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ABSTRACT

Tetracycline (TC) is a new eco toxic antibiotic, which is easy to cause bacterial drug resistance.
Considering this, tetracycline in water needs to be removed. In this paper, a Cu/Mn/Ce oxide
composite were prepared by a simple coprecipitation method and used as a new and efficient
adsorbent to remove tetracycline from water. The morphology and microstructure of the adsor-
bent were characterized by scanning electron microscopy, energy-dispersive X-ray spectroscopy,
Fourier-transform infrared spectroscopy, X-ray photoelectron spectroscopy, Brunauer-Emmett-
Teller, X-ray diffraction and zeta potential. The effects of adsorption isotherm, kinetics, molar
ratio, initial concentration and pH value of TC solution were studied. The results show that the
adsorption capacity towards TC solution is the highest when the molar ratio of Cu/Mn/Ce is 1:1:3,
according to the Langmuir isotherm model. The maximum adsorption capacity is 344.83 mg/g.
The maximum removal rate is 99.97% at pH =7, and the adsorption kinetics conforms to the qua-
si-second-order model. The adsorption capacity of Cu/Mn/Ce is basically unchanged after three
cycles, and the removal rate is still as high as 91%.
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1. Introduction

In recent years, with the continuous progress of science
and technology and the development of industry, more and
more pollutants are involved. It is found that the pollution
of antibiotics is gradually increasing in the detection of
water pollutants in recent years. Although the use of anti-
biotics in medicine has saved many lives, long-term use
will lead to certain drug resistance [1,2]. Tetracycline anti-
biotics are often used as veterinary drugs or animal food
additives. They are the most commonly used antibiotics
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at present. However, due to the universal application of
antibiotics, they have had a series of effects on the living
environment of human beings [3]. Because tetracycline
antibiotics do some harm to human body, it is necessary
to study the methods to remove tetracycline antibiotics
from polluted water [4]. The most commonly used strat-
egies are physical and chemical methods. In recent years,
it is found that the methods used to remove antibiotics
mainly include the following: photocatalytic degradation
[5,6], oxidative degradation [7], electrochemical oxidative
degradation [8], membrane separation technology [9], and
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adsorption degradation [10]. Among them, adsorption
degradation has attracted broad attention because of its
low cost, environmental friendliness, simple and conve-
nient operation process and wide range of raw materials
of adsorbent [11]. Some adsorbents have been developed
and used to remove antibiotics in the field include metal
organic framework [12,13], activated carbon [14,15], natu-
ral clay minerals [16,17], engineering nanomaterials [18],
etc. However, these materials are not suitable for large-
scale water treatment. From the perspective of economy
and practicality, we need to study an adsorbent with low
cost, simple and easy production method and high effi-
ciency for adsorption and degradation [19,20]. Although
precious metals have high activity, they are expensive
and vulnerable to the influence of intermediate products,
which will reduce the efficiency of adsorbents. Therefore,
such metals are generally not selected. Therefore, we must
consider whether they are economical and feasible when
selecting adsorbent raw materials [21]. A series of results
show that the catalysts loaded with transition metal oxides
such as copper, manganese and cerium have good reus-
ability [22,23]. Copper is very common in daily life, and
the price is cheaper than other metal elements. At the same
time, cerium is also a good raw material for catalyst [24].
There are many manganese elements in natural water [25].
Therefore, it is a good choice to synthesize these three
elements to prepare an economical and efficient adsor-
bent for removing tetracycline antibiotics in water.

In this paper, a simple coprecipitation method was used
to prepare Cu/Mn/Ce oxide as an adsorbent. The adsorp-
tion kinetics and adsorption isotherm of the adsorbent
were studied. The adsorbent was characterized by scanning
electron microscope, X-ray diffraction, Fourier-transform
infrared spectroscopy, zeta potential and energy spectrum
analysis. In addition, through batch test, the influence of
pH on the adsorption performance was studied, the opti-
mal pH value was determined, and the influence of adsor-
bent dosage on the whole experiment was studied when
the concentration and volume of tetracycline solution
were determined.

2. Experimental
2.1. Reagents and instruments

The main reagents used in the experiment are directly
used without further purification. The chemicals con-
tain copper nitrate trihydrate (Cu(NO,),-3H,0), ceria solid
(Ce0,), manganese acetate tetrahydrate Mn(CH,COO),-4H,0,
anhydrous ethanol, which were analytically pure from
Xilong Scientific Co., Ltd., (China). Deionized water was
prepared by FST-TOP-A24 super pure water equipment by
Shanghai Fushite Instrument Equipment Co., Ltd., (China).

