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a b s t r a c t
Fe-Mn-Ce metal oxides (FeMC) were prepared by using a co-precipitation method for the removal 
of tetracycline (TC). The FeMC composite has a good adsorption performance, and the maximum 
adsorption capacity at 318 K is 307.692 mg/g. FeMC metal oxides maintain good stability, and the 
removal rate of TC still reaches 85.24% after 5 cycles. The structural characteristics and adsorp-
tion mechanism of FeMC adsorbent have been systematically studied. According to the study of 
adsorption kinetics and adsorption isotherms, the adsorption process conforms to the quasi-second- 
order kinetic model. Langmuir isotherm model is more suitable than Freundlich isotherm model 
to describe the adsorption equilibrium data. The Fourier-transform infrared spectrum shows 
that the adsorption between FeMC and TC is realized by the stretching vibration of C–H and the 
stretching vibrations of C–O or C–O–C.
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1. Introduction

In recent years, antibiotics have been used as drugs for 
treating diseases and aquaculture [1]. With widespread use, 
antibiotic residues accumulate in the environment. Since 
antibiotics cannot be metabolized by organisms, a large 
number of antibiotics enter water or soil through organic 
excreta, causing environmental pollution [2,3]. Tetracycline, 
as the second class of antibiotics, has been widely used in 
agriculture and animal husbandry [4]. At present, tetracy-
cline has been detected in many rivers and lakes. Therefore, 
how to remove the residual tetracycline from environment 
has become a hot topic of current research [5].

So far, many methods have been used to remove tetra-
cycline in water, such as adsorption [6–8], membrane sep-
aration [9,10], photocatalytic method [11,12] and activated 
sludge [13], etc. The adsorption method is preferred because 
of its low cost, high efficiency, simplicity and environmen-
tal protection [14]. In recent years, it has been found that 
multi-component composite metal oxides have unique 
properties and advantages such as strong selectivity, large 
specific surface area, high adsorption capacity, and can com-
plement each other. Therefore, more and more researchers 
have devoted themselves to the study of multi-component 
metal oxides.
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In the relevant literatures, iron and manganese oxides 
have good adsorption properties for pollutants in the envi-
ronment due to their many active functional groups of iron 
elements, good pore structure [15] and synergistic effect 
between components. Manganese oxide is considered to be 
an effective low-temperature catalyst to modify the adsor-
bent to enhance the mineralization of adsorbed tetracy-
cline (TC). In addition, iron has a high element abundance 
in the first transition system, which is not only low in cost, 
but also has a certain affinity for TC.

In this study, Fe, Mn and Ce were composited into 
metal oxides by using a simple co-precipitation method. 
The microstructure and elemental composition of the adsor-
bents were systematically studied. Meantime, the adsorption 
behavior of TC onto Fe-Mn-Ce metal oxides (FeMC) and 
cyclic stability of FeMC were also evaluated under different 
conditions. In addition, the interface mechanism between 
FeMC and TC was discussed.

2. Experimental part

2.1. Reagents and instruments

The iron trichloride hexahydrate (FeCl3·6H2O), 
cerium nitrate hexahydrate (Ce(NO3)3·6H2O), hydro-
chloric acid (HCl), sodium hydroxide (NaOH) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., 
(Ningbo Road, Shanghai); manganese acetate tetrahydrate 
(Mn(CH3COO)2·4H2O) was purchased from Tianjin Institute 
of Fine Chemicals (Nankai University Farm, Nankai District, 
Tianjin); ammonia (NH3·H2O) and anhydrous ethanol were 
purchased from Xilong Technology Co., Ltd., (China). 
Deionized water was prepared by FST-TOP-A24 UltraPure 
water mechanism of Shanghai Foster Instrument Co., Ltd., 
(Gucheng Road, Jinshan District, Shanghai, China). TC solu-
tions were prepared with deionized water. The pH of the 
TC solution was tested by the PHS-3C pH Meter (Shanghai 
Yidian Scientific Instrument Co., Ltd., Yuanda Road, Anting 
Town, Jiading District, Shanghai, China). Ultraviolet spec-
trophotometer (UV-2600i) came from Shimadzu, Japan. Air 
Blast Drying Box (DHG-9023), muffle furnace (9XL-1008) 
and Teflon lined stainless steel autoclave were used to 
synthesize composites.

