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KEYWORDS Abstract Utilizing a new microwave-assisted method, CuCoFe,O4@Chitosan (Ch) was synthe-
Green synthesis; sized as a very strong, magnetically separable nano-adsorbent. The magnetic nanohybrid adsorbent
Antibiotic; was characterized by FESEM (Field emission scanning electron microscopy), EDS (energy disper-
Adsorption process; sive X-ray), Mapping & Linescan, BET (Brunauer-Emmett-Teller), FTIR (Fourier-transform infra-
Nano-adsorbent; red spectroscopy), XRD (X-ray diffraction analysis), TGA (Thermogravimetric analysis), and VSM
Chitosan (Vibrating Sample Magnetometer) techniques. Then, the adsorption process of Tetracycline (TC)

was investigated. The highest percentage of pollutant adsorption on the synthetic and real samples
was recorded at an initial concentration of 5 mg/L, pH 3.5, contact time of 20 min, the dose of 0.4 g/
L, and temperature of 25 °C, 93.07 %, and 67%, respectively. The TC adsorption process via the
synthesized magnetic nanocomposite was consistent with the Freundlich isotherm model
(R? = 0.992) and pseudo-second-order kinetic (K, = 0.267). The outcomes of thermodynamic anal-
yses, which included entropy changes (AS = 10.122 J/mol.k), enthalpy changes (AH = —1.975 kJ/
mol), and the Gibbs negative free energy (AG = —4.992 kJ/mol), revealed that the adsorption pro-
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cess was spontaneous, favorable, and exothermic. The good magnetic properties allow easy separa-
tion after the adsorption operation. Finally, the efficiency of the nano-adsorbent in the removal
process was 82.16% after four adsorption—desorption cycles. Some advantages of this research
are a fast and green method for synthesis of adsorbent, fast kinetic, and magnetic properties to easy

separation.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Water is one of the most important factors on the planet since it is
required for the existence of all living organisms, food production, eco-
nomic growth, and public welfare (Javid et al., 2019). In most situa-
tions, it will be difficult to replace it, and its contamination will
bring plenty of issues (Mahdizadeh et al., 2020; Malakootian et al.,
2020c). People’s water needs, on the other hand, will not be satisfied
properly owing to the geographical and temporal distribution of water
on the ground. As a result, one of the most serious human issues is
water scarcity and pollution (Golkarami and Kaviani Rad, 2017;
Singh and Gupta, 2016; Abbasi et al., 2021).

There are two types of water pollutants: natural and man-made.
Industrial, agricultural, and household wastewater are examples of
man-made polluted water resources (Malakootian et al., 2018a;
Malakootian et al., 2019a; Malakootian et al., 2020a). The most varied
contaminants that pollute water resources are produced by industrial
wastewater, the majority of which are hazardous and carcinogenic
(Malakootian et al., 2020a; Nasiri et al., 2022). Pharmaceutical pollu-
tants are a class of industrial pollutants that enter wastewater via the
pharmaceutical industry, home effluents, and hospital effluents, and
then make their way into the environment. There are many different
types of medicinal substances (Aghdasinia et al., 2019; Singh et al.,
2020; Mahdizadeh et al., 2020).

Antibiotics are a class of medicines that are now used to treat infec-
tious illnesses in people and animals caused by bacteria. This class of
medicines accounts for roughly 15% of the overall drug makeup
(Nasiri et al., 2019; Khan et al., 2021). Antibiotic dosages used by peo-
ple and animals are expected to reach the sewage system in the range of
50 to 90% through urine and feces (Malakootian et al., 2019e;
Malakootian et al., 2019d). Antibiotics, due to their complicated struc-
ture, are not biodegradable and accumulate in the environment (Zhao
et al., 2020b; Balarak et al., 2020; Khan et al., 2020).

Tetracycline (TC) is a type of antibiotic with the molecular formula
C,,H,4N>Og, and it is the world’s second most commonly used antibi-
otic due to advantages such as low cost, high antimicrobial activity,
and high effectiveness in the treatment and control of infectious dis-
eases when compared to other antibiotics (Maleky et al., 2022). This
antibiotic is one of the most often used antibiotics in humans and is
used to treat illnesses caused by gram-positive and gram-negative bac-
teria, mycoplasma, fungus (Chlamydia), rickettsia, and parasites. High
tetracycline levels in the body can cause problems with tooth and bone
growth, liver poisoning, nausea, lack of appetite, mouth and throat
sores, headaches, dizziness, and allergies, among other things (Jang
et al., 2018; Gopal et al., 2020a; Zhou et al., 2020; Dai et al., 2020).

Water treatment is used to remove contaminants from water, aid in
environmental preservation, and recycle water to decrease the use of
current water resources, protect resources from pollution and other
harmful causes, and reduce expenses and water consumption in line
with standards (Malakootian et al., 2020c; Nasiri et al., 202la;
Malakootian et al., 2019b; Amiri et al., 2022). Physical methods such
as membrane filtration and reverse osmosis, biological methods such as
aerobic decomposition and activated sludge process, and chemical
methods such as coagulation and flocculation, ion exchange, and
advanced oxidation are all used to treat water today (Zhang et al.,
2019; Malakootian et al., 2019¢c; Seow et al., 2016; Naddafi et al.,
2021; Khoshnamvand et al., 2019b). Each technique has disadvantages

such as high prices, hazardous sludge generation, high power con-
sumption, high maintenance, and operational costs, and limited effi-
ciency (Malakootian et al., 2019b; Javid et al., 2019; Naddafi et al.,
2018; Yaghmaeian et al., 2016; Khoshnamvand et al., 2019a). In con-
trast to the disadvantages noted for the other techniques, the adsor-
bent method has several advantages, including high efficiency,
environmental friendliness, cheap, simple but effective operation, no
secondary pollution, no need for special equipment, no sludge produc-
tion, and the ability to regenerate the adsorbent (Xiong et al., 2018;
Malakootian et al., 2020b; Malakootian et al., 2019d; Altintig et al.,
2022).

The adsorption process is one of the water treatment methods that
use adsorbents to remove pollutants from the aqueous media
(Chavoshani et al., 2018; Fadaei et al., 2017). The properties of the
adsorbent and the characteristics of the treated effluent have an impact
on the adsorption process’ performance (Hashemi et al., 2017,
Jaafarzadeh et al., 2014; Arica et al., 2019). The adsorption method
is now widely utilized in industrial operations to treat a wide range
of wastewaters. This method is also used to treat materials that are dif-
ficult to remove from water or that have a low concentration in the
effluent (Noori Shamsi et al., 2018; Mehdinejad et al., 2018;
Mohammadi et al., 2019; Atesa et al., 2017).