The X-ray diffraction (XRD) patterns of the adsorbents
were performed on a D/Max IIIA X-ray Diffractometer
(Rigaku Co., Japan), using Cu Ka (A, , = 1.5418 A) as the
radiation source in the range of 5°-80°. Scanning electron
microscopy (SEM) was performed on Zeiss Auriga micro-
scope. The energy-dispersive X-ray spectrum (EDS) was
performed on a Zeiss Auriga microscope equipped with an
Oxford Inca X-Max 50 detector. The Fourier-transform infra-
red spectroscopy (FTIR) of the adsorbents before and after

adsorption were recorded with a Nexus 870 FTIR spectrom-
eter in the range of 4,000-400 cm™. The X-ray photoelectron
spectra (XPS) were recorded on a Thermo ESCALAB250Xi
spectrometer with an excitation source of monochroma-
tized Al Ka (hv =1,486.6 eV) and a pass energy of 30 eV. The
Brunauer-Emmett-Teller (BET) surface area was also mea-
sured. The wavelength change of the adsorbent was recor-
ded in the range of 190-900 cm™ using a UV-2600i UV-Vis
spectrophotometer, Shimadzu (China) Co., Ltd.

2.2. Preparation of adsorbent

Cu/Mn/Ce oxide (CMC) composite with a molar ratio of
1:1:3 was prepared by a coprecipitation method. The prepa-
ration method is described as follows, Cu (NO,),-3H,0, Mn
(CH,CO0),4H,0 and CeO, solids with Cu/Mn/Ce molar
ratio of 1:1:3 were dissolved in distilled water, and the pH
value was adjusted to 9.0 with Na,CO, solution. The solu-
tion was aged for 4 h. The precipitate was washed sev-
eral times with deionized water, and the precipitate was
dried and calcined to obtain the final experimental mate-
rial. Meanwhile, CMC with molar ratios of 1:1:1 and 1:1:2
were prepared according to the above methods.

2.3. Batch adsorption experiments

The tetracycline antibiotics were used as antibiotics
in our study. Tetracycline was simulated with different
concentrations of tetracycline solution. Three materials
with different molar ratios were added with 15 mg adsor-
bent into 100 mL and 20 mg/L tetracycline (TC) solution
for batch adsorption research. The whole experiment
was conducted in a constant temperature oscillation box
with shading, and the rotating speed was 160 rpm. After
waiting for adsorption equilibrium, a certain amount of
supernatant was taken to measure the absorbance value
at the absorption wavelength of 357 nm with UV-Vis. The
effects of adsorbent dosage and initial pH of TC solution
on the experiment were studied by the same experimen-
tal method, and its kinetics and isotherm were studied
and the results were analyzed.

The adsorption capacity and removal rate were calcu-
lated by Egs. (1) and (2), respectively.
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where C; and C, represent the initial and equilibrium tet-
racycline concentrations (mg/L), V (mL) represents the vol-
ume of the solution, and m (g) represents the amount of
adsorbent.

2.4. Adsorption kinetics

In order to further analyze the adsorption kinetics, lin-
ear and nonlinear adsorption kinetic models are used to
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describe the experimental data. The use of nonlinear mod-
els is to reduce the error caused by the conversion of non-
linear models to linear models [26-28].

The linear equations of the two dynamic models are as
follows:

kt
log(q —a)=logqg — —a_ 3
0g(q. —q,)=logy, 5303 ®)
1,1 @)
9, kg, q,

where g, and g, (mg/g) are the amount of TC adsorbed at
equilibrium and at any time, respectively; t (min) is the
adsorption time; k, (min™) and k, (g/(mg min)) are the
rate constants of pseudo-first-order reaction and pseudo-
second-order reaction respectively, the corresponding
adsorption kinetics parameters are listed in Table 1.

In order to better understand the adsorption behavior
of TC on adsorbent, the effect of contact time on TC adsorp-
tion by CMC was studied. As shown in Fig. 1a, with the
extension of the contact time in the initial stage, the adsorp-
tion capacity increases significantly, and then increases
slowly. The adsorption was in the equilibrium stage after
540 min, and reached the maximum adsorption capacity
within 720 min. The rapid adsorption of TC at the begin-
ning of the reaction is attributed to the existence of a large
number of unoccupied adsorption sites on the adsorbent
surface, which enables TC to interact rapidly [29]. When the
active functional sites are gradually occupied, the adsorp-
tion process becomes slow and reaches equilibrium. It can
be seen from Fig. 1b, ¢ and Table 1 that compared with
the pseudo-first-order kinetic model, the pseudo-second-

Table 1

order kinetic model (R? = 0.993) better fits the kinetic char-
acteristics of TC, and it can be judged that the adsorption
process of CMC on TC is mainly dominated by chemical
adsorption. According to the calculation results of the pseu-
do-second-order kinetic model, the maximum adsorption
capacity of CMC for TC is 136.054 mg/g, which is very close
to the experimental value of 132.894 mg/g when the initial
TC concentration is 20 mg/L. Adsorption time of 720 min
was selected for further experiments to ensure adsorption
equilibrium.

