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a b s t r a c t
In this study, a manganese cerium co-doped iron-based metal–organic frameworks composite oxide 
nanomaterial (MnCe/MIL-100) was prepared by solvothermal method and used to adsorb tetracy-
cline (TC) from water. Scanning electron microscope, energy dispersive spectroscopy (EDS), X-ray 
diffraction were used to study the micro morphology, main element composition and crystal struc-
ture of the adsorbent. The experimental results were fitted by adsorption kinetics, adsorption iso-
therms and other models. In addition, the influence of the dosage of adsorbent and the pH of the 
solution on the adsorption performance and the reusability of the composite were also studied. 
It was found that the adsorption rate of MnCe/MIL-100 to TC can be as high as 100%. The adsorp-
tion kinetics of TC on MnCe/MIL-100 can be well described by pseudo-second-order model. At 
room temperature, the adsorption capacity is up to 210.971 mg/g, which is consistent with Langmuir 
isotherm. Through thermodynamic analysis, it is found that this process has the characteristic 
of absorbing heat, and this absorption is spontaneous. Meanwhile, MnCe/MIL-100 still has good 
TC adsorption capacity after five cycles, showing good reusability, which is of great significance 
to cost saving and environmental pollution reduction. Finally, the analysis by Fourier-transform 
infrared spectroscopy and zeta potential explain the mechanism of TC adsorption.

Keywords: Tetracycline; Adsorbent; Nanometer material; MnCe/MIL-100

1. Introduction

In recent years, antibiotics have been widely used in 
animal husbandry, aquaculture, human medical care and 
other industries, followed by the abuse of antibiotics and 
the release of antibiotics into the environment without treat-
ment, resulting in the deterioration of the ecological environ-
ment and threatening human health [1,2]. Tetracycline (TC) 

is a broad-spectrum antibiotic produced by Streptomyces, 
which has a good sterilization effect by inhibiting the syn-
thesis of bacterial proteins, so it is very common in daily 
production and use. TC is poorly absorbed and metab-
olized in the body, and is usually discharged into the eco-
logical environment along with excreta [3]. The presence of 
TC has been detected in pharmaceutical wastewater, ani-
mal husbandry wastewater and hospital wastewater [4–6].
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At present, the common antibiotic wastewater 
treatment methods are mainly membrane separation 
method [7], advanced oxidation method [8–10], coagula-
tion method [11], biological method [12] and adsorption 
method [13]. Compared with other treatments, adsorption 
is a non-destructive physical method, which is widely used 
in wastewater treatment because of its high efficiency and 
low cost. However, how to find a low-cost, high-efficiency 
and recyclable adsorbent has become a problem attracting 
researchers’ attention. With the research of nanomaterials, 
nanomaterials have been proved to be good adsorbents 
due to their unique morphology and structural character-
istics, and can be widely used to remove antibiotic from 
water. Liu et al. [14] prepared a kind of MoS2@zeolite-5 
nano material by combining ultrasonic and hydrothermal 
methods. It has good adsorption performance for tetra-
cycline, and the pseudo-second-order kinetic model fits 
the adsorption process well. Tao et al. [15] prepared cel-
lulose nanocrystal/graphene oxide complexes with three- 
dimensional structure for the removal of levofloxacin 
hydrochloride in water by adsorption. When the optimal 
pH value was 4, the removal rate was more than 80.1%, 
and the adsorption dose was 1.0 g/L. Song et al. [16] pre-
pared MnO2/graphene nanocomposite, which has good 
water solubility and the removal rate of TC is 99.4%. Hao 
et al. [17] prepared nanocomposites of zero by pyrolysis 
of agricultural waste lignocellulose hazelnut shell iron@
biochar at 298 K, pH 6–7, and contact time of 40 min, the 
adsorption amounts of oxytetracycline, chlortetracycline 
and TC were 52.7, 42.5 and 39.1 mg/g, respectively.