Surface and biological categories of adsorbents are utilized in
adsorption techniques. Activated carbon, single-walled and multi-
walled carbon nanotubes, and graphene oxide are examples of surface
adsorbents, but their application is limited due to their high cost and
complex and time-consuming separation from the reaction media
(Pourzamani et al., 2018; Pourzamani et al., 2017; Sadeghi et al.,
2018; Arica et al., 2017). As a result, nanoparticles such as iron oxides
are employed to overcome these constraints, which, unlike surface
adsorbents, offer benefits such as cost-effectiveness, application at a
wide pH range, heat resistance, and storage (Malakootiana et al.,
2021). Easy to use, high absorption capacity and speed, magnetic field
separation, and regeneration capabilities. Biosorbents, also known as
magnetic nano-sorbents, are adsorbents that include iron oxide
nanoparticles (Hashemzadeh et al., 2018; Fatehi et al, 2018;
Bayramoglu and Arica, 2021).

Iron oxide nanoparticles are powerful adsorbents; however, their
surface area is decreased owing to aggregation and cohesion, lowering
their adsorption effectiveness. Because iron oxides contain a vast vari-
ety of metals that can produce distinct magnetic characteristics and
crystal structures, they are separated into numerous classes
(Malakootian et al., 2019g). Orthoferrite (MFeOs), garnet
(M;Fes01,), hexaferrite (BaFe ;019 and SrFe;,0,9), and ferrite spinels
are the most prevalent categories of known iron oxides so far. Ferrite
spinels have the chemical formula AB,O,4, where A and B are metal
cations in the tetrahedral and octahedral positions, respectively. Diva-
lent cations such as Cu, Zn, Fe, Co, Ni, and Mn are the most frequent
metal cations found in the structure of these iron oxides. Ferrite spi-
nels, on the other hand, are the most extensively utilized ferrites
because of their high magnetic strength, high thermal and chemical
resistance, high surface area, and nanotechnology (Vinosha et al.,
2021; Dutta et al., 2019; Malakootian et al., 2018a).

Cobalt ferrite and its derivatives are among the most commonly
studied ferrite spinels, and this might be owing to the compound’s
great stability in a variety of reaction conditions, cost-effectiveness,
simplicity of separation by an external magnetic field, and ability to
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be reused for several cycles. On the other hand, Cobalt ferrite is a well-
known strong magnetic compound with sturdy magneto-crystalline
inhomogeneity, high coercivity, modest magnetization, high magne-
tostrictive coefficient, high hardness, electrical barrier properties,
impressive chemical stability, mechanical rigidity, and high electrical
resistance with low flux losses. There are several ways for modifying
magnetic nano-sorbents, solving nano-sorbent problems, and maxi-
mizing magnetic adsorbent performance, including the use of organic
ligands (like thiols), polymer bonding (like chitosan), and inorganic
species (like silica) (Malakootian et al., 2018b; Kurian and
Thankachan, 2021; SOUFTI et al., 2021).

Chemically modified polysaccharides have been intensively
researched in the hopes of developing novel biomaterials with unique
physicochemical characteristics for removing contaminants from water
and wastewater. To reduce treatment costs while minimizing the for-
mation of hazardous by-products at the end of the process, eco-
friendly adsorbents (polysaccharides) must be used (Crini, 2005).
Due to the presence of functional groups such as hydroxyl, amino,
or acetamido on their surface, polysaccharides offer distinctive features
such as a unique structure, good chemical stability, strong reactivity,
affinity, and selectivity for pollutants and aromatic compounds
(Mittal et al., 2016).

Chitosan (Ch) is a polysaccharide produced by organisms and
plants. Biodegradability, antibacterial activity, fungal growth inhibi-
tion, non-toxicity, low cost, and high-water solubility are all benefits
of chitosan. Because of its OH and NH, functional groups, chitosan
is employed as an adsorbent modifier in the adsorption process, pre-
venting adsorption buildup and reducing competition for the adsor-
bent’s active site, as well as increasing adsorption efficiency.
Adsorbents containing chitosan offer several benefits, including
reusability, lack of secondary contamination, and high adsorption
capacity (Alizadeh et al., 2017, Wang and Zhuang, 2017).

Various magnetic sorbents, including CTM@Fe;O4 (Ahamad
et al., 2020), MOF-chitosan (Zhao et al., 2020a), Fe;O4-chitosan
(Asgari et al., 2020), CoFe,O4/graphene oxide (Chang et al., 2020),
SiO,@CoFe,04/GO (Santhosh et al., 2017), CoFe,O4/AC (Qiu
et al., 2016), CoFe,O4@vacancy@mSiO; (Lu et al., 2019), CuFe,O4/
activated carbon (Zhang et al., 2011), CoFe;04/CoFe,/AC (Xu
et al., 2014), Chitosan/SiO,/Fe;04/AC (Li et al., 2017), CoFe,O4-
chitosan-graphene (Zhang et al., 2014), MWCNT/CoFe,O,—NH,
(Zhou et al., 2014), CoFe,04-TETA-GO (Sun et al., 2016) have been
produced and employed in the adsorption process thus far.

In this work, CuCoFe,O4@ Ch was synthesized for the first time in
the presence of Ch biopolymer as a new magnetic nano-adsorbent for
TC removal. The advantages of this magnetic nano-adsorbent include
fast, green, and high-efficiency synthesis with microwave-assisted in the

FeCl;.6H,0
CoCl,.6H,0
CuCl,.2H,0
Chitosan

Microwave irradiation
(3 x 5 min at 450 W)

Stir (60 min)

Fig. 1

presence of Ch as a biopolymer, no use of toxic solvents, and surfac-
tants. The presence of Ch during the preparation of CuCoFe,O4@Ch
leads to a larger surface area of the magnetic nanocomposite. Also,
amine and hydroxyl groups in Ch cause the electrostatic attraction
between TC and the adsorbent surface. As a result, a larger number
of TC molecules are placed on the CuCoFe,O4@Ch surface and trig-
ger more interaction for improving the adsorption. Additionally,
Adsorption isotherms, kinetics, and thermodynamics were examined
while optimizing process parameters such as solution pH, initial con-
centration of TC, adsorbent dosage, and contact time. Reusability
and chemical stability of nano-biocomposite were also assessed.

2. Materials and methods

2.1. Chemicals and instrumentation

Cobalt (II) chloride hexahydrate (CoCl,-6H,0), iron (I1I)
chloride hexahydrate (FeCl;-6H,0), copper (II) chloride dihy-
drate (CuCl,-2H,0), chitosan (Ch), sodium hydroxide
(NaOH), and hydrogen chloride (HCI) were furnished by
Sigma Aldrich and Merck companies, and the Tetracycline
was purchased from Darou Pakhsh Pharmaceutical Manufac-
turing Company (Tehran, IRAN). Deionized water was used
to make the experiment solutions. HCl and NaOH (1N) were
used to alter the pH of the solutions, and the pH was measured
using a pH meter (HANNA instruments, pH 212). A UV-vis
spectrophotometer (SHIMADZU, UV-1800) was used to
detect the concentration of TC at a maximum wavelength of
357 nm.