2.2. Preparation of adsorbent

FeMC composite metal oxides were prepared by copre-
cipitation method. The specific preparation process is as fol-
lows: a certain amount of FeCl3·6H2O, Mn(CH3COO)2·4H2O 
and Ce(NO3)3·6H2O solid were dissolved in 60 mL deionized 
water. Then add a certain amount of ammonia as precip-
itant, and adjust the solution pH to 9. The precipitate was 
strongly stirred for 2 h with a magnetic stirrer. After aging for 
4 h, the precipitate was filtered and separated. The obtained 
precipitate was washed several times with deionized 
water, then dried in an oven at 105°C for 12 h, and calcined 
at 400°C for 3 h to obtain the final experimental materials.

2.3. Characterizations of samples

The surface morphology and structure of FeMC nano-
composite was characterized by field-emission scanning 

electron microscopy (FE-SEM, AURIGA, ZEISS Company, 
Germany) coupled with an energy-dispersive X-ray 
spectrometer (EDS, INCA X-Max 50, ZEISS Company, 
Germany). The X-ray diffractometer (XRD, PANalytical, The 
Netherlands) with a Cu Kα source was used to analyze the 
crystalline structure. Fourier-transform infrared spectros-
copy (FT-IR, Nexus-870, Thermo Nicolet, USA) was used 
to determine the change of surface properties. The nano 
zeta potential analyzer (ZETA, Zetasizer Nano, Malvern 
Instruments, UK) was used to analyze the zeta potential of 
the adsorbent before and after adsorption.

2.4. Batch adsorption experiment

2.4.1. Effect of adsorption kinetics

The 25 mg adsorbent was added into 100 mL TC solu-
tion (20 mg/L). Then, the adsorption kinetics was studied at 
25°C. In the experiment, the adsorbent was added to 100 mL 
TC solution (20 mg/L), then oscillated in a constant tempera-
ture oscillator at 25°C and 160 rpm. 3 mL suspension was 
taken at different times and filtered by 0.22 µm inorganic 
filter membrane. The absorbance at 350 nm was measured 
by ultraviolet spectrophotometer.

2.4.2. Effect of initial pH of TC solution on adsorption 
performance

In 100 mL TC solution (20 mg/L), the pH value of TC 
solution was adjusted to 3–12 by 0.1 mol/L HCl and 1 mol/L 
NaOH solution, and the pH value was detected by PHB-3 
digital pH meter. Then, 25 mg of adsorbent was added, and 
the constant temperature oscillator was shaded at 25°C and 
160 rpm for 12 h. Finally, 3 mL suspension was extracted, 
filtered with 0.22 µm inorganic filter membrane and mea-
sured by ultraviolet spectrophotometer.

2.4.3. Adsorption isotherms

In the isothermal adsorption experiment, 25 mg adsor-
bent was added to 100 mL TC solution with different con-
centrations (20–100 mg/L), and shake at 25°C, 160 rpm 
in constant temperature oscillator. During the oscillation 
period, 3 mL supernatant was extracted at different time 
points and filtered with 0.22 µm inorganic filter membrane. 
The absorbance was measured by ultraviolet spectropho-
tometer, and the adsorption isotherms were tested at three 
temperatures (25°C, 35°C, and 45°C).

2.4.4. Cyclic regeneration

Firstly, TC adsorbed on FeMC composite metal oxides 
was desorbed with 0.1 mol/L NaOH for 5 h [16]. Then, the 
adsorbent was washed with deionized water until pH was 
neutral and dried in an oven at 40°C for 8 h. Then the sam-
ple was put into 100 mL TC solution (20 mg/L), and under 
the condition of 25°C, 160 rpm shading oscillation 12 h. 
The suspension was extracted 3 mL, filtered with 0.22 µm 
inorganic filter membrane and measured by ultraviolet 
spectrophotometer. Finally, under the same experimental 
conditions, four cycles of regeneration experiments were 
repeated according to the above steps.
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2.5. Analysis and data processing

The removal efficiency of TC and the saturated adsorp-
tion capacity of the adsorbent were calculated by Eqs. (1) 
and (2):
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where n (%) is the removal efficiency of TC; qe (mg/g) is the 
adsorption capacity of adsorbents in the adsorption equi-
librium point; C0, Ce (mg/L) are the initial and equilibrium 
TC concentrations of the solution, respectively. V (L) is the 
volume of TC solution; W (g) is the dosage of adsorbents.