Metal cations such as Fe(III) and Mn(II) have high affin-
ity to tetracycline, so metal oxides have potential as adsor-
bent [18]. Multi metal oxide nanomaterials overcome the 
limitations of single metal oxide nanomaterials in water 
treatment technology and become better adsorption mate-
rials. A Mg/Fe layered bimetallic hydroxide synthesized by 
Qiu et al. [19] was first used to adsorb low concentration 
norfloxacin antibiotics in water. The results showed that 
LDH adsorbent with Mg/Fe molar ratio of 5:1 exhibited 
excellent adsorption performance for removing norfloxacin 
at low concentration (20 mg/L). The adsorption capacity can 
reach 97.07 mg/g. Yu et al. [20] studied the SDZ removal 
ability of Fe/Mn binary oxides and compared it with that of 
iron hydroxide and manganese dioxide. In neutral solution, 
the maximum adsorption capacity of FMBO is much larger 
than that of the other two adsorbents, and fmbo is least 
affected by pH. The Mn doped Cu oxide was synthesized 
by Wu [21]. Due to the surface complexation of MODCO, it 
can effectively adsorb and remove tetracycline, oxytetracy-
cline and chlortetracycline. Among metal oxide, manganese 
oxide has been widely used because of its high activity due 
to the instability of lattice oxygen and the ability to store 
oxygen in the crystal structure. Cerium as the most abun-
dant rare earth element, Cerium oxide has broad applica-
tion prospects in adsorption and catalysis due to its stable 
physical and chemical properties and its unique 4f electron 
layer structure. The combination of manganese and cerium 
can have good redox performance, and gradually enter 
the field of vision of researchers by enhancing the mobil-
ity of oxygen and improving its adsorption and catalytic 
activity. In addition, mixing Ce with low-cost metal (Fe) 

may be beneficial to increase the adsorption capacity, and 
improve the separation of adsorbent and avoid the toxicity 
of Ce through magnetism. In recent years, metal–organic 
frameworks (MOFs) has been widely used as heteroge-
neous catalyst for pollutant degradation due to its various 
manufacturing methods, adjustable structures and various 
catalytic sites [22]. In addition, studies have shown that 
MOFs prepared by coordination of metal ions and organic 
ligands are mostly crystalline porous materials, which 
have great application value in the field of water pollution 
adsorption due to their advantages such as large specific 
surface area, rich pore structure, and a large number of 
unsaturated metal sites that can adsorb pollutants. MOFs 
materials centered on iron have been proved to have good 
adsorption performance due to their non-toxic and harm-
less, green and environmental protection, low cost, stable 
chemical properties, and high specific surface area and pore 
volume. Ma et al. [23] synthesized three iron-based MOFs 
materials, MIL-100(Fe), MIL-101(Fe) and MIL-53(Fe), and 
applied them to the adsorption of typical volatile organic 
compounds toluene. The adsorption performance was eval-
uated by static adsorption, dynamic penetration curve and 
adsorption kinetics. The results showed that MIL-100(Fe) 
had good adsorption for toluene. Li et al. [24] prepared 
R-MIL-100(Fe) by a new method of synthesizing MIL-
100(Fe) at room temperature with organic amine as pro-
tonation agent, and had good adsorption performance for 
fluorine in water, with the maximum fluoride adsorption 
capacity of 23.53 mg/g. A zif-67 derived hollow cobalt sul-
fide hollow Co3S4 prepared by Liang [25] et al. has good 
adsorptivity to ciprofloxacin in water due to electrostatic  
interaction.

In this study, manganese cerium co-doped iron-based 
MOFs composite nanomaterials (MnCe/MIL-100) were 
prepared by simple solvothermal method and used as 
adsorbent for TC removal. Through a simple preparation 
method, Mn and Ce are co-doped into MIL-100 (Fe), which 
not only retains the advantages of MOFs as adsorbent, but 
also enables the adsorbent to obtain higher adsorption 
capacity through metal doping [26], thus showing excellent 
removal capacity of TC in water. It is necessary and signifi-
cant to obtain adsorbent with high adsorption capacity for 
the removal of pollutants in the water environment. The 
adsorption performance and mechanism of MnCe/MIL-100 
for TC has not been reported yet. In this work, the effects 
of adsorbent dosage, solution pH and adsorbent regenera-
tion on the adsorption performance of TC were studied. The 
adsorption characteristics of TC removal were analyzed by 
adsorption kinetics, isotherms and thermodynamic mod-
els. Scanning electron microscope (SEM), X-ray diffraction 
(XRD) and EDS were used to study the micro morphol-
ogy and main element composition of the adsorbent. The 
adsorption mechanism was analyzed by Fourier-transform 
infrared spectroscopy (FT-IR) and zeta potential.

2. Materials and methods

2.1. Reagents and instruments

The reagents used in the experiment mainly include 
Ce(NO3)3·6H2O (99.5%), FeCl3·6H2O (99.0%) were purchased 
from Sinopharm Chemical Reagent Co., Ltd., (Shanghai, 
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China) without further purification. Pyromellitic acid 
(C9H6O6, 98.0%), polyvinylpyrrolidone ((C6H9NO)n) analyti-
cal purity, Macklin Biochemical Co., Ltd., (Shanghai, China) 
N,N-dimethylformamide (HCON(CH3)2, 99.5%), analytical 
purity, Damao Chemical Reagent Co., Ltd., (Tianjin, China). 
Anhydrous ethanol (99.7%), analytical purity, Xilong Scientific 
Co., Ltd., (Guangdong, China). Mn(CH3COO)2·4H2O (98.0%), 
analytical purity, Tianjin Guangfu Fine Chemical Research 
Institute (Tianjin, China). Deionized water is prepared by 
FST-TOP-A24 super pure water equipment by Shanghai 
Fushite Instrument Equipment Co., Ltd., (Shanghai, China).