2.2. Preparation of CuCoFe;0 4@ Ch

As shown in Fig. 1, in the presence of chitosan polysaccharide,
copper chloride, cobalt chloride, and iron chloride III salts
were utilized to make magnetic nano-adsorbent. To begin, a
specific stoichiometric ratio (0.5:0.5:2) of copper chloride
(0.85 g), cobalt chloride (1.19 g), and iron chloride III (5.4 g)
salts were dissolved in 100 mL of distilled water, respectively.
Chitosan (1 g) was added to the reaction vessel after the chlo-
ride salts have been dissolved and agitated. The reaction media
was subsequently alkalized using sodium hydroxide (6 gr), and
the process was finished by irradiating the reaction vessel in the
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Schematic of CuCoFe,04@Ch synthesis.
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microwave. A black copper-cobalt ferrite precipitate was
formed. After removing the sediment and rinsing it with water,
it was dried in it for 24 h at 70 °C in the oven (Rajabi et al.,
2022; Nasiri et al., 2021a; Nasiri et al., 2019).

2.3. Instrument details

XRD, FESEM, EDS-Mapping and Line scan, FTIR, VSM,
BET, and TGA techniques were used to study the structure
of this black precipitate, which operates as a magnetic nano
adsorbent. XRD to determine the magnetic nano-crystal
adsorbent’s structure and phase (PHILIPS PW1730), FESEM
to investigate the structure, composition, and surface structure
of magnetic nano-adsorbents on the nanoscale (TESCAN
MIRA III), EDS-Mapping and Line scan to investigate the
element weight percentages, types, and distributions at the sur-
face of magnetic nano-adsorbent (TESCAN MIRA II, SAMX
Detector), FTIR to investigate chemical bonding in magnetic
nano-adsorbents and determine functional groupings (AVA-
TAR, Thermo), VSM to determine the magnetic properties
of magnetic nano-adsorbent (LBKFB, Kashan Kavir Magnet
Company), BET to determine the size of a magnetic nano
adsorbents specific region (BELSORP MINI II), and TGA
to determine the thermal resistance of nanoparticles (SDT,
Q600) techniques were used to study the structure of the resul-
tant adsorbent. After confirming the magnetic nano adsor-
bent’s physical and chemical structure, it was used to adsorb
TC from an aqueous medium.

2.4. Batch adsorption experiments

pH, adsorbent dosage, initial tetracycline concentration, tem-
perature, and contact time were all examined and adjusted as
factors impacting the adsorption process. Antibiotic concen-
trations of 5, 10, 15, 20, and 30 mg/L were generated from
stock tetracycline solution with 500 mg/L concentration. The
values of 0.2, 0.4, 0.6, 0.8, and 1 g/L were investigated to opti-
mize the adsorbent dosage. The researchers looked at pH
ranges of three to eleven (3.5, 5.5, 7.5, 9.5, and 11.5), contact
durations of 5, 10, 15, 20, 25, and 30 min, and temperatures
of 25, 30, 35, and 40 degrees Celsius. The adsorption efficiency
of tetracycline (Eq. (1)) and the adsorption capacity of the
adsorbent (Eq. (2)) were determined using the formulae below:

Removal Efficiency(%) = GG x 100 (1)
0
_ (Co‘ct)v
Q= M )

Cy and C, (mg/L) indicate TC concentrations before and after
contact time, respectively; Q represents adsorption capacity
(mg/g), V represents sample volume (L), and M represents
adsorbent dosage (g) (Tamaddon et al., 2020).

2.5. Determine of pH._,

Using 50 mL of KCl1 0.1 M solution at six pHs (2, 4, 6, 8, 10,
and 12) and 0.01 g of magnetic nanoparticles, the pH,,. was
measured. Then place ready solutions on the shaker after
24 h and measure the ultimate pH. The resultant curve was
shown as X = starting pH and Y = ApH using the equation

ApH = pHgna-PHinitia. The pH,c is the point on the X-axis
where the curve crosses (Datta et al.,, 2017; Malakootian
et al., 2018b).

3. Results and discussion

3.1. Characterization of the synthesized magnetic nano-
adsorbent

3.1.1. FTIR

The KBr pellet was compared to the FTIR spectra of Ch and
CuCoFe,04@Ch, displayed in Fig. 2, to identify the func-
tional group of the generated nanoparticles. The Ch vibration
absorption bands were the following based on FTIR spectra:
O—H stretching at 3418 cm ™!, C—H symmetric and asymmet-
ric stretching at 2922 and 2862 cm ™', NH primary amine bends
at 1621 cm™!, C—O in the primary alcoholic group at
1383 cm™!, asymmetric stretching of the C—O—C bridge at
1155 ecm™!, C—0O stretching at 1066 and 1028 cm™!, and
—NH, free amino group at 1025 cm™', and C—N stretching
at 860 cm~! (de Carvalho Oliveira et al., 2010; Oliveira
et al., 2015; Rodrigues Filho et al., 2007; Sekiguchi et al.,
2003; Wiercigroch et al., 2017; Fernandes Queiroz et al.,
2015; Varma and Vasudevan, 2020).

Furthermore, the vibration absorption bands for CuCoFe,-
O4@Ch nano-adsorbent were the following based on FTIR
spectra: O—H stretching at 3431 cm~', —CH, stretching at
2923 cm ™!, NH primary amine bends at 1633 cm~!, C—O in
the primary alcoholic group at 1383 cm™', and —NH, free
amino group at 1069 cm™! that the presence of chitosan in
the nano-adsorbent structure is confirmed by these bands.
Also, two confirming absorption peaks of the metal spinel fer-
rite structure were seen at 593 and 417 cm ™', respectively,
showing the metal cation at the octahedral site M.,-O and
the intrinsic stretching vibrations of the metal cation at the
tetrahedral site M,-O that were attributed to CuCoFe,-
0O4@Ch’s distinctive peak ( El-Sayed, 2002; Mallapur et al.,
2009; Waldron, 1955; Fernandes Queiroz et al., 2015; Varma
and Vasudevan, 2020).

3.1.2. FESEM

The morphology, shape, and size of the CuCoFe,O4@Ch pro-
duced were determined using FESEM images. Fig. 3(a-c) show
FESEM images of CuCoFe,O4@Ch generated in the presence
of chitosan as a biopolymer. The inclusion of Ch in the
CuCoFe,O4@Ch structure leads to the development of a
smooth, pseudo spherical, and loosely aggregated magnetic
nano-adsorbent. Fig. 3(d) depicts the particle size distribution.
The average particle size of CuCoFe,O4@Ch is 25-30 nm,
according to the particle size distribution histogram.

3.1.3. EDS, Mapping & Linescan

The purity and chemical structure of the CuCoFe,O4@Ch that
had been generated were assessed using EDS analysis (Fig. 4).
CuCoFe,04@Ch magnetic nano-adsorbent includes 43.23%
0, 25.51% Fe, 14.76% C, 7.28% Co, 4.87% Cu, and
4.34 % N, according to EDS results, which are all within the
expected range.

Mapping is the study of how components are distributed at
a high level of detail. It was used to investigate CuCoFe,O,@-
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Fig. 4 EDS of CuCoFe,04@Ch magnetic nanocomposite.