Adsorption kinetics experimental data processing 
using pseudo-first-order kinetics and pseudo-second-order 
kinetics, equation expression is as Eqs. (3) and (4):
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where qe (mg/g) is the adsorption amount of TC at equi-
librium time; qt (mg/g) is the adsorption amount of TC 
at time t, and t (min) is the adsorption time; k1 (min–1) and 
k2 (g/(mg·min)) are the rate constants of pseudo-first-order 
kinetics and pseudo-second-order kinetics, respectively.

The intraparticle diffusion model is based on diffusion 
and is used to describe competitive adsorption and multi-
stage adsorption, including the transfer of adsorbed mol-
ecules from the aqueous phase to the adsorbent surface, 
penetration into the internal space of the adsorbent [17]. 
The kinetic equation of intraparticle diffusion is expressed 
as Eq. (5):

q k t It p� �1 2/  (5)

where qt (mg/g) and kp (mg/g·min0.5) pollutant capacity 
adsorbed at equilibrium the constant rate of adsorption is 
the intraparticle diffusion model, respectively.

Langmuir and Freundlich adsorption models were used 
for data processing of adsorption isotherms. The Langmuir 
isotherm was used to describe monolayer adsorption, in 
which adsorption occurred on a specific uniform surface 
containing sites with equal energy. The Freundlich isotherm 
was used to describe multilayer adsorption with interac-
tions and the adsorption process occurring at specific het-
erogeneous surface energies [18]. The equation expression 
was presented as Eqs. (6) and (7):
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where Ce (mg/L) is the TC concentration after equilibrium 
adsorption; qe (mg/g) is the TC content of the equilibrium 
adsorbent; qm (mg/g) is the maximum adsorption capac-
ity calculated according to the Langmuir equation; KL is 
Langmuir adsorption constant, KF and n are Freundlich 
adsorption constant.

The experimental data of adsorption thermodynam-
ics were processed by Gibbs equation, and the equations 
were expressed as Eqs. (8)–(10):
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where ΔH is enthalpy change; ΔG is Gibbs free energy 
and ΔS is entropy change; R stands for the gas constant 
(R = 8.314 J/mol·K), and T stands for the absolute tempera-
ture (K). K is the adsorption equilibrium constant (qe/Ce).

3. Results and discussion

3.1. SEM analysis

As can be seen from Fig. 1a and b, the prepared sam-
ples are composed of irregular nanoparticles with a parti-
cle size of about 50–100 nm. The surface of the samples is 
rough and uneven, and the pore or gap structure is gener-
ated by the accumulation of many nanoparticles. Fig. 1c and 
d is the morphology of the FeMC sample after adsorption. 
It is obvious that the pores between the particles are filled 
with a large amount of TC, and the surface of the sample is 
also attached to TC, which fully shows that the adsorption 
performance of the FeMC sample is better.

3.2. EDS analysis

EDS spectrum can be used to further analyze the elemen-
tal composition of FeMC adsorbent. The elemental content 
and elemental analysis spectrum are shown in Table 1 and 
Fig. 2. It can be seen from the elemental spectrum and con-
tent table that C, O, Mn, Fe and Ce are the basic elements 
that constitute the FeMC adsorbent. Combined with Fig. 1a 
and b, it indicates that the FeMC adsorbent has been syn-
thesized successfully.

3.3. XRD analysis

The structural characteristics of FeMC adsorbent were 
studied by XRD, and the results are shown in Fig. 3. For the 
prepared FeMC adsorbent, no visible characteristic peaks 
of Mn species were observed, and the existence of Mn ele-
ment was found by EDS spectrum, which may be that Mn 
species are highly dispersed on the surface of the adsor-
bent or exist in amorphous state. At the same time, the 
peaks of the adsorbent at 2θ of 28.55°, 47.49°, 56.34°, 69.40° 
and 79.07° are attributed to the (111), (220), (311), (400) and 
(420) diffraction peaks of CeO2 (PDF # 34-0394). In addition, 
the characteristic diffraction peak of Fe2O3 (PDF # 33-0664) 
appeared at 2θ = 33.08°.
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3.4. Adsorption performance

3.4.1. Adsorption isotherm

The relationship between adsorbate equilibrium con-
centration and adsorption capacity can be reflected by the 
adsorption isotherms [19]. Langmuir model is based on the 
following aspects: (1) the adsorbent surface is uniform; (2) 
the energy of each adsorption center is equivalent; (3) and the 

 
Fig. 2. Energy-dispersive X-ray spectrum of FeMC adsorbent.