The instruments used in the experiment mainly include: 
DHG-9023A air drying box, Shanghai Yiheng Scientific 
Instrument Co., Ltd., (Shanghai, China). PHS-3C digital 
pH meter, Shanghai Yidian Scientific Instrument Co., Ltd., 
(Shanghai, China). PTFE reaction kettle, Shanghai Jinghong 
Experimental Equipment Co., Ltd., (Shanghai, China). 
FA2204N electronic balance, Shanghai Jinghai instrument 
Co., Ltd., (Shanghai, China). TG16K-II Table high-speed cen-
trifuge, Shanghai ZhaoDi Biotechnology Co., Ltd., (Shanghai, 
China).

2.2. Fabrication of adsorbent

MnCe/MIL-100 was prepared by solvothermal technol-
ogy. The preparation process was as follows: FeCl3·6H2O 
(0.270 g, 1 mM) and C9H6O6 (0.210 g, 1 mM) were added to 
20 mL of HCON(CH3)2 (DMF). The mixture solution was 
then sonicated for 10 min and placed in a 100 mL reaction 
kettle and heated in an oven at 150°C for 6 h. After cool-
ing, the prepared sample was repeatedly washed with 
DMF and ethanol, and then dried at 60°C to prepare MIL-
100(Fe) sample [27]. Then, a certain amount of MIL-100 (Fe), 
Mn(CH3COO)2·4H2O, Ce(NO3)3·6H2O and (C6H9NO)n were 
added to the mixed solution of 12 mL water and 3 mL etha-
nol. The mixture was then refluxed at 90°C and held at this 
temperature for 3 h. After washing with ethanol for sev-
eral times and drying in an oven at 60°C for 4 h, the final 
sample MnCe/MIL-100 was obtained.

2.3. Characterization

The surface morphology and structure of MnCe/MIL-
100 were characterized by field emission scanning electron 
microscopy (SEM, AURIGA, ZEISS Company, Germany) 
coupled with an energy dispersive spectrometer (EDS, 
INCA X-Max 50, ZEISS Company, Germany). The X-ray 
diffractometer (XRD, PANalytical, Netherlands) with a Cu 
Kα source was used to analyze the crystalline structure. 
Fourier-transform infrared spectroscopy (FT-IR, Nexus-870, 
Thermo Nicolet, USA) was used to determine the change 
of surface properties. The zeta potentials of the adsor-
bent before and after adsorption were analyzed on a zeta-
sizer nano zeta potential analyzer (Zeta potential analyzer, 
Zetasizer Nano Series, Malvern Instruments Ltd., Britain).

2.4. Batch adsorption experiments

2.4.1. Preparation of TC standard solution

50 mg of TC was dissolved in 100 mL of deionized water, 
sonicated for 10 min, and transferred to a 500 mL volumetric 

flask to complete constant volume, that is, 100 mg/L of TC 
standard solution. TC solution in all adsorption experiments 
was obtained by diluting the standard solution with deion-
ized water. Prepared TC solution with concentration gra-
dient of 5, 10, 20, 30, 40, 50 and 60 mg/L, and measured its 
absorbance at 357 nm wavelength by ultraviolet spectro-
photometer (UV-2600i). Then the TC standard curve was 
obtained by linear regression analysis of the concentration 
and absorbance of tetracycline.

2.4.2. Calculation of adsorption capacity and removal rate

The adsorption capacity and removal rate are calcu-
lated by Eqs. (1) and (2) to measure the adsorption perfor-
mance of the adsorbent [14,28].
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where Co (mg/L) and Ce (mg/L) are the initial concentration 
before adding the adsorbent and the equilibrium concen-
tration after adding the adsorbent, respectively; qe (mg/g) 
is the adsorption capacity at the adsorption equilibrium; 
V (L) is the volume of TC solution; m (g) is the dosage of 
adsorbent; η is the removal rate of the adsorbent.

2.4.3. Effect of adsorbent dosage

5, 10, 15, 20, 25 and 30 mg of adsorbents were added 
to 100 mL of TC solution with a concentration of 10 mg/L, 
respectively. Then, shaking them for 18 h under shading. 
Taking samples for measurement to explore the effect of 
the amount of adsorbent on the adsorption performance.