Ch element dispersion. Cu, Co, Fe, O, N, and C all showed a
homogeneous distribution, suggesting that the synthesized
CuCoFe;0O4@Ch had a high uniformity, as shown in
Fig. 5a. Furthermore, line scan analysis (Fig. 5b) is the inves-
tigation of element concentration changes across various
regions of the CuCoFe,O,@Ch that allowed the Mapping
analysis to be performed.

3.1.4. XRD

XRD analysis was used to investigate the structure, phases,
and crystalline content of CuCoFe,O4@Ch. The total results
are shown in Fig. 6. According to the Joint Committee on
Powder Diffraction Standards (JCPDS 96-591-0064), the
CuCoFe,O4@Ch crystal phase structure and XRD pattern
with diffraction peaks at 20 =~ 30.32°, 35.75°, 43.37°, 53.97°,
57.27°, 62.90°, and 74.40° are indexed to the cubic spinel phase
of CuCoFe,04 (Malakootian et al., 2018b) and 20 ~ 18.34°
with a weak peak associated with chitosan structure (Liu
et al., 2021). There in the ultimate nano-adsorbent structure,
the intensity of the chitosan peak has been decreased but not
obliterated. Because of its involvement in the reaction during
adsorbent production, chitosan’s peak intensity has been
reduced. According to the findings, the CuCoFe,0, crystal
structure was successfully preserved in the composition con-
taining Ch. The average crystallite size of CuCoFe,O4@Ch
was calculated and it was 10.56 nm.

3.1.5. BET

Fig. 7 depicts the CuCoFe,O4@Ch adsorption/desorption iso-
therm, BET-BJH specific surface area, and t-plot (Fig. 7a-d).
The N, adsorption/desorption experiments were used to exam-
ine the BET surface area of CuCoFe,O4@Ch nanocomposite.
The BET equation was used to compute the monolayer volume
of adsorbed gas, which can then be used to calculate the sur-
face area of the adsorbent (Malakootian et al., 2018b). Using
the BET plot, the specific surface area, mean pore diameter,
and total pore volume (p/py = 0.990) of synthesized magnetic

nano-adsorbent were determined to be 79.057 mz/g, 8.704 nm,
and 0.172 cm’/g, respectively. The intensity of the contact
between the sample surface and the adsorptive surface, as well
as the presence or lack of pores, are used to classify adsorption
isotherms. The International Union of Pure and Applied
Chemistry (IUPAC) classifies pores as microporous, meso-
porous, or macroporous. A mesoporous material, according
to the TUPAC, has pores ranging in size from 2 to 50 nm.
Microporous pores have a diameter of fewer than 2 nm, and
macroporous pores have a diameter of more than 50 nm.
The figure shows a Type-1V isotherm with a prominent hys-
teresis loop between both the adsorption and desorption
branches, showing that is CuCoFe,O4@Ch, a mesoporous
material (Ariga et al., 2012).

3.1.6. VSM

As shown in Fig. 8, Saturation magnetization (Ms), residual
magnetization (Mr), and coercive force (Hc) values for
CuCoFe,O4@Ch were 17.49 emu/g, 7.02 emu/g, and 50 Oe,
respectively. These findings show that CuCoFe,O4@Ch has
high magnetic strength. The strong magnetic property of the
CuCoFe,04@Ch magnetic nano-adsorbent assists consider-
ably in the separation of the adsorbent from the reaction med-
ium during the recovery and reuse phases, and it can be
separated quickly using an external magnet.

3.1.7. TGA

To show the importance of adsorbent thermal stability in
industrial applications, a TGA of CuCoFe,O4@Ch was per-
formed in an N, environment with a temperature range of
ambient temperature to 600 °C (20 °C min~'). The thermal
deterioration of CuCoFe,O4@Ch occurred in three stages
(Fig. 9). The first step of mass loss is attributed to adsorbed
water loss in the temperature range of 20-100 °C. The major
decomposition of Ch, which begins at 100 °C and reaches a
maximum rate of 410 °C, is the second stage. The 18% mass
loss in this stage is due to polysaccharide chain breakage,
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Fig. 5

vaporization, and removal of breakdown products (including
dehydration, deamination, deacetylation, breaking of gly-
coside bonds, and pyranose ring-opening) (Ziegler-Borowska
et al., 2015). There was no substantial weight reduction in
the third phase, which lasted from 410 to 600 °C. According
to the data, the adsorbent lost 21.13% (1.096 mg) of its weight
at 600 °C. The CuCoFe,O4@Ch is thermally stable, according
to this finding.

3.2. The impact of effective parameters on the adsorption

3.2.1. Effect of adsorbent dose on TC adsorption

Adsorbent dosages of 0.2, 0.4, 0.6, 0.8, and 1 g/L were inves-
tigated in vitro at a temperature of 25 °C, pH 4, and a TC ini-
tial concentration of 5 mg/L in this work. As shown in Fig. 10,
with increasing the adsorbent dose from 0.2 to 1 g/L, the
removal efficiency of TC increased from 84.2 to 97.4%. As
the efficiency of removal of TC has risen, but efficiency gains
were raised between 0.2 and 0.4 g/L, from 84.2 to 91.2%,
and from 0.4 to 0.6 g/L, the efficiency gains of removal of
TC were around 1%. It is really low and insignificant. As a
consequence, the absorbent dosage that worked best for this

o

Mapping (a), and Line scan (b) of CuCoFe,O4@Ch magnetic nanocomposite.

procedure was 0.4 g/L. The explanation for the increased TC
removal efficiency with increasing the adsorbent dosage might
be because the active sites and contact surface of the adsorbent
with TC increase with increasing the adsorbent dose. Further-
more, even though the quantity of nano-sorbent is increased,
since some TC is adsorbed on the adsorbent, the concentration
of TC in the reaction media is substantially reduced, and as a
response, the TC contact with the nano-sorbent diminishes. As
a consequence, the removal efficiency of TC improves very
slightly (Aslan et al., 2016; Nasiri et al., 2021b). However,
due to the constant concentration and volume of TC solution,
increasing the adsorbent dose causes the active adsorbent sites
to remain unsaturated, and also with increasing the adsorbent
dose, the accumulation of adsorbent in the aqueous solution
increases, and the actual adsorption capacity of the adsorbent
is reduced, lowering the TC removal efficiency (Takdastan
et al., 2016). Guo et al., In a study of tetracycline adsorption,
concluded that increasing the adsorbent dose increases the
adsorption efficiency of tetracycline, but after reaching the best
adsorbent dose, the subsequent dose increase has little effect
on efficiency. The results of this study are very similar to the
results of the present study (Guo et al., 2017).
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Fig. 6 The XRD pattern of CuCoFe,O4@Ch magnetic nanocomposite.