 
Fig. 1. (a,b) Scanning electron microscopy images before adsorption of FeMC adsorbent and (c,d) scanning electron microscopy 
images after adsorption of tetracycline solution by FeMC adsorbent.

Table 1
Element content of FeMC adsorbent

Element Atomic (%)

C K 10.36
O K 58.63
Mn K 9.15
Fe K 17.23
Ce L 4.63
Total 100
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Fig. 3. X-ray diffraction patterns of FeMC adsorbent.
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interaction force between adsorbed molecules is negligible. 
By contrast, Freundlich model is based on the heterogene-
ity of solid surface [20]. The adsorption isotherm of TC on 
FeMC is shown in Fig. 4, and the fitting isotherm parameters 
are summarized in Table 2. By comparing the R2 values of 
Langmuir model and Freundlich model, Langmuir model has 
a higher correlation coefficient than the Freundlich model, 
which can better describe the adsorption process, indicat-
ing that TC is uniformly adsorbed on FeMC adsorbent, and 
monolayer adsorption is the main interaction mechanism 
[21]. In addition, the Langmuir isotherm model showed that 
the maximum adsorption capacities of TC at 298, 308 and 
318 K were 214.133, 253.807 and 307.692 mg/g, respectively, 
indicating that increasing temperature was conducive to 
adsorption. The constant KF obtained from Freundlich iso-
therm model is an indicator of adsorption capacity, and n 
is a constant indication of the degree of heterogeneity and 
indicates how favorable the adsorption process is. When 
the value of 1/n is less than 1, the adsorption reaction is a 
favorable adsorption process and spontaneous [22]. The KF 
values at different temperatures were 298 < 308 < 318 K, 
which was consistent with the results obtained from the 
Langmuir isotherm model, and the n values at all tempera-
tures were between 1 and 10, indicating that the adsorbent 
had a good absorption effect. These results are consistent 
with the kinetic fitting results, indicating that the adsorption 
mechanism involves chemical adsorption process.

3.4.2. Adsorption kinetics

The adsorption kinetics can be used to describe the 
adsorption rate and suitable contact time on TC removal 
in adsorbents [23]. In order to further study the adsorption 
mechanism and control steps of FeMC on TC, the pseu-
do-first-order and pseudo-second-order kinetic models 
were used to fit and analyze the experimental data. Pseudo-
first-order model describes the process in which pollutants 
are adsorbed to the surface by overcoming surface resis-
tance through physical diffusion and physical interaction 
[24]. Pseudo-second-order model indicates that chemical 
interaction is the main factor for controlling the adsorp-
tion rate, and the adsorption process dominated by chemi-
cal adsorption generally has the highest fitting degree [25]. 

The fitting results are shown in Fig. 5 and Table 3. As shown 
in Fig. 5a, the adsorption amount of TC increased rapidly 
in the first 400 min, and the adsorption amount gradually 
decreased with the decrease of the number of active sites of 
FeMC adsorbent. The adsorption process gradually reached 
equilibrium after 720 min. According to the kinetic fitting 
parameter table, compared with the correlation coefficient 
fitted by the pseudo-first-order kinetic model (R2 = 0.992), 
the correlation coefficient fitted by the pseudo-second-or-
der kinetic model (R2 = 0.994) is high relatively. It indicates 
that the pseudo-second-order kinetic model can more accu-
rately describe the adsorption process of FeMC on TC [26].