2.4.4. Effect of pH

0.1 mol/L HCl and 1 mol/L NaOH solution were used 
to adjust the pH value of 100 mL TC solution with a con-
centration of 10 mg/L. The pH value range of the solu-
tion was set to 3–12. Then, 15 mg of adsorbent was added 
respectively, and the effect of pH on the adsorption perfor-
mance was investigated by shading and shaking for 18 h.

2.4.5. Study on adsorption isotherms

In the study of adsorption isotherm of MnCe/MIL-
100 on TC, take 100 mL of TC solution with concentration 
of 10, 20, 30, 40, 50, 60, 70 and 80 mg/L, 15 mg of MnCe/
MIL-100 was added to it respectively, and then put 250 mL 
conical flask filled with TC solution and adsorbent into a 
constant temperature shaker for shading and shaking for 
18 h (25°C, 160 rpm). After the end of oscillation, conduct 
high-speed centrifugation, take an appropriate amount 
of supernatant, and pass through 0.22 μM inorganic fil-
ter membrane, and the absorbance value was measured by  
UV-Vis.
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2.4.6. Study on adsorption kinetics

In the study of adsorption kinetics, 15 mg of adsorbent 
was added to 100 mL of TC solution with a concentration 
of 10 mg/L, and the solution was shielded from light and 
stirred. First, take samples at 5, 30, 60 and 120 min respec-
tively, and then take samples at an interval of 1 h until 
1,200 min later.

2.4.7. Study on adsorption thermodynamics

In the study of adsorption thermodynamics, at 298, 308 
and 318 K, respectively, the vibration frequency of 160 rpm 
was oscillated in a constant temperature shaker for 18 h. 
After the oscillation, centrifuge and filter, measure the absor-
bance value of TC solution at the absorption wavelength of 
357 nm, and finally analyze the data to obtain the entropy 
change, enthalpy change and Gibbs free energy change 
of the adsorption experiment.

2.4.8. Study on regeneration capacity of adsorbent

In order to evaluate the regeneration ability of the adsor-
bent, pour a certain amount of saturated adsorbent into 
0.1 mol/L NaOH solution for desorption and reuse. Repeat 
the five cycle regeneration experiments to explore the 
regeneration performance of MnCe/MIL-100.

3. Results and discussion

3.1. Sample characterization

Fig. 1a–d are SEM images of MnCe/MIL-100 before and 
after adsorption of TC, describing the changes of surface 

morphology before and after adsorption of TC by adsor-
bent. It can be seen from Fig. 1a and b that MnCe/MIL-100 
sample presents a large number of regular ultrafine par-
ticles and some small rod-shaped structures. The particle 
structure may be manganese oxide or its solid solution 
with cerium oxide, while the rod structure is attributed 
to the aggregation of cerium oxide. In addition, abundant 
pore structures between the particles can be observed, 
which contributes to the adsorption of the adsorbent. 
Fig. 1c and d show the morphology and structure of MnCe/
MIL-100 after adsorption. It can be seen that the spherical 
particles become fuller and the aggregates are obvious. 
This is because TC is adsorbed on the gap and surface of 
the adsorbent, which indicates that the material has an 
adsorption effect on TC [29].

In order to investigate the elemental composition and 
content of MnCe/MIL-100, the adsorbent was character-
ized by EDS. Table 1 lists the contents of various elements 
before and after adsorption, of which the oxygen element 
content accounts for the largest proportion, which indi-
cates that there are a large number of oxygen-containing 
functional groups in MnCe/MIL-100. In addition, it can be 
seen from the table that the composite material contains a 
certain amount of manganese, iron and cerium, while nitro-
gen comes from MIL-100 MOFs, and silicon may come from 
the detection environment. After adsorption of TC, the rel-
ative content of C, N, O on the material surface increases, 
while the relative content of metal elements decreases, 
indicating that TC is adsorbed on the material surface.

The crystal structure of the prepared MnCe/MIL-100 
was characterized, and the XRD pattern is shown in Fig. 2. 
In 2θ the diffraction peaks at 24.15°, 33.16°, 40.86°, 49.46°, 
54.07°, 62.44° and 64.00° correspond to (012), (104), (113), 

Fig. 1. (a, b) SEM images before MnCe/MIL-100 adsorption and (c, d) SEM images after MnCe/MIL-100 adsorbs TC solution.
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(024), (116), (214) and (300) crystal planes of Fe2O3 (PDF # 
99-0060), respectively. In 2θ The diffraction peak at 35.63° 
corresponds to the characteristic diffraction peak of Mn2O3 
(PDF # 33-0900), and the diffraction peak at 2θ The diffrac-
tion peak at 57.51° corresponds to the characteristic dif-
fraction peak of CeO2 (PDF # 34-0394) [30], which indicates 
that a small amount of Mn and Ce oxides are generated. 
Obviously, MnCe/MIL-100 adsorbent has been success-
fully prepared, and its diffraction peak is high and sharp, 
indicating that the adsorbent has good crystallinity.