3.2.2. Effect of the initial concentration of TC

Concentration is one of the effective parameters in the adsorp-
tion process that has been investigated in this experiment. In
this study, initial concentrations of 5, 10, 15, 20, and 30 mg/
L were investigated. Fig. 11 depicts the effect of the initial
TC concentration at various periods. According to this figure,
the removal efficiency decreased from 91.19 to 53.68% when
the TC concentration increased from 5 to 30 mg/L. Therefore,
at a concentration of 5 mg/L, it exhibited the maximum
removal efficiency. With a concentration increase from 5 to
30 mg/L, the adsorbent’s adsorption capacity increased from
1.133 to 4.041 mg/g. The low dosage of adsorbent, as a result
of which there was a less active site for TC adsorption on the
adsorbent surface, is one of the causes of the reduction in effi-
ciency with increasing concentration (Takdastan et al., 2016).
On the other hand, TC will saturate the surface of the nano-
sorbent faster at greater concentrations such that additional
TC will no longer be adsorbed on a broad active surface, while
the TC prefers to enter active sites inside the adsorbent. The
adsorption rate of the TC is significantly lower than the surface
sites in these locations, which in turn lowers TC adsorption
efficiency (Ahamad et al., 2020; Gopal et al., 2020b). Debnath
et al. investigated the removal of tetracycline using ZrO,NPs
nano-sorbent and found that the best effectiveness for tetracy-
cline removal occurs at the lowest concentration (Debnath
et al., 2020).

3.2.3. Effect of pH on TC adsorption

In nano-sorbent adsorption, pH is a highly essential element
since it has a major influence on the charge of the nano-
sorbent surface (negative or positive), and hence the optimum

pH for enhancing TC adsorption is a topic. The pH influences
the kind of adsorbent surface charge and the type of adsorbed
charge, which is critical (Ahamad et al., 2020). In this experi-
ment, the effect of pHs of 3.5, 5.5, 7.5, 9.5, and 11.5 on the rate
of TC adsorption by CuCoFe,04@Ch magnetic nano-sorbent
was evaluated. As shown in Fig. 12a, with rising pH from 3.5
to 11.5, the TC uptake efficiency fell from 93.07% to 6.94%
after 20 min. Considering the pH of the experiment and that
the value of pK, for TC at different pHs according to
Fig. 12b is equal to 3.3, 7.69, and 9.69, therefore at pHs
between 3.3 and 7.69, the charge of TC is both positive and
negative (Chen and Huang, 2010). According to the measured
pH_pc of 6.15, the surface charge of the magnetic nano-sorbent
CuCoFe;O4@Ch becomes positive at pHs below pH,,. due to
the presence of positively charged H™ ions, and the surface
charge of the magnetic nano-sorbent CuCoFe,O4@Ch
becomes negative at higher pHs of pH,,. due to negatively
charged OH  ions, therefore at pH 6.15, the electric charge
of the adsorbent is zero, and there is no attraction or repulsion
between the adsorbent and the tetracycline, and only the phys-
ical driving forces are involved in the absorption of the tetra-
cycline (Fig. 12¢) (Ahamad et al., 2020). Due to the effect of
pH on the surface charge of the magnetic nano-sorbent
CuCoFe,O4@Ch and pK, of the antibiotic tetracycline, the
forces of attraction and repulsion between TC and nano-
sorbent are formed, resulting in acidic pHs where the nano-
sorbent charge is positive and the TC charge is positively
and negatively, there is an electrostatic attraction that better
adsorbs TC on the nano-sorbent surface. A repulsive interac-
tion is produced between the TC and the nano-sorbent surface
at alkaline pHs when the nano-sorbent charge is negative and
has the same name as the TC charge. As a result, the adsorp-
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Fig. 8 VSM magnetization curve of CuCoFe,04@Ch magnetic
nano-adsorbent.

tion rate on the nano-sorbent surface drops (Malakootian
et al., 2018b; Nasiri et al., 2021b). Nasiri et al. came to the
same result when looking at the influence of pH on TC absorp-
tion, which decreases as pH rises (Nasiri et al., 2021b).

100, <——————— a
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\? 21.13% Weight
< 90 change
-
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; 85
80 v
75
0 100 200 300 400 500 600

Temperature (°C)

Fig. 9 The TGA pattern of CuCoFe,O,@Ch magnetic
nanocomposite.

3.2.4. Effect of temperature

Fig. 13 shows the findings of the influence of temperature on
the TC adsorption process by CuCoFe,O4@Ch magnetic
nano-sorbent. Temperatures of 25, 30, 35, and 40 °C were
examined in this study. According to the findings, the removal
effectiveness of TC by CuCoFe,O4@Ch magnetic nano-
sorbent fell from 93.07% to 85.31% at 20 min when the tem-
perature was increased from 25 to 40°Celsius. As a conse-
quence, the CuCoFe,O4@Ch magnetic nano adsorbent’s



10

A. Nasiri et al.

Dose of Adsorbent (g/L):
100

90
80
70
60
50
40
30

Removal Efficiency (%)

20
10

o2 Mo4 Mmoo M08 [O1

5 10 15

il

20

Time (min)

Fig. 10 Comparison of removal efficiency at a different adsorbent dose (g/L) (TC concentration 5 mg/L, temperature 25 °C, pH 4).
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optimal temperature for TC removal was 25 °C. Because the
effectiveness of the TC adsorption process decreases with
increasing temperature, it is evident that the removal of TC
from the aqueous medium by this magnetic nano-sorbent
was a spontaneous and exothermic reaction. By contrast, rais-
ing the temperature increased the solubility and mobility of TC
on the adsorbent surface, which led to the dissociation from its
adsorbent and desorbent surfacing. The inactivation or
destruction of certain active adsorbent sites owing to high tem-
perature may be the cause of this instability and increase in TC
mobility at the adsorbent surface (Mohammed and Kareem,
2019; Song et al., 2017). Song et al. conducted a similar inves-
tigation on the adsorption of tetracycline. They also discovered

Comparison of removal efficiency at different TC concentrations (mg/L) (dose of adsorbent 0.4 g/L, temperature 25 °C, pH 4).

that raising the temperature lowered tetracycline adsorption
on the adsorbent surface (Song et al., 2017).

3.2.5. Adsorption isotherm models

The equilibrium adsorption isotherms must be known to build
water and wastewater treatment systems based on the adsorp-
tion process. Three of the most prevalent models of adsorption
processes are the Freundlich, Langmuir, and Temkin iso-
therms. Isotherm studies are used to estimate the number of
pollutants adsorbed per unit weight of adsorbent, which
defines the adsorbent’s adsorption capacity (Malhotra et al.,
2018; Batool et al., 2018). The adsorption of pollutants occurs
as a single layer on the adsorbent surface in the Langmuir iso-
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Fig. 13 Comparison of removal efficiency at different temperatures (TC concentration 5 mg/L, optimized pH 3.5, dose of adsorbent

0.4 g/L).

therm model. In this model, the intermolecular forces diminish
as the distance from the adsorbent surface rises, and each con-
taminating molecule is adsorbed only on one active adsorbent
site; on the other hand, the adsorbent surface in this model is
considered homogenous (Afshin et al., 2021; Moghaddam
et al., 2019). The adsorbent surface is heterogeneous in the
Freundlich isotherm model, and pollutants are adsorbed in
several layers on the adsorbent surface. On the other hand,
the active sites on the adsorbent surface are distributed
unevenly and have various adsorption energies (Meroufel

et al., 2013; Pellicer et al., 2018). Using the equations below,
the Langmuir isotherm (Eq.3) and Freundlich isotherm (Eq.
(4)) were calculated, and their curves are presented in Fig. 14
(a-d).