In addition, the adsorption process is presented in 
Fig. 5d, which has been divided into two stages: first, the 
contaminant diffuses around the adsorbent; then it over-
comes the resistance of the liquid and diffuses to the surface 
of the adsorbent; and the second phase diffuses from the 
outer surface to the inner surface. Since the initial diffusion 
process and binding to the adsorption site are independent, 
membrane diffusion and internal diffusion are the main fac-
tors for controlling the adsorption [27]. As shown in Fig. 5d, 
the large slope of the first stage should correspond to the 
membrane diffusion, when TC rapidly diffuses to the sur-
face of FeMC adsorbent. In the second phase, the adsorption 
rate gradually slows down, and internal diffusion begins 
to replace membrane diffusion as the main control mecha-
nism of the adsorption process, and a large number of TC 
molecules may diffuse into the spatial structure of the FeMC 
adsorbent. The adsorption rate is controlled by both inter-
nal diffusion and membrane diffusion since the cut-off in 
both phases does not pass through the origin [28].
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Fig. 4. (a) Isotherm of tetracycline adsorption by FeMC and (b,c) are linear fitting curves of Langmuir and Freundlich models, 
respectively. (C0 = 20–100 mg/L, adsorbent dose = 0.25 g/L).

Table 2
Fitting parameters of isotherm model for tetracycline adsorp-
tion by FeMC

Model Langmuir Freundlich

T (K) KL qm R2 n KF R2

298 0.126 214.133 0.965 4.220 72.292 0.935
308 0.199 253.807 0.965 4.441 97.628 0.959
318 0.409 307.692 0.970 3.710 121.467 0.969
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3.4.3. Adsorption thermodynamics

Adsorption thermodynamics can reveal the variation 
law of adsorption process with the change of temperature 
[26]. Through the study of adsorption thermodynamics, the 
transfer and change of heat energy during the adsorption 
of TC by FeMC at different temperatures were analyzed. 
Table 4 shows that ΔH value is greater than zero, indicating 
that TC adsorption is an endothermic process. In addition, 
the ΔH value was 35.178 kJ/mol, indicating that chemical 
adsorption was dominant, accompanied by physical adsorp-
tion [29]. With the increase of adsorption temperature from 
298 to 318 K, the ΔG value decreased slightly, indicating 
that the increase of temperature enhanced the adsorption 
force. The ΔG value was less than zero, so the adsorption 
process was spontaneous [30].

3.4.4. Effect of initial pH

The influence of the zeta potential of the adsorbent and 
the pH of the aqueous solution on TC adsorption and the 
exploration of the adsorption mechanism are important. 
The zeta potential was measured under neutral conditions 
to study the surface charge of the FeMC adsorbent in aque-
ous solution [31]. The pH value where the zeta potential was 
zero was taken as the isoelectric point (IEP). It can be seen 
from Fig. 6 that when the pH increased from 3 to 12, the 
zeta potential gradually decreased from 12.76 to –21.8 mV, 
and the point of zero charge (PZC) of FeMC is 9.12.

The previous study showed that TC was an amphoteric 
molecule [32] and solution pH was also a significant factor 
to affect the surface charge of adsorbent. In this study, the 
influence of pH on the TC removal was investigated in the 
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Fig. 5. (a) Kinetic experimental data of tetracycline adsorption by FeMC, (b) pseudo-first-order kinetic curve, and (c) pseudo- 
second-order kinetic curve, and (d) intraparticle diffusion model. (C0 = 20 mg/L, adsorbent dose = 0.25 g/L, T = 298 K).

Table 3
Quasi-first-order and second-order kinetic fitting parameters 
of tetracycline adsorption by FeMC

Pseudo-first-order kinetics Pseudo-second-order kinetics

k1 (min–1) qe (mg/g) R2 k2 (g/(mg·min)) qe (mg/g) R2

0.009 46.435 0.992 0.263 × 10–3 79.618 0.994

Table 4
Thermodynamic parameters of tetracycline adsorption by FeMC

Parameters T (K) ΔG (kJ/mol) ΔS (kJ/K·mol) ΔH (kJ/mol)

FeMC
298 –3.341

0.129 35.178308 –4.634
318 –6.487
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pH range 3–12. The effect of pH value on the removal effi-
ciency of TC is shown in Fig. 7. When the pH value of TC 
solution increases from 3 to 12, the removal rate of TC by 
FeMC decreases and reaches 99.81% at pH 4. According to 
the study conducted by Jin [33], the TC is positively charged 
forms when pH < 3.3, neutral forms as pH ranges from 3.3 
to 7.7, and negatively charged forms when the pH > 7.7. 
When pH is 3, some metal oxides in FeMC adsorbent may 
dissolve, so the removal rate of TC decreases slightly. When 
the pH value is in the range of 4–9, TC molecules mainly 
become amphoteric ions and anions, and the surface charge 
of FeMC maintains positive charge, resulting in electro-
static attraction. However, when pH ≥ 9, the removal rate 
of TC decreased significantly due to the increased electro-
static repulsion between TC and negatively charged FeMC 
(pHpzc = 9.12).