3.2. Effect of adsorbent dosage on adsorption performance

As shown in Fig. 3, the effects of 5, 10, 15, 20, 25 and 
30 mg MnCe/MIL-100 on TC adsorption capacity were 
investigated. It can be seen from the figure that when 
the amount of adsorbent added is increased from 5 mg to 
30 mg, the TC removal rate increases from 54.83% to 100%. 
When the amount of MnCe/MIL-100 is 15 mg, the adsorp-
tion capacity reaches 66.02 mg/g. Then, when the adsorbent 
is continuously added to the solution, the removal of TC 
by MnCe/MIL-100 reaches saturation and TC is completely 
removed. This is because the active site of MnCe/MIL-100 
is in direct proportion to its dosage, and with the increase 
of dosage, the number of surface active sites increases, and 

the adsorption of TC is also improved. However, when 
the amount of adsorbent added reaches a certain level, the 
absorption amount of adsorbent will tend to be saturated, so 
that the adsorption amount of adsorbent in TC solution will 
be reduced. At this time, the continuous addition of adsor-
bent to TC solution will not improve the adsorption capacity. 
To sum up, considering the corresponding economic cost, 
the dosage of 15 mg was selected for the adsorption exper-
iment and related discussion under the same experimental  
conditions.

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

The influence of zeta potential of adsorbent and pH of 
aqueous solution on TC adsorption and the exploration of 
adsorption mechanism are very important [31]. TC mole-
cules have three water dissociation constants (pKα = 3.3, 
7.68, 9.69), depending on the pH value. Therefore, TC exists 
in the form of cations (TC+), zwitterions (TC0) and anions 
(TC–, TC2–) [32,33]. Therefore, the experiment was set in the 
range of pH = 3–12 to investigate the effect of MnCe/MIL-
100 on TC adsorption. The results are shown in Fig. 4, it can 
be seen from the figure that when the pH of TC solution 
is increased from 3 to 9, the removal rate of MnCe/MIL-
100 for TC is basically consistent, and the removal rate is 

Table 1
Element content of MnCe/MIL-100 adsorbent before and after TC adsorption

Elements Weight % Atomic % After adsorption weight % After adsorption atomic %

C K 0.60 18.77 0.76 22.85
N K 0.06 1.62 0.11 2.08
O K 2.48 58.61 2.55 60.32
Mn K 0.14 0.97 0.08 0.68
Fe K 2.05 13.90 1.62 10.84
Ce L 2.27 6.13 1.76 3.23
Total 7.60 1 6.88 1

Fig. 2. XRD pattern of MnCe/MIL-100.

Fig. 3. Effect of MnCe/MIL-100 dosage on TC removal efficiency 
and adsorption capacity. Reaction conditions: [TC]0 = 10 mg/L; 
volume = 100 mL; time = 18 h.
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as high as 89.57% at pH 6. This may be because when the 
pH is strongly acidic, too much H+ will cause the proton-
ation of MnCe/MIL-100, and finally weaken the electro-
static interaction during TC adsorption. When 4 < pH < 9, 
TC molecules mainly exist in the form of zwitterions and 
anions, and TC molecules are electrostatically attracted by 
the positively charged MnCe/MIL-100 adsorbent [34]. As 
shown in zeta potential Fig. 5, the pHpzc of MnCe/MIL-100 
is 9.44. When pH > 9, the surface of MnCe/MIL-100 is neg-
atively charged. At this time, TC molecules and adsorbent 
are negatively charged, and electrostatic repulsion occurs 
between them, resulting in a reduction in the removal rate 
of TC by MnCe/MIL-100 [33]. This is consistent with the 
fitting results of adsorption kinetics.

