Removing tetracycline mechanism

Based on previous experimental results, this article proposes a plausible mechanism for the removal of
tetracycline (TC), as illustrated in Fig. 12. The mechanism involves the following steps: First, TC is
adsorbed onto the surface of nCo@nZzVI through electrostatic interactions. Second, due to the presence
of active groups such as -OH and -NH, in TC molecules, and the unsaturated metal sites on nCo@nZVI,
TC interacts with the adsorbent via ion exchange. Additionally, nCo@nZVI can activate HXOK to trigger
Fenton-like reactions (see equations (1) and (2)), further degrading TC.

Upon introduction of nCo@nZVI into the TC solution, TC adheres to the surface of the material through
electrostatic and functional group interactions. Being a nanoscale material with a large specific surface
area, nCo@nZzZVI effectively adsorbs TC, and the nZVl in its core-shell structure facilitates further TC
removal through its reducing effect. Hydroxyl radicals (-OH), the primary reactive oxygen species (ROS),
are generated through two main pathways: Fe? in the system activates H,0, to produce -OH, and nZVI
on the material surface directly reacts with H,0, to generate -OH (see Eq. (3)) 571 Consequently, Fe?,
Fe?*, and Fe3* in the system are efficiently cycled. Replacing Fe2ll with nCo@nZV! in traditional Fenton
reactions promotes Fe2ll cycling with reduced toxicity. In the nCo@nZVI-catalyzed Fenton-like reaction,
H,0, activation promotes the interconversion of iron in different valence states, reduces the formation of
iron hydroxides, and enhances -OH generation. -OH oxidizes TC, ultimately degrading it into CO, and H,0.
Figure 12 depicts the degradation mechanism of TC in the Fenton-like reaction system catalyzed by

nCo@nZVI nanomaterials [58],

Fe' + 0, +2H" — Fe?’' + H,0,
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Fe' + H,O, + 2H" — Fe?' + 2H,0

Fe’" + H,O, — Fe*" + OH + ¢ OH
3

The TC molecules are primarily oxidized and decomposed through functional group loss and ring-
opening processes, including demethylation, hydroxylation, dehydroxylation, and amide bond cleavage.
These degradation processes were analyzed using liquid chromatography, with the possible pathways
illustrated in Fig. 13. Initially, TC may undergo dehydroxylation to form product (a) (m/z = 427), followed
by ring opening to yield product (c) (m/z = 298), and further degradation through ring-opening oxidation.
Another potential pathway involves the cleavage of TC into 2 N-methyl groups, 2 ammonium groups, and
2 hydroxyl groups, resulting in product (b) (m/z = 330). Due to the weak bond energy of the N-methyl
group, it is prone to cleavage, leading to product (d) (m/z = 270) through further breakdown of hydroxyl
and formyl groups from product (b) [61] As the reaction progresses, the types and quantities of
intermediate products increase, with larger molecules being continuously oxidized and decomposed into
smaller molecules, ultimately resulting in COl and HXO. Additional degradation pathways may produce
various other degradation products.

3.9 Magnetic Separation of nCo@nZVI

Figures 13(b) and (c) illustrate the dispersion effect observed during the shaking of the nCo@nzVI
nanomaterials mixed with tetracycline (TC), as well as the magnetic separation effect achieved by the
application of an external magnetic field on the nCo@nZVI nanomaterials. The research results indicate
that nCo@nZVI nanomaterials have good dispersion in TC solution, likely due to their magnetic
properties. As shown in the figures, after treatment, nCo@nZVI nanomaterials exhibit good magnetism,
making them easy to recycle and process. Furthermore, the utilization of an external magnetic field
significantly accelerates the separation of nCo@nZVI nanomaterials from pollutants, thereby reinforcing
the practical viability of efficiently retrieving nCo@nZVI nanomaterials through magnetic separation

technologyl62.

To achieve the reuse of nCo@nZVI nanomaterials, the following steps were taken to regenerate the
materials after the reaction: first, use the method of wrapping a magnet with cling film to remove the
used nCo@nZVI nanomaterials, then place them in a beaker containing deionized water and stir and
rinse four times. The same method is used to remove the cleaned material, which is then placed in 0.1
mol/L hydrochloric acid to regenerate nCo@nZVI nanomaterials!®3]. According to the results in Fig. 13(a),
at a TC concentration of 20 mg/L, the removal rate of TC gradually decreases with the increase in
regeneration cycles, with the decrease becoming more pronounced. After the fifth regeneration, the
removal rate decreased to 65.87%. In summary, nCo@nZVI nanomaterials, as effective pollutant removal
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agents, have the potential to achieve efficient recovery through magnetic separation technology and are
of great significance for practical applications.