C. 1 C.

= _ 4 3

Qe QmaxKL Qmax ( )
1

In Q.= <H) InC.+InKy (4)
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Fig. 14 The Langmuir isotherm (a), the Freundlich isotherm (b), Temkin isotherm (c), q. vs. C, (d) variation in UV-vis spectra of TC
with reaction time (e) for the TC adsorption under optimal conditions (pH: 3.5, adsorbent dose: 0.4 g/L, and contact time: 20 min).

C, is the TC equilibrium concentration in the solid phase (mg/ The separation factor or equilibrium parameter R;, which
g) and Q,,. i1s the maximum adsorption (mg/g). K; is the is used to predict whether the studied adsorption system is
Langmuir adsorption equilibrium constant (1/mg), while K, favorable or unfavorable, may be utilized to explain the basic
is the Freundlich constant (mg/g) (L/mg)'™. The adsorption characteristics of the Langmuir isotherm. It was defined using
rate is represented by the constant n (Nassech et al., 2019). Eq. (5).
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1
(I1+K, Cy)

Cy is the TC starting concentration (mg/L), while K is the
Langmuir adsorption equilibrium constant (L/mg). The value
of R; indicates whether adsorption is unfavorable (R; > 1),
linear (R, = 1), favorable (0 < R; < 1), or irreversible
(Ry = 0).

The Temkin isotherm considers the adsorbent-adsorbate
interaction. According to this model, which excludes very
higher and lower concentrations, the adsorption thermal diffu-
sivity of all molecules may decline linearly rather than logarith-
mically. The linear formulation of the Temkin isotherm is
shown in Egs. (6) and (7) (Al-Trawneh et al., 2021).

ge = BTInKT + BTInCe (6)

bT = (RT)/(BT) (7)

The K7 represents the Temkin adsorption potential (L/g),
while the By and by are constants. R and T are the universal
gas constant and temperature, respectively.

According to the results of the study of the Langmuir and
Freundlich isotherms in Table 1, the value of R’ in the Fre-
undlich isotherm is higher than Langmuir, so Freundlich is
the dominant isotherm in the TC adsorption process, which
has a multilayer adsorption mechanism on the heterogeneous
adsorbent surface. Zhang et al. discovered that the tetracycline
adsorption mechanism by the adsorbent fits the Freundlich
isotherm model, indicating that this isotherm is prevalent in
the adsorption process (Zhang et al., 2019).

3.2.6. TC adsorption kinetic study

Three pseudo-first-order, pseudo-second-order Kkinetic, and
Intraparticle diffusion models were used to evaluate the rate
of TC adsorption on CuCoFe,O4@Ch adsorbent under opti-
mum circumstances in kinetic experiments. For kinetic adsorp-
tion studies, a variety of models are employed, but the most
frequent and commonly used are pseudo-first-order and
pseudo-second-order kinetics (Riahi et al., 2017; Yousefi
et al., 2021). Adsorption kinetics study has looked at the rate
of adsorption processes that are used to determine, model,
and conduct processes in the reaction medium (Baghapour
et al., 2014). The pseudo-first-order kinetics (Eq.6) and pseudo-
second-order kinetics (Eq. (7)) were calculated using the equa-
tions below.

The quantity of adsorbate on the adsorbent (mg/g) is pre-
sented by ¢, and ¢,, the time of adsorption (¢), and the pseudo-
first-order adsorption rate constant (I1/min) is represented by
K;. A graph of log (¢.~q,) against ¢ was used to determine
the R’ coefficient and the value of the constant K.

t 1 1

S E 9
q Kiq2 q. ®)

A pseudo-second-order adsorption rate constant is K, (g/
(mg.min)). A graph of t/g, versus ¢ was used to calculate the
speed parameters. The slope and y-intercept of the figure were
used to compute the values of ¢, and K, (Nasseh et al., 2019).

When graphing the molecules adsorbed vs the square root
of the contact period, a straight line is formed, indicating that
intraparticle diffusion is level-limiting in the adsorption pro-
cess. One of the most widely utilized intraparticle diffusion for-
mulas for adsorption processes was developed by Weber and
Morris (1963) (Ofomaja et al., 2020; Weber Jr and Morris,
1963).

g, =ki"’ +C (10)

where k; denotes the intraparticle diffusion rate constant (g/
mg.min) and C denotes the boundary layer influence or surface
adsorption, with the sharper the intercept, the greater the
effect of surface adsorption in the level-limiting phase. When-
ever the kinetic analysis was done utilizing the intraparticle dif-
fusion model, the curve could not cross thru the origin,
indicating that intraparticle diffusion was not the dominant
level-limiting mechanism.

The adsorption process is more closely followed by the
pseudo-second-order kinetic because the values of R? in Table 2
are greater than the pseudo-first-order kinetic. As a result, at a
concentration of 5 mg/L, the best model for the TC adsorption
process was pseudo-second-order kinetic, with R® = 0.993.
Nasiri et al. used the CoFe,04@MC adsorbent to investigate
the adsorption kinetics of tetracycline. They concluded that
the adsorption of tetracyclines follows a pseudo-second-order
kinetic model (Nasiri et al., 2021b). Fig. 14(e) shows the spec-
tra of variations in TC removal over time and under ideal cir-
cumstances (pH: 3.5, adsorbent dose: 0.4 g/L, and contact
time: 20 min). TC has a 357 nm absorption peak. The intensity
of absorption reduced as the TC content dropped.

3.2.7. Thermodynamic evaluation of the TC adsorption process

The impact of temperatures of 25, 30, 35, and 40 degrees Cel-

log(qe — qt) = logge — K11 (8) sius on the tetracycline adsorption process on CuCoFe,O4@-
Ch nano-sorbent under optimum circumstances was studied
Table 1 The Langmuir, Freundlich, and Temkin isotherm parameters (pH: 3.5, adsorbent dose: 0.4 g/L, initial concentration: 5 mg/L,
and temperature: 25 °C).
Adsorbent Freundlich isotherm Langmuir isotherm Temkin
CuCoFe,0,@Ch R? Kd(mg/g) (1/mg)] I/n R? Ry dm (mg/g) K (L/mg) R? B, K, (L/mg)
0.992 1.521 0.352 0.961 0.339 4.484 0.391 0.933  0.775 7.869
0.204
0.146
0.114

0.079
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Table 2 The kinetic parameters (pH: 3.5, adsorbent dose: 0.4 g/L, and contact time: 20 min).