3.4. Study on adsorption isotherm

In order to study the interaction process between the 
adsorbent and the adsorbent and the equilibrium perfor-
mance of the adsorbent and explore the reaction mechanism 
of the adsorbent for TC adsorption reaction, two adsorption 
isotherm models, Langmuir model and Freundlich model, 
were used to describe the interaction process between the 
adsorbent molecules and the adsorbent surface and calcu-
late the maximum adsorption capacity [35,36]. Langmuir 
isotherm equation assumes that the adsorption layer is 
homogeneous adsorption of single molecule, and each 
molecule has adsorption activation energy and isoen-
thalpy. The Freundlich adsorption isotherm equation can 
be applied to multi-layer adsorption, which is a revers-
ible non ideal and non-uniform adsorption process [37,38]. 
The expressions of the two models are:

C
q

C
q K q

e

e

e

m m

� �
�
1

1

 (3)

ln ln lnq
n

C Ke e F� �
1  (4)

where Ce (mg/L) is the concentration after equilibrium 
adsorption; qe (mg/g) is the adsorption capacity after equi-
librium, and qm (mg/g) is the maximum adsorption capac-
ity calculated according to Langmuir equation; Kl (L/mg) is 
the adsorption constant of Langmuir equation; kF (mg/g), 
n is the adsorption constant of Freundlich equation.

Fig. 6a–c describe the fitting of the adsorption isotherm 
model to the experimental data at 298, 308 and 318 K. The 
parameters of the corresponding isotherm model are listed 
in Table 2. It can be seen from the figure that the adsorption 
effect of MnCe/MIL-100 on TC increases with the increase 
of temperature. The correlation coefficient indicates that 
the R2 obtained from the Langmuir model is obviously 
higher than that of the Freundlich, so the Langmuir model 
can better fit the adsorption process of MnCe/MIL-100 
on TC. At the same time, Kl is in the range of 0–1, which 
indicates that the adsorption process is favorable and the 
adsorption of MnCe/MIL-100 adsorbent on TC belongs to 
uniform monolayer adsorption, and the surface active sites 
of MnCe/MIL-100 are evenly distributed [24,39]. When 
TC is attached to the adsorption sites on the surface of 
MnCe/MIL-100, this adsorption site stops adsorption and 
the adsorption capacity of the adsorbent reaches a maxi-
mum of when TC completely occupies the adsorption site 
on the adsorbent surface [23]. According to the calculation 
of Langmuir isotherm model, the maximum adsorption 
capacity of TC at 298, 308 and 318 K is 210.971, 241.546 and 
262.467 mg/g, respectively, which indicates that increasing 
the temperature is beneficial to the adsorption. In addition, 
in order to reflect the advantages of MnCe/MIL-100 adsor-
bent, Table 3 lists the comparison of adsorption capacity 
with other adsorbents. It can be seen from the table that 
MnCe/MIL-100 has a higher adsorption capacity than 
other adsorbents at the same temperature, the optimal pH 
is neutral, and with a wider pH adaptation range, so there 
is no need to add acids and bases, thus saving cost.

Fig. 4. Effect of pH on removal of TC by MnCe/MIL-100 
adsorbent. Reaction conditions: [MnCe/MIL-100]0 = 15 mg; 
[TC]0 = 10 mg/L; volume = 100 mL; time = 20 h.

Fig. 5. Zeta potential of MnCe/MIL-100 adsorbent.
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3.5. Kinetic study

In order to further understand the relationship between 
the structure of the adsorbent and the adsorption form, 
the adsorption rate and adsorption efficiency of the adsor-
bent to the adsorbate molecules are described by using two 
pseudo-first-order and pseudo-second-order kinetic models 
to explore the adsorption kinetics of the whole adsorption 
process [45]. The linear forms of the two models are:

ln ln
.

q q q
k t

e t e�� � � � 1

2 303
 (5)

t
q k q

t
qe e e e

� �
1

2  (6)

where qe and qt (mg/g) are the amount of TC adsorbed at 
equilibrium and at a certain time respectively; t (min) is the 
adsorption time; k1 (min–1) and k2 (g/mg·min) are the rate 
constants of pseudo-first-order and pseudo-second-order 
reactions, respectively.

Fig. 7a–c show the kinetic model fitting the adsorption 
process of MnCe/MIL-100 for TC in a certain time. It can be 
seen from the figure that in the first 300 min, the adsorp-
tion speed is fast, while in the period of 300–1,080 min, the 
adsorption rate starts to slow down, and after 1,080 min, 
it reaches equilibrium. The possible reason is that there 
are many active sites that have not been adsorbed at 
the beginning of the reaction, and TC can quickly bind to the 
active sites through rapid diffusion on the surface of MnCe/
MIL-100 in solution. With the progress of the reaction, the 

active sites are occupied continuously, which slows down 
the adsorption rate and tends to saturation. From the fit-
ting of kinetic parameters in Table 4, it can be seen that the 
R2 = 0.999 fitted by the pseudo-second-order kinetic model 
is greater than the R2 = 0.996 fitted by the pseudo-first-order 
kinetic model. Therefore, the pseudo-second-order kinetic 
model can better describe the adsorption process of MnCe/
MIL-100 on TC, and it can be judged that the adsorption 
process of MnCe/MIL-100 on TC is dominated by chem-
ical adsorption [46,47], and there is strong electrostatic 
interaction between the adsorbent and TC [48], electronic 
exchange or sharing occurs between materials and surface  
groups [49].

3.6. Study on adsorption thermodynamics

In order to explore the influence of temperature on the 
adsorption process, the adsorption thermodynamic model 
was used to simulate the parameter change of intrinsic 
energy in the adsorption reaction process, and Gibbs free 
energy change (ΔG), enthalpy change (ΔH) and entropy 
change (ΔS) etc. to explore the spontaneity and randomness 
of adsorption reaction [50,51]. The thermodynamic calcula-
tion formula is as follows [52–54]:

Fig. 6. (a) Isotherm of MnCe/MIL-100 adsorbing TC and (b, c) are linear fitting curves of Langmuir model and Freundlich model 
of MnCe/MIL-100 adsorbing TC, respectively. Reaction conditions: [MnCe/MIL-100]0 = 15 mg; volume = 100 mL; time = 18 h.

Table 2
Parameters of isotherm model of MnCe/MIL-100 adsorbing TC

Model Langmuir Freundlich

T (K) KL qm (mg/g) R2 n kF R2

298 0.111 210.971 0.994 2.915 61.375 0.991
308 0.111 241.546 0.993 3.484 67.559 0.987
318 0.138 262.467 0.996 4.219 72.240 0.862

Table 3
Comparison of adsorption capacity of different adsorbents

Adsorbents T (K) pH TC 
(mg/L)

qmax 
(mg/g)

Reference

Cu-immobilized 
alginate

318 3 90 53.26 [40]

La-modified mag-
netic composite

298 7 25 145.9 [41]

Fe3O4@PDA-SO3H 298 4 20 138.98 [42]
Zr/Cht/Pt 298 4 25 104.166 [43]
HKUST-1 298 6 30 136.88 [44]

MnCe/MIL-100
298

7 10
210.971

Present 
work

308 241.546
318 262.467
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where R is the general gas constant (8.314 J/(mol·k)); T (K) 
is the absolute temperature; Kd is denoted thermodynamic 
equilibrium constant (dimensionless); ΔG is the Gibbs free 
energy change; ΔH is enthalpy change; ΔS is the entropy 
change; 55.5 is the number of moles of pure water per 
liter (1,000 g/L divided by 18 g/mol), and Kl (L/mg) is the 
Langmuir adsorption equilibrium constant, the molecular 
weight of the adsorbate (TC) (Mw; g/mol).

The thermodynamic results are shown in Table 5. At 
298, 308 and 318 K, the ΔG value is negative, which indi-
cates that the adsorption of TC on MnCe/MIL-100 is a 
spontaneous process. When the temperature increases 
from 298 to 318 K, the value of ΔG decreases from –3.080 
to –5.627 kJ/mol this negative growth trend confirms that 
the adsorption reaction is more favorable at a relatively 
high temperature, and the adsorption reaction is more 
spontaneous and feasible [55,56]. The value of ΔH in this 
experiment is 34.871 kJ/mol, which indicates that certain 
chemical actions are involved in the whole adsorption 
process. In addition, ΔH > 0 indicates the typical endo-
thermic property of the adsorption process. At the same 
time ΔS > 0, it means that the chaos and randomness at 
the interface between adsorbent and adsorbent increase, 
and the reaction is irreversible, which is conducive to the 

stability of adsorption [57]. In conclusion, increasing the 
temperature will be conducive to the adsorption reaction.

3.7. Effect of recycling of MnCe/MIL-100 on adsorption

Recoverability is an important indicator to evaluate the 
adsorption performance and application significance of 
adsorbent, and successful recycling is an important way to 
improve the efficiency of adsorbent [58]. In this study, a cer-
tain amount of saturated adsorbent was put into 0.1 mol/L 
NaOH solution for desorption for 5 h and dried. Under the 
same experimental conditions, five cycle regeneration exper-
iments were repeated. In this experiment, considering that 
MnCe/MIL-100 adsorbent has a low removal rate of TC in 
the environment with high pH, and that both MnCe/MIL-100 
adsorbent and TC have negative charges and certain elec-
trostatic repulsion under strong alkaline conditions, weak 
alkaline NaOH solution is selected as the eluent [59]. The 
experimental results are shown in Fig. 8. The removal rate 
decreases to a certain extent after each cycle of the experi-
ment. This is because TC molecules fill the pore structure in 
MnCe/MIL-100 adsorbent, thus occupying the adsorption 
active sites and reducing the active sites. This is an irrevers-
ible process [60]. However, after five times of cyclic adsorp-
tion, the adsorption and removal efficiency can still remain 
above 81%. The experimental results show that MnCe/
MIL-100 adsorbent has good adsorption and regeneration 
effect on TC, and has certain reusability.

3.8. Adsorption mechanism

The functional group of the adsorbent is one of the 
important factors affecting the adsorption efficiency. FT-IR 

Fig. 7. (a) Kinetic experimental data diagram of MnCe/MIL-100 adsorbing TC, (b) pseudo-first-order kinetic curve, and (c) pseu-
do-second-order kinetic curve. Reaction conditions: [MnCe/MIL-100]0 = 15 mg; [TC]0 = 10 mg/L; volume = 100 mL; time = 18 h.

Table 4
Pseudo-first-order and pseudo-second-order kinetic fitting 
parameters of MnCe/MIL-100 adsorbing TC

Pseudo-first-order kinetic Pseudo-second-order kinetic

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

0.007 54.055 0.996 0.039 × 10–3 89.286 0.999

Table 5
Thermodynamic parameters of MnCe/MIL-100 adsorbing TC

Sample T (K) ΔG 
(kJ/mol)

ΔS 
(kJ/K·mol)

ΔH 
(kJ/mol)

MnCe/MIL-100

298 –3.080

0.127 34.871308 –4.313

318 –5.627
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spectrum is used to identify the functional group of the 
adsorbent before and after TC adsorption and the changes 
of atomic and molecular vibration. As shown in Fig. 9, 
the peak at 3,418 cm–1 belongs to the stretching vibration 
of –OH from the adsorbed water on the adsorbent surface 
[61], while the peak at 2,926 cm–1 is caused by the antisym-
metry stretching vibration of C–H of aliphatic. The peak at 
2,363 cm–1 can be attributed to the stretching vibration of 
the C–O bond. The peak at 1,631 cm–1 can be attributed to 
the deformation of water molecules, indicating the pres-
ence of adsorbed water on the material [21,62]. The peak at 
1,047 cm–1 is caused by C–O vibration [63]. A C–H vibration 
peak appears at 559 cm–1 [64]. However, new characteristic 
peaks appeared at 1,545 and 1,380 cm–1 after TC adsorp-
tion, which is due to the stretching vibration of aromatic 
ring group and the bending vibration of –CH3 of TC, and 

the skeleton vibration absorption peaks of the benzene ring 
in the tetracycline molecule after TC adsorption [65], this 
indicates that C–H group in the material forms hydrogen 
bond with phenol hydroxyl group on the surface of TC [66]. 
This further proves that TC is adsorbed on MnCe/MIL-100.

The adsorption isotherm, kinetic and thermodynamic 
results showed that the adsorption of TC by MnCe/MIL-
100 was spontaneous, endothermic and homogeneous. 
In addition, the adsorption between MnCe/MIL-100 and 
TC is realized by sharing electrons and forming chemical 
bonds between functional groups. The high specific sur-
face area and good conductivity of MnCe/MIL-100 provide 
more adsorption sites for TC adsorption. zeta potential 
results show that the electrostatic interaction between pos-
itively charged MnCe/MIL-100 and zwitter-ionic TC is an 
important reason for their adsorption.

4. Conclusion

In this study, MnCe/MIL-100 adsorbent was prepared 
by simple solvothermal method, which has good adsorp-
tion performance for TC. The results of adsorption kinetics 
and isotherm show that the adsorption process conforms 
to the pseudo-second-order kinetics and Langmuir model, 
and it can be judged that the adsorption of TC by MnCe/
MIL-100 is dominated by chemical adsorption and belongs 
to uniform monolayer adsorption. The adsorption thermo-
dynamic results showed that the adsorption capacity of 
the adsorbent for TC increased with the increase of tem-
perature. The thermodynamic parameters ΔG < 0, and both 
ΔH and ΔS are greater than 0, indicating that the adsorp-
tion is endothermic and spontaneous. The results of solu-
tion pH influence show that the adsorption performance 
starts to decrease at higher pH environment, which may 
be due to the negative charge on the surface of MnCe/
MIL-100 and the negative charge on the TC molecule at 
this time. Electrostatic repulsion occurs between the two, 
resulting in the reduction of the adsorption effect of MnCe/
MIL-100 on TC. In addition, MnCe/MIL-100 adsorbent can 
still maintain high TC removal efficiency after repeated 
regeneration with NaOH, and has good reusability, 
indicating that it has practical application potential.
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