4 Conclusion

This study explores an inexpensive and simple method for preparing magnetic sheet-like materials
nCo@nZVI Nanomaterial materials have been used to solve the problem of antibiotic contamination in
wastewater. This method avoids problems such as the use of expensive reducing agents. By employing
a diverse array of methodologies, the physicochemical properties and intricate fine structure of the
material were meticulously characterized, thereby offering a novel approach for the utilization of cobalt
in wastewater. In the experiment, the influence of various factors on the removal efficiency of
tetracycline was examined, and multiple classical models were used to analyze the removal process.
Through research, the following conclusions have been drawn:

(1) Preparation by rheological phase reaction nCo@nZVI Nanomaterial composite materials, in which
nZVI particles form a single sheet-like structure, and CoFe,0, exhibits a radioactive shape. Upon further
magnification, it was observed that the structure was clearly rod-shaped, with a length ranging from 100
to 2000 nm and a thickness less than 100 nm.

(2) nCo@nZVI nanomaterials are employed for the removal of TC. Experimental results indicate that, at a
pH of 7 and a temperature of 20°C, with the addition of 1 g/L of these nanomaterials, it takes
approximately 120 minutes to reduce the TC content in wastewater with an initial concentration of 20
mg/L to trace levels. While increasing the initial TC concentration results in a decrease in removal
efficiency, it positively impacts the adsorption capacity of the nanomaterials.

(3) During the TC removal process utilizing nCo@nZVI nanomaterials, the kinetics adhere to a pseudo-
second-order model, whereas the adsorption isotherm conforms more closely to the Langmuir model,
suggesting that the process involves chemical adsorption. The adsorption capacity of TC, calculated
using the Langmuir model, reaches 25.33313 mg/g. Thermodynamic analysis indicates that this removal
process is spontaneous. The enrichment of TC by nCo@nZVI nanomaterials is primarily achieved
through an adsorption-degradation mechanism.

(4) Under the condition of a TC concentration of 20 mg/L, the nCo@nZVI nanomaterial maintained a
removal efficiency of 65.87% even after the fifth cycle of regeneration. This indicates that nCo@nZVI not
only demonstrates excellent performance in pollutant removal but also exhibits remarkable stability
during repeated use. More importantly, the material's potential for efficient recovery through magnetic
separation is significant for the recycling of cobalt-containing wastewater, contributing to the
development of a comprehensive circular green recovery system. This feature is expected to reduce
operational costs, enhance resource utilization, and provide a sustainable solution for environmental
remediation.
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Figures

Figure 1
Preparation nCo@nZVI Schematic diagram of nanomaterials
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Figure 2

Standard curve of TC concentration (a), nCo@nZVI XRD pattern (b)
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Figure 3

SEM images (a, b, g) of nCo@nZVI, EDS energy spectrum scanning (c-f), TEM images (h-j), and line

scanning (k-1)
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Figure 5

Variation in removal efficiency of different concentrations of TC during the removal process using
nCo@nZVI
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Figure 6

Influence of Initial pH on the Removal Efficiency of TC by nCo@nZVI
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Figure 7

Impact of Temperature on the Removal Efficiency of TC by nCo@nZVI
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Figure 8

Quasi-secondary kinetic linear fitting results of TC removal process
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Linear Fitting Results of the Intra-particle Diffusion Model for the TC Removal Process
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Figure 10

Van't Hoff plots of the adsorption results of nCo@nzZVI on TC
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Figure 11

Fitting results of Langmuir model (a) and Freundlich model (b) of TC
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Figure 12

Proposed a mechanism diagram for the adsorption and reduction of TC by nCo@nZVI
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Figure 13

Possible Degradation Pathways of nCo@nZzZVI During the TC Removal Process
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Figure 14

Number of Cycles and Removal Rate of nCo@nZVI (a), magnetic separation (b) and (c) in TC solution
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