Adsorbent Pseudo-first-order kinetic model Pseudo-second-order kinetic model Intraparticle kinetic model
CuCoFe,0,@Ch R? K, Je R? K, Je R? Kp C (mg/g)
(1/min) (mg/g) (g/mg.min) (mg/g) (mg/g. min~?)
0.902 —0.855 1.127 0.993 0.267 3.936 0.885  0.149 0.394
1.2 .
y=-0.2376x + 1.2175 Table 3 The thermodynamic parameters (pH: 3.5, adsorbent
1 R?=0.9394 dose: 0.4 g/L, initial concentration:5 mg/L and temperature: 25
°Q).
0.8 T (k) AG (kJ/mol) AH (kJ/mol) AS (j/mol.k)
= 06 298 —4.992 —1.975 10.122
] 303 —5.043
= 0.4 308 —5.093
313 —5.144
0.2
0 . . .« .
0.00336 0.00330 0.00325 0.00319 cacy of the adsorption process decreases with rising tempera-

T

Fig. 15 The thermodynamic for the TC adsorption under
optimal conditions (pH:3.5, adsorbent dose:0.4 g/L, initial con-
centration:5 mg/L, and temperature:25 °C).

in thermodynamic experiments. In thermodynamic research,
the three major elements of Gibbs free energy (AG), enthalpy
changes (AH), and entropy changes (AS) were examined. The
thermodynamic curve for TC adsorption is shown in Fig. 15.
To calculate Gibbs free energy changes (AG) (Eq. (8)), stan-
dard enthalpy changes (AH), and standard entropy changes
(AS) (Eq. (9)), the following equations were employed.

AG = —RTlnk, (11)
AS AH

K=o 12

ki =RRT (12)

AG is for Gibbs free energy changes, R refers for 8.314 J/mol/
K universal gas constant, T refers for temperature (K), K,
refers for thermodynamic equilibrium, A4S refers for standard
entropy (kJ/mol), and 4 H refers for standard enthalpy changes
(KJ/mol). After determining the thermodynamic equilibrium
constant for Gibbs free energy at various temperatures, a
graph of /nK,; versus 1/T was produced, and the values of
AS and AH were computed using their slope and origin-
intercept (Nasseh et al., 2019).

Considering the negative values of enthalpy changes
(AH = —1.975 kJ/mol) and positive values of entropy changes
(AS = 10.122 j/mol.k) in Table 3, respectively, show that the
adsorption process is exothermic and the irregularity increases
with increasing temperature, which results in increased motility
of TC molecules in solution disrupts the absorption process.
Gibb’s free energy (AG = —4.992 kJ/mol) indicates that the
TC adsorption process is spontaneous and based on the
results, it was found that the value of Gibb’s free energy
decreases with increasing temperature, so it can be said that
the TC adsorption process by CuCoFe,O4@Ch adsorbent is
spontaneous. It’s a sort of physical adsorption since the effi-

ture. If the chemical adsorption process worked in the
opposite direction, it would be due to chemical adsorption tak-
ing energy, which increases with temperature and perfor-
mance. Physical and chemical adsorption always are there,
however owing to increasing temperatures and decreased effi-
ciency, physical adsorption gains precedence (Bering et al.,
1972; Darwish et al., 2019). Liu et al. found in research on
the adsorption of tetracycline on this adsorbent that the
adsorption process of tetracycline on this adsorbent is a spon-
taneous reaction with negative Gibbs free energy values, and
that the reaction was exothermic owing to the negative amount
of enthalpy changes (Liu et al., 2020).

3.3. Comparison with other adsorbents to TC adsorption

This adsorbent has a high removal efficiency and is more cost-
effective and practical than other adsorbents, as indicated in
Table 4.

3.4. Reusability and chemical stability of CuCoFe,0 4@ Ch

From an economic standpoint, the regeneration research of
synthesized adsorbents is essential. TC adsorption was evalu-
ated using a batch adsorption experiment. The adsorbent
was separated by a magnet and regenerated using EtOH/
H,O in a 1:1 ratio during usage under the following circum-
stances (pH: 3.5, adsorbent dose: 0.4 g/L, starting concentra-
tion: 5 mg/L, and temperature: 25 °C), then rinsed several
times with deionized water and dried in a 70 °C oven. Once
the adsorbent had dried, it was utilized for the next cycle. To
assess the adsorbent’s reusability potential, the adsorption—
desorption method was repeated up to four times under opti-
mum circumstances. Fig. 16a shows that the removal effective-
ness fell from 93.07% to 82.16% after four cycles, however, it
was almost maintained after four cycles. The irreversible occu-
pancy of the active adsorbent sites might explain the decline in
TC removal effectiveness after four cycles of reduction and
reuse (Guo et al., 2017; Nasiri et al., 2021b; Bao et al., 2018;
Mmelesi et al., 2020). After the four cycles, the chemical stabil-
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Table 4 Comparison of CuCoFe,O4@Ch with other adsorbents to TC adsorption.

No. Adsorbent Dose of adsorbent

TC concentration

Contact time Efficiency Ref.

(g/L) (mg/L) (min) ()
1 Fe;0,@SiOy-Chitosan/ 0.4 44.4 480 85.7 (Foroughi et al., 2020)
Graphene oxide
2 ZrO,NPs 1 100 15 92.57 (Debnath et al., 2020)
3 Fe;0,@C 0.5 30 60 73.3 (Soares et al., 2019)
4 LDH 6 60 150 82 (Soori et al., 2016)
5 CHT MPNs 0.5 50 150 78.8 (Raeiatbina and
Acikelb, 2017)
6  MIL-101(Cr) 0.5 100 540 82.9 (Jin et al., 2019)
7 CuCoFe,04@Ch 0.4 5 20 93.07 This work
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Fig. 16 Regeneration (a), FESEM image (b), XRD analysis (c) and VSM (d) of CuCoFe,O4@Ch magnetic nano-adsorbent after four

recycling cycles (pH:3.5, adsorbent dose:0.4 g/L, initial concentration:5 mg/L and temperature:25 °C).

ity of the adsorbent was evaluated using FESEM, XRD, and
VSM techniques (Fig. 16b-d). According to FESEM results,
the adsorbent’s morphological characteristics were retained
after the fourth cycle. After four cycles of usage and regenera-
tion, there was no significant change in the position of 2 Theta
in the XRD analysis pattern, however, the quantity of peak
diffraction intensity decreased somewhat and the adsorbent’s
crystal structure was preserved. The magnetic property of the
adsorbent did not change appreciably after four cycles of use
and regeneration. Ms (16.49 emu/g) and the magnetic property
of CuCoFe,O4@Ch were both reduced somewhat. As a result,
this adsorbent is chemically stable and easy to recover. After
the process in an aqueous medium, the concentrations of Cu
(wavelength 324.8 nm), Co (wavelength 240.7 nm), and Fe

(wavelength 248.3 nm) were determined utilizing an Atomic
Absorption Spectrophotometer (AAS, CTA-3000) to evaluate
the chemical stability of CuCoFe,O4@Ch. The amounts of
Cu: 2 mg L', Fe: 0.4 mg L™, and Co: below the detection
limit of AAS were obtained using this instrument, indicating
that this nano-adsorbent has adequate chemical stability.