3.4.5. Reusability of Fe-Mn-Ce for TC adsorption

The practical application of adsorbent is closely related 
to its regeneration performance. Here the regeneration of 
adsorbent was studied as an important parameter to eval-
uate its stability. As shown in Fig. 8, after five cycles, the 
removal rate decreased slightly, which was mainly due to 
the loss of loaded iron and the irreversibility of some adsorp-
tion sites [34]. However, after five cycles, the removal rate 
of TC still reached 85.24%, indicating that FeMC is an ideal 
adsorbent for the removal of TC in water.

3.5. Comparison with other adsorbents

The adsorption properties of different adsorbents for TC 
were compared in Table 5. It can be seen from Table 5 that 
the maximum adsorption capacity (Qm) of FeMC for TC at 
the same temperature is higher than other adsorbents. The 
results show that FeMC is an ideal material for removing TC.

3.6. Adsorption mechanism

The functional group of the adsorbent is one of the 
important factors affecting the adsorption efficiency. As 
shown in Fig. 9, FT-IR was applied to analyze the TC on FeMC 
before and after TC adsorption to further elucidate the mech-
anism. According to previous studies, the peak at 3,395 cm–1 
were ascribed to O–H stretching vibrations, implying the 
existence of carboxylic, hydroxyl and chemisorbed water 
[42]. The peak at 1,616 cm–1 were assigned to C=C or C=O 
stretching vibrations [42,43]. While the peak at 1,111 cm–1 
is caused by the bending vibration of structural –OH [44]. 
After reacting with TC, new characteristic peaks appeared 
at 1,453 and 1,045 cm–1, where the peak at 1,453 cm–1 cor-
responds to the aliphatic C–H stretching vibration of TC 
[45] and the peak at 1,045 cm–1 is attributed to the C–O or 
C–O–C stretching vibration of TC [46,47]. This indicates that 
TC was successfully adsorbed on FeMC, and the adsorption 
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between them was achieved through electron sharing and 
the formation of chemical bonds between functional groups.

From discussion mentioned above based on isotherm 
and kinetic studies, the adsorption of tetracycline on FeMC 
was mainly controlled by chemisorption. The adsorption 
is consistent with the Langmuir model and the proposed 
secondary kinetics and is dominated by chemisorption 
[48–50]. Also, the ΔH and ΔG values in the thermodynamic 
studies indicate the presence of chemisorption and that this 
chemisorption is heat absorbing and spontaneous [51,52]. 
According to the properties of PZC and TC of FeMC, there 
is electrostatic repulsion between FeMC and TC at pH = 3. 
When pH = 4–9, there is electrostatic attraction effect; when 
pH > 9, there is electrostatic repulsion effect. Therefore, the 
electrostatic interactions between positively charged FeMC 
and amphipathic ions TC are important for adsorption. 
The results suggest that TC was successfully adsorbed onto 
FeMC, while electrostatic adsorption plays a significant 
role during the adsorption process.

4. Conclusions

In summary, Fe-Mn-Ce composite metal oxides were 
synthesized by co-precipitation method, and were systemat-
ically characterized and used to adsorb tetracycline in water. 
The experimental results show that FeMC adsorbent has a 
wide pH range, and the removal rate of TC is more than 90% 
at pH 3–9. The FeMC has a good TC removal performance, 
and its maximum adsorption capacity is up to 307.692 mg/g. 
The reusability study showed that the adsorption perfor-
mance of FeMC still reached 85.24% after five cycles. At 
the same time, the removal process of TC by FeMC adsor-
bent conforms to the pseudo-second-order kinetic model 
and Langmuir model, indicating that chemical adsorption 
and monolayer adsorption are the main interaction mecha-
nisms. In addition, the Gibbs free energy indicates that the 
removal of TC by FeMC adsorbent is a spontaneous endo-
thermic process. In this study, a simple, efficient and reus-
able adsorbent (Fe/Mn/Ce composite metal oxides) for TC 
removal was developed.
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