2.5. Adsorption isotherm

Freundlich and Langmuir models were used to verify
the accurate mechanism of the adsorption process and cal-
culate the adsorption capacity [30-32]. In order to study the
adsorption properties, Freundlich and Langmuir models
and linear equations were used.

The two linear model equations are as follows:

Zeote ®)
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where C, (mg/L) is the TC concentration after equilib-
rium adsorption; g, (mg/g) is the amount of TC removed
per weight of adsorbent after equilibrium; g (mg/g) is
the maximum adsorption capacity calculated according to
Langmuir equation; K, (L/mg) is Langmuir adsorption con-
stant; K, (mg/g) is Freundlich adsorption constant; 1/n is a
heterogeneous factor.

Pseudo-first-order and pseudo-second-order kinetic parameters of TC adsorption by CMC
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Fig. 1. (a) Kinetic data of TC adsorption by CMC, (b) pseudo-first-order kinetic curve, and (c) pseudo-second-order kinetic curve.
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Fig. 2 shows the fitting of Langmuir and Freundlich iso-
therm models to experimental data [33,34], and the corre-
sponding isotherm model parameters are listed in Table 2.
It can be seen that Langmuir model can better fit the exper-
imental data because of its high coefficient (R? = 0.996).
In addition, the maximum adsorption capacity fitted by
Langmuir model is 344.83 mg/g, which is almost consistent
with the 344.27 mg/g measured when the initial TC con-
centration is 100 mg/L. The results show that the adsorp-
tion towards TC can be described by Langmuir isotherm
model, indicating that the adsorption of CMC adsorbent
to TC belongs to uniform monolayer adsorption [35]. The
experimental results show that the CMC adsorbent has
a good adsorption performance for TC. In addition, the
comparison on the adsorption capacity with some other
adsorbents is shown in Table 3.

3. Results and discussions
3.1. Sample characterization

SEM images contain information about the surface mor-
phology, and the particle size and high pore structure of
the samples [41]. Therefore, the surface morphology of the
synthetic materials was characterized by SEM. As shown
in Fig. 3a, the prepared adsorbent is spherical particles, the
surface of the sphere is not smooth, and a large number of
irregular nanoparticles gather on it. It can be speculated that
these nanoparticles may be the basic unit to form a spher-
ical structure, and some spheres form “gourd” aggregates
through fusion. Fig. 3b shows the morphology and struc-
ture of the adsorbent after adsorption. TC is adsorbed in the

gap and surface of the adsorbent particles, indicating that
the adsorbent material has good adsorption effect.

Fig. 3c shows the elemental dispersive spectrum of CMC.
The energy dispersive analysis shows that there are some
manganese, copper and cerium in the composite. The larg-
est proportion belongs to oxygen, indicating that there are
a large number of oxygen-containing functional groups in
the composites.

BET analysis was used to determine the physicochem-
ical properties of CMC, including specific surface area,
pore diameter and pore volume. Fig. 4a shows the adsorp-
tion and desorption isotherm s of CMC, the specific surface
area of CMC is 24.1980 m?/g, and the adsorption isotherm
belongs to type IIl. The amount of adsorbed gas increases
with the increase of component pressure. When the rela-
tive pressure reaches 1, the adsorption capacity is far from
saturated, indicating that there are pores in the adsor-
bent. According to the BET results, the pore volume is
0.1317 cm®/g. The average pore diameter is 21.8691 nm,
indicating that the CMC is mesoporous.

The phase composition and crystal structure of Cu/
Mn/Ce adsorbents prepared with different molar ratios
were determined by XRD analysis. The obtained spectra
are shown in Fig. 5a. The main diffraction peaks at 28.55°,
33.08°,47.49°, 56.34°, 59.09°, 69.42°, 76.71°, 79.08°, 88.43°, cor-
respond to (111), (200), (220), (311), (222), (400), (331), (420)
and (422) planes, respectively. The diffraction peaks in the
XRD patterns of adsorbents with different Cu/Mn/Ce molar
ratios are basically the same. When the molar ratio of Cu/
Mn/Ce is 1:1:1, there are weak double diffraction peaks at
26 = 35.50° and 38.73°. It indicates the existence of CuO
(JCPDS, No. 80-1916). When the molar ratio of adsorbent
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Fig. 2. (a) Isotherms of TC adsorbed by CMC, (b) and (c) linear fitting curves of Langmuir model and Freundlich model of TC
adsorbed by CMC, respectively.