3.5. Adsorption mechanism

The adsorption mechanism of TC by the CuCoFe,O,@Ch
magnetic adsorbent is shown in Fig. 17a, and the comparative
FTIR of CuCoFe,O4@Ch before and after TC adsorption is
shown in Fig. 17b.
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Fig. 17 Adsorption mechanism (a), FTIR of CuCoFe,O4@Ch before and after TC adsorption (b).

The FTIR spectra, though, indicate modest changes due to
the TC’s surface binding. The peak intensity of the functional
groups O—H stretching at 3431 cm™!, CH, stretching at
2923 cm™!, NH primary amine bends at 1633 cm™!, C—O in
the primary alcoholic group at 1383 cm™!, and NH, free
amino group at 1069 cm~' lowered as a consequence of the
FTIR analysis, and these functional groups shifted toward
lower wavelengths of the O—H stretching vibration band at
3429 cm™!', NH primary amine bends at 1622 cm™!, and
NH, free amino group at 1065 cm ™', indicating that they were
engaged in the tetracycline adsorption mechanism. These
changes, together with the results of desorption experiments,
led to the conclusion that the CuCoFe,O,@Ch surfaces’
hydroxyl and etheric sites are involved in TC sequestration,
resulting in the formation of inner-sphere surface complexes.

Furthermore, at ideal conditions, the efficiency of
CuCoFe,04@Ch and CuCoFe,O4 for TC adsorption was
evaluated (Fig. 18a). CuCoFe,O4,@Ch and CuCoFe,O4
achieved removal performance of 93.07 % and 76 %, respec-
tively, according to the results. CuCoFe,O4@Ch had a much
higher removal efficiency than CuCoFe,O4 after 20 min.
FESEM images of CuCoFe,O4@Ch and CuCoFe,0, are also
shown in Fig. 18 b-c. CuCoFe,04 was synthesized without Ch.
The CuCoFe,O4 sample has more aggregated than the
CuCoFe,04@Ch synthesized sample. CuCoFe,04@Ch parti-
cles synthesized with Ch aggregated significantly less than
CuCoFe,04 nanoparticles synthesized without Ch, according
to FESEM images. This observation might be explained in
one of two ways. The existence of Ch during the production
of CuCoFe,O4@Ch, which has a larger surface area than
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Fig. 18 The performance comparison of CuCoFe,O4@Ch and CuCoFe,O4 under optimal conditions for adsorption of TC (TC
concentration = 5 mg/L, pH = 3.5, adsorbent dose = 0.4 g/L, and temperature = 25 °C) (a), FESEM images of CuCoFe,O4@Ch (b)

and CuCoFe,0y4 (¢).

CuCoFe,0,4, might be the initial reason. The magnetic nano-
adsorbent surface area is enhanced, leading to a large adsor-
bent surface area contacting TC and an improved TC adsorp-
tion efficiency. Hydroxyl (OH) and amine (NH,) groups of Ch
also produce electrostatic contact between TC and CuCoFe,-
0O4@Ch surface. As a consequence, a greater number of TC
molecules are deposited on the adsorbent’s surface, resulting
in increased interaction and improved adsorption properties.

3.6. Investigation of process efficiency on real wastewater

In this work, a novel magnetic nanocomposite adsorbent
CuCoFe,04@Ch was used to remove TC from a real sample,
and the removal efficiency of TC was compared to the removal
efficiency of TC from a synthetic sample. The real sample was
collected from the Kerman University of Medical Sciences’
wastewater treatment facility, and the physical and chemical
properties of this wastewater are presented in Table 5.

To assess the method on a real sample, the sample was
spiked with 5 mg/L of TC and the sample parameters were
modified to the optimal on a synthetic sample. After the pro-
cedure, the sample is centrifuged to remove turbidity from
the real wastewater and measure the TC concentration in the

Table 5 Characteristics of real wastewater collected from
Kerman University of Medical Sciences.

Parameter Amount
BODs 8 mg/L
COD 26.1 mg/L
TSS 78 mg/L
TDS 1194 mg/L
TKN 1.82 mg/L
Phosphate 38.38 mg/L
Nitrate 1.4 mg/L
Sulfate 134.5 mg/L
pH 7.38

TC 5 mg/L

sample. Under optimal conditions (pH 3.5, TC concentration
5 mg/L and adsorbent dosage 0.4 g/L, contact duration
20 min, and temperature 25 °C), the removal efficiency of
TC from the real sample was roughly equivalent to 67%, sug-
gesting high removal efficiency of TC from the real sample by
this absorbent. While, in the synthetic sample, the removal
effectiveness of TC was equivalent to 93.07%. The removal
effectiveness of TC in the real sample of wastewater was lower
than that of the synthetic sample, according to the findings.
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This loss in efficiency can be achieved owing to the existence of
soluble organic and ionic matter in the real wastewater sample,
simultaneous adsorption on the adsorbent surface of compet-
itive pollutants, the complex wastewater matrix, and competi-
tion for compounds adsorption such as organic suspended
material, the sulfate anions and other chemical compounds
(Okoli and Ofomaja, 2019; Dolatabadi et al., 2020). On the
other hand, smaller molecules are most likely to bind to the
adsorbent surface groups, filling the active sites on the
nanocomposite surface and lowering the TC adsorption capac-
ity of the surface (Malakootian et al., 2019f). Malakootian
et al. investigated the removal of metronidazole using the
CoFe,04/Activated Carbon@Chitosan adsorbent and found
that the removal efficiency of metronidazole in a real sample
is lower than in a synthetic sample (Malakootian et al., 2019f).

4. Conclusion

CuCoFe,;04@Ch magnetic nanocomposite was produced for the first
time in this work and utilized as a magnetic nanocomposite to remove
TC. Chitosan enhanced the adsorbent’s structural characteristics and
efficiency. The influence of four key variables on TC adsorption by
CuCoFe,04@Ch magnetic nanocomposite, including pH, starting
TC concentration, adsorbent dose, and temperature, was also investi-
gated and improved. According to the data, the best TC removal effec-
tiveness was 93.07% under ideal circumstances (TC initial
concentration 5 mg/L, pH 3.5, adsorbent dose 0.4 g/L, and tempera-
ture 25 °C). Under ideal circumstances, the CuCoFe,O4@ Ch magnetic
nanocomposite could adsorb 67% of TC from real wastewater. The
adsorbent still exhibits a removal efficiency of about 82.16% after four
cycles of use and recovery, which is adequate. The TC adsorption pro-
cess in this adsorbent is governed by the Freundlich isotherm and
pseudo-second-order kinetics. This process is exothermic, which implies
that the efficiency of TC removal decreases as the temperature rises.
According to the findings, the CuCoFe,04@Ch magnetic nanocom-
posite has a high potential for adsorbing TC from both synthetic
and real wastewater. The environmental importance of nano-
adsorbent interactions should be the focus of future research. There
is a need to look at a wide range of microorganism species, change
the emphasis to more ecologically relevant exposure conditions, and
establish a thorough perspective of antibiotic exposure and ecological
processes, and food supply. Understanding the potential for antibiotic
trophic transmission is crucial to achieving this.
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