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The removal of tetracycline, oxytetracycline, and chlortetracycline
by manganese oxide–doped copper oxide: the behaviors
and insights of Cu-Mn combination for enhancing antibiotics removal
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Abstract
Adsorption process is suitable to the advanced treatment of tetracycline antibiotics (TCs; including tetracycline (TTC), oxytet-
racycline (OTC), and chlortetracycline (CTC)) in poultry wastewater. In this research, Mn oxide-doped Cu oxide (MODCO) was
synthesized and used for the removal of TTC, OTC, and CTC. According to the XRD and SEM analysis results, MODCO has an
amorphous crystal structure and is formed by the aggregation of nano-sized particles with a uniform distribution of Cu and Mn
elements. In addition, MODCO has a BET surface area of 67.7 m2/g and a pHIEP value of 7.8. The results of batch experiments
illustrated that the reaction rates for the removal of three TCs were in the order of OTC > CTC > TTC. In addition, the theoretical
maximum amounts of TTC, OTC, and CTC adsorbed on MODCO were determined to be 2.90 mmol/g, 4.15 mmol/g, and
2.20 mmol/g via the Langmuir model, respectively. The optimal removal performances of TCs were achieved in the pH range of
6~9, and the coexistence of anions posed an unnoticeable effect on the removal efficiencies. The spectroscopic analysis results
demonstrated that the removal mechanism of TCs was mainly attributed to surface complexation. Furthermore, a part of TCsmay
be decomposed by Mn oxides during the removal process according to the UV spectrogram results. Overall, MODCO has
exhibited a great potential for the removal of TCs from aqueous solution.
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Introduction

Tetracycline antibiotics (TCs), which mainly include tetracy-
cline (TTC), oxytetracycline (OTC), and chlortetracycline
(CTC) and have broad-spectrum antibacterial properties, are

one of the most widely used antibiotics in the world (Liu
et al. 2018a). These antibiotics have been extensively used
not only in the medical industry but also as veterinary drugs,
growth promoters, and preservatives in aquaculture (Yan et al.
2013).

Although tetracycline antibiotics bring huge economic ben-
efits, the environmental pollution problems caused by the abuse
of them cannot be ignored. Previous studies reported that only a
small part of antibiotics consumed by animals or human are
absorbed in their bodies, and up to 95% of consumed antibi-
otics enter surface water, groundwater, and soil in the form of
maternal or metabolites, such as feces, urine, and other excreta
(Grujić et al. 2009; Zhou et al. 2013). In addition, hospital
sewage and pharmaceutical wastewater may also contain large
amounts of antibiotic substances (Watkinson et al. 2009).
Watkinson et al. (2009) reported that about 80% of total antibi-
otics were removed from wastewater in wastewater treatment
plants (WWTPs), but at the same time, only 30% of TCs were
reduced. When such wastewater is discharged into water bod-
ies, it will pose a great threat to the ecological safety of the
water environment. Wang et al. 2019a pointed out that
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tetracycline antibiotics were detected inmost of themajor water
bodies in China and other countries. For example, TTC, OTC,
and CTC were detected in the Tiaoxi River of China with the
maximum concentrations of 623.43; 19,809.81; and 47.52 ng/
L, respectively (Li et al. 2016). Additionally, the maximum
concentrations of TTC, OTC, and CTC detected in the Han
River and the Kyungahn Stream of South Korea reached
2093, 1236, and 793 ng/L, respectively (Kim et al. 2016).
Excessive tetracycline antibiotics in the environment can cause
great harm to human health. Previous studies have shown that
the residual tetracycline antibiotics can enter the human body
through the food chain, leading to adverse reactions such as
human poisoning, and even serious cancerous changes
(Kushikawa et al. 2016; Liu et al. 2018a). In addition to these
dominant hazards, it is more alarming that a large amount of
tetracycline may lead to the production of resistant microorgan-
isms and resistance genes, and thus increasing the resistance of
human body and even producing super resistant bacteria (Liu
et al. 2019). Hence, it is widely recognized that the pollution
problem of tetracycline antibiotics in water environment cannot
be ignored.

The search for efficient and practical methods of tetracy-
cline removal has become a research focus of water treatment
technologies. Extensive researches have been conducted on
the removal of antibiotics from water. The methods for TC
removal mainly include biological and physicochemical treat-
ment technologies. However, due to the lack of experience in
design and operation, most of the biological methods are still
in the experimental stage for the treatment of TC wastewater
(Liu et al. 2018b; Xu et al. 2019). On the other hand, the
current commonly physicochemical methods for treating TC
wastewater include coagulation (Saitoh et al. 2014), photocat-
alytic oxidation (Wang et al. 2019b), ozone oxidation (Li et al.
2008), and adsorption (Bangari and Sinha 2019). Although,
coagulation technology has the advantages of effective treat-
ment performance, simple equipments, easy maintenance op-
eration, and adjustable operating time. Unfortunately, the co-
agulation technology is restricted due to the problem of chem-
ical sludge management (Homem and Santos 2011). Ozone
technology is regarded as an alternative method due to its fast
reaction rate and strong oxidation activity, but the electricity
high consumption for producing ozone and the potentially
toxic by-products have hampered its engineering applications
(Li et al. 2008). Photocatalytic oxidation processes have the
virtues of fast reaction speed, low cost, and no secondary
pollution, but most of them are still in the theoretical research
and laboratory stage due to the problems of narrow application
range, poor catalyst reusability, difficult reactor design, and
high energy consumption (Belhouchet et al. 2019; Gao et al.
2018). Compared with the above methods, adsorption tech-
nology is a better choice for removing TCs because of its
simplicity, ease of operation, high efficiency, relatively low
cost, and no high toxicity by-products (Bangari and Sinha

2019). The adsorbents that have been used to adsorb TC
wastewater include zeolite (de Sousa et al. 2018), activated
carbon (Selmi et al. 2018), clays (Premarathna et al. 2019),
and metal oxides (Liu et al. 2012). In the past decade, the
development of novel metal adsorbents has gradually become
a new research hotspot because of their remarkable adsorption
performance for the removal of many organic or inorganic
substances (Liu et al. 2012; Ma et al. 2019). Metal oxides
commonly used in the current removal of antibiotics include
iron oxides (Cao et al. 2018), aluminum oxides (Gu and
Karthikeyan 2005), manganese oxides (Rubert 2006), and
composite metal oxides (Xu et al. 2009). Liu et al. (2012)
synthesized Fe-Mn binary oxide by a simultaneous oxidation
and co-precipitation process to remove tetracycline, which
exhibited a satisfactory performance. Hydrous manganese ox-
ides are the strongest natural oxidants found in soils. Rubert
(2006) used hydrous manganese oxide to remove
oxytetracycline, and they found that oxytetracycline could
be degraded via MnO2 oxidation. Ma et al. (2019) prepared
Fe/Cu composite-loaded active municipal waste sludge bio-
char for the removal of tetracycline from water. It was found
that Cu had great ability to chelate or complex with -COOH
and -OH. It can be anticipated that a Cu-Mn binary oxide has
the potential to oxidize and adsorb tetracycline simultaneous-
ly. Moreover, many studies have reported excellent perfor-
mance of the removal of inorganic contaminants by Cu or
Mn oxides and their derivatives due to their strong ability of
adsorption or oxidation, respectively (Liu et al. 2015; Zhang
et al. 2013). However, to our best knowledge, the removal
performances and mechanisms of TCs by using Cu-Mn binary
oxide have never been reported in the existing literature. In
this study, the removal characteristics of TCs onto a newly
synthesized Cu-Mn binary oxide (MODCO) were investigat-
ed. Furthermore, SEM-EDS, FTIR, and XPS were conducted
to investigate the removal mechanism of TCs on MODCO.

Materials and methods

Materials

Chemicals in this work, including copper(II) nitrate trihydrate
(Cu(NO3)2•3H2O), manganese(II) chloride tetrahydrate
(MnCl2•4H2O), potassium permanganate (KMnO4), and so-
dium hydroxide (NaOH), were of analytical grade and used
without further purification. All solutions were prepared by
deionized water. All reaction glass vessels employed in exper-
iments were soaked and cleaned with 1% nitric acid (HNO3)
and rinsed several times with deionized water before use.
Sodium hydroxide (NaOH) and nitric acid (HNO3) solutions
were employed to adjust the pH of solution. The partial char-
acteristics of three antibiotics are listed in Table S1.
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The preparation of MODCO

Via the preliminary evaluation of the synthetic method,
MODCO was synthesized by a two-step method including
precipitation and oxidation, and Cu/Mn = 3:1 was chosen as
the optimal molar ratio for adsorbent preparation. The synthe-
sizing procedure was as follows: (1) First, a certain amount of
Cu(NO3)2•3H2Owas dissolved in deionized water. Under vig-
orous stirring, 0.1 M of NaOH solution was added into
Cu(NO3)2 solution to maintain the pH of mixed solution
around 8.0. The suspension was continuously stirred for
10 min, aged at ambient temperature for several hours, and
washed several times with deionized water, filtrated and dried
at 60 °C for 12 h. The dried material was crushed and stored in
desiccator for the next step. (2) After that, a certain amount of
MnCl2•4H2O was dissolved in deionized water, then the ma-
terial obtained in the former step was added into MnCl2 solu-
tion under vigorous stirring, and certain volume of 0.1 M of
KMnO4 was slowly added into the mixture. Afterwards,
0.1 M of NaOH solution was added into the mixed solution
to maintain the pH between 5.0 and 6.0. The subsequent steps
of filtration, drying, and grinding are the same as the previous
step. The finally obtained material named MODCO was
stored in a desiccator for use.

Batch experiments

To evaluate the maximum removal capacity of MODCO,
batch experiments were carried out at 25 ± 1 °C with initial
TC concentration varied from 0.02 to 1.40 mmol/L. A series
of 150-mL conical flasks were loaded with 50 mL of solution
containing TTC (or OTC or CTC) and added with 15.0 mg of
MODCO. The pH of suspensions was adjusted to 7.0 ± 0.1 by
adding 0.1 M of NaOH and HNO3 during the experiment.
After shaking at 180 rpm for 24 h, the samples were collected
and filtered with a 0.45-μm membrane filter and analyzed for
TTC/OTC/CTC concentration. To evaluate reaction kinetics,
initial TC concentrations were set as 0.1 mmol/L and
0.5 mmol/L, respectively. In each test, 15 mg of sorbents were
added into 150-mL conical flasks containing 50 mL of TTC/
OTC/CTC solution to obtain a 0.3 g/L suspension. These
flasks were shaken in an orbit shaker, and the suspension pH
was maintained at 7.0 ± 0.1. After the samples were collected
at predetermined time intervals and filtered with a 0.45-μm
membrane, the residual concentration of TTC/OTC/CTC in
the filtrates was analyzed. To assess the influence of solution
pH on TC removal byMODCO, batch experiments were con-
ducted by adding 15mg ofMODCO to 150-mL conical flasks
containing 50mL of solution with initial TTC/OTC/CTC con-
centration of 0.1 mmol/L or 0.5 mmol/L at 25 ± 1 °C. The pH
of solutions was adjusted with NaOH and HNO3 solutions to
specified values in the range of 3~10 during the experiments.
After shaking the conical flasks on an orbit shaker at 180 rpm

for 24 h, all samples were collected, filtered through a
0.45-μmmembrane, and analyzed. To study the effect of com-
monly coexisting ions in water, such as sulfate, silicate, car-
bonate, phosphate, and calcium ion, as well as magnesium
ion, on the removal of TCs, batch tests were carried out by
adding ion-corresponding salt to 50 mL of 0.5-mmol/L TTC/
OTC/CTC solution to obtain an coexisting ion concentration
ranged from 2 to 10 mmol/L. A total of 15 mg of MODCO
was added into each test to obtain a 0.3-g/L suspension. Each
test was shaking at 180 rpm for 24 h at 25 ± 1 °C, and the
solution pH was maintained at 7.0 ± 0.1 by using 0.1 M of
NaOH and HNO3 during the removal process. After filtration
by a 0.45-μm polycarbonate filter membrane, the concentra-
tion of residual TTC/OTC/CTC solution was analyzed using
UV spectrophotometer.

Analytical and characterization methods

The concentrations of TTC, OTC, and CTC was detected by
using UV spectrophotometer (2600 UV/VIS, Unico
Instrument Corporation, Shanghai) at 360 nm, 275 nm, and
370 nm, respectively. The concentrations of Cu and Mn were
determined by using an atomic absorption-flame emission
spectrometer (Thermo Scientific iCE3300, USA). A micro-
electrophoresis meter (JS94F, Powereach, Shanghai) was
employed to determine the zeta potential of samples. The data
of the specific surface area were collected through the BET
method by using surface area analyzer (V-Sorb X 800, Gold
APP Instrument Corporation, Beijing). The crystalline struc-
ture was performed by means of X-ray diffraction technique
(XRD-6100, Shimadzu Corporation, Japan). A field scanning
electron microscope (S-3400N, Hitachi Limited, Japan) was
employed to observe the morphology before and after reac-
tions. The ultrastructure of sorbent was observed by transmis-
sion electron microscope (HT7700, Hitachi Limited, Japan).
The thermal properties of sorbent were determined by means
of thermogravimetric analysis (TGA-DSC 3+,Mettler Toledo,
Switzerland). The data of the specific surface area was collect-
ed through the BETmethod by using surface area analyzer (V-
Sorb X 800, Gold APP Instrument Corporation, Beijing).
FTIR was employed to characteristic before and after reac-
tions (Tensor 27, Bruker Optics, America). XPS data were
collected by means of an X-ray photoelectron spectroscopy