Table 2
Isotherm model parameters of TC adsorbed by CMC

Isotherm model

Langmuir [Q _ i 4 1 J Freundlich (lnqg = llnCL, +In KF]
n

e o KX
Parameters K, (L/mg) q... (mg/g) R? R, n K, R?
Value 0.831 344.828 0.996 0.057 9.433 211.511 0.987
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Table 3

Comparison of adsorption capacity of different adsorbents
Adsorbents Temperature (°C) pH .. (Mg/g) Reference
Clay-biochar composites - 7-8 26 [36]
Magnetic biochar 25 3-11 42.31 [37]
MIL-88A grown in-situ on graphitic carbon nitride (g-C,N,) - 7 154.51 [38]
Mn(II)-coated mesoporous silica nanoparticles 25 - 229 [39]
Organic framework derived porous carbon 25 - 285 [40]
CMC nanoparticles 25 7 344.83 Present work

Fig. 3. (a) SEM image of before adsorption CMC nanoparticles, (b)
and (c) EDS image of adsorbent with CMC.
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Cu/Mn/Ce is 1:1:3, only clear CeO, structure diffraction
peaks can be seen in the XRD spectrum, and no diffraction
peaks related to metal copper, manganese and their oxides
can be found, indicating that copper and manganese ele-
ments enter the ceria lattice to form a solid solution or
exist on the surface of the adsorbent in a highly dispersed
form.

The zeta potential of the adsorbent was measured, as
shown in Fig. 5b. It is found that the zero potential (pH ),
that is, the pH at which the surface charge of the material
becomes zero is 7.58. At this point, the number of posi-
tively charged sites is equal to the number of negatively
charged sites. The surface of the material is positively
charged below pH  and can better interact with TC solution
under acidic and neutral conditions.

3.2. Adsorptive property
3.2.1. Effect of molar ratio

The experimental results of the effect of adsorbent
ratio on adsorption performance are shown in Fig. 6a.
The adsorbent prepared under the condition of Cu/Mn/
Ce molar ratio of 1:1:3 has better adsorption capacity
than other ratios. This is ascribed to the main form in the
composite oxide becomes CeO, due to the increase of Ce
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content, which makes Mn and Cu highly dispersed, form-
ing more amorphous active centers to improve the adsorp-
tion capacity [42]. After continuously increasing the ratio
of cerium content to more than 1:1:3, it was found that
the adsorption capacity decreased during the experiment,
then more cerium accumulated to form larger particles in
the precipitation process.

3.2.2. Effect of adsorbent dosage

In order to determine the optimal dosage of adsorbent,
the effect of CMC dosage on TC removal was studied. As
can be seen from Fig. 6b, when the initial TC concentra-
tion is 20 mg/L and the solution volume is 100 mL, with
the increase of adsorption dose from 5 mg to 30 mg, the
adsorption capacity decreases from 256.38 to 67.76 mg/g.
It may be due to the fast exposure and saturation of TC
adsorption sites at low doses of CMC. However, the unit
effective collision and TC concentration gradient decreased
at higher CMC dose, resulting in lower TC adsorption. On
the other hand, depending on the increase of adsorption
dose, the removal rate of TC gradually increases. When
the dosage of CMC reaches 15 mg, the adsorption reaches
saturation and TC is almost removed. Therefore, the opti-
mal adsorption dose for removing TC from aqueous
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Fig. 5. (a) XRD patterns of adsorbents with different molar ratios and (b) zeta potential of CMC adsorbent.
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solution is 15 mg. Further increasing the amount of adsor-
bent will reduce the utilization efficiency of adsorbent.

3.2.3. Effect of pH value of solution

The pH value of solution is an important parameter
affecting the surface charge of adsorbent and the morphol-
ogy of TC molecule. TC molecule has three water disso-
ciation constants (PK) according to pH value o = 3.3, 7.68
and 9.69), which exist in the form of cation (TC*), zwit-
terion (TC® and anion (TC-, TC*) respectively under the
conditions of strong acid with pH < 3.3, medium acid to
neutral with pH < 7.68 and alkaline with pH > 7.68 [43].
The effect of pH value on TC removal efficiency is shown
in Fig. 6c. When the pH value of TC solution increases from
3 to 12, the removal rate of TC increases initially and then
decreases subsequently, and reaches the maximal rate of
99.97% when the pH value is 7. At a low pH, the removal
efficiency of adsorbent decreases slightly, which is due to
the electrostatic repulsion caused by the positive charge
of TC. When 4 < pH < 8, TC molecules mainly exist in the
form of zwitterions. They are almost neutral and are uni-
laterally electrostatic attracted by positively charged metal
complexes. When pH > 8, the pHlDZC =7.58 of the adsorbent
is less than the pH value, and the surface of the adsorbent
is negatively charged. Therefore, electrostatic repulsion
occurs between negatively charged CMC and anionic TC,
resulting in the reduction of TC removal rate. Under the
condition of strong acidity and alkalinity of the solution,
most TC is still removed, which indicates that in addition
to electrostatic action, there are other functions, such as
n—7t conjugation and hydrogen bond, which participate
in the adsorption process [44]. In short, it seems undesir-
able to carry out the experiment under low or high pH
conditions, so the follow-up experiment is carried out
atpH=7.

3.3. Adsorption mechanism

The functional groups and atomic and molecular vibra-
tions were identified by FTIR spectroscopy. The structure
of CMC nanoparticles before and after adsorption was
analyzed by FTIR spectroscopy, as shown in Fig. 7. When
the infrared spectrum band is at 1,350 cm™, the absorption
peak becomes more sharp due to the stretching vibration
of benzene ring in tetracycline. The strong absorption
peak at 3,420 cm™ is due to —OH vibration [45], and the
sharp absorption peak at 1,380 cm™ is due to ~CH, bend-
ing [46]. The absorption peak at 1,600 cm™ is caused by
the stretching vibration of C=C or the symmetrical and
asymmetric vibration of C=O [47], while the shift of the
absorption peak at 529 cm™ is related to the vibration of
Ce-O. It can be seen from XRD analysis that pure CeO,
phase is formed [48-50]. The absorption peaks at 2,810
and 1,120 cm™ are prominent due to the symmetrical and
asymmetric stretching of C-H and the vibration stretch-
ing of C-O [51], and the absorption peak at 766 cm™ is
caused by the stretching vibration of Mn—OH [52].

The composition on the surface of CMC before and
after adsorption was analyzed by XPS. In Fig. 8, the C 1s
spectra before and after adsorption are fitted into three

Before adsorption

g
E
=
=
E
e
g
[_
After atl:lsorption 11600
4000 3000 2000 1000 0

Wavenumber(cm™)
Fig. 7. Infrared spectra before and after CMC adsorption.

separate peaks at 284.82, 286.76 and 289.64 eV, which cor-
respond to the binding energy of C-C/C-H, C-O-C and
C=0. It can be seen from that C-O-C increases from 0
before adsorption to 32.48%. The O 1s spectra before and
after adsorption are fitted into four separate peaks at
532.24, 529.47, 531.06 and 531.82 eV, corresponding to
ceria, Cu-O, CeO,, C=0O and -OH respectively. It can be
seen that the proportions of C=O and —-OH increase from
0 to 11.56% and 22.41% respectively, which verify that
CMC adsorbs a large amount of tetracycline [53-55].

3.4. Cyclic regeneration experiment

The regeneration and repeatability of adsorbent are very
important for practical application. The recycling exper-
iment of CMC was further studied, 100 mL of TC solution
with an initial concentration of 20 mg/L was taken into a
conical flask, then, 15 mg of saturated adsorbent was added.
Finally, the regeneration experiment was conducted four
times according to the above steps. Fig. 9 shows the effect
of adsorbent regeneration times on TC adsorption capacity.
After continuous use for three times, the adsorption capac-
ity of TC did not change significantly. After the fifth cycle,
the removal rate of TC remained above 91%. The results
show that CMC not only has high TC adsorption capacity,
but also has high repeatability.

4. Conclusion

CMC adsorbent was synthesized by a simple copre-
cipitation method. When the molar ratio of Cu/Mn/Ce was
1:1:3, the samples exhibited a high adsorption capacity for
TC. Through the analysis of Langmuir and Freundlich
isotherm models, the Langmuir isotherm model is better
than Freundlich isotherm model in fitting the experimen-
tal results. According to the Langmuir isotherm model,
the maximum adsorption capacity is 344.83 mg/g, and the
maximum removal rate of the material at pH = 7 is as high
as 99.97%. The high removal rate provides a good basis
for the study of tetracycline removal from wastewater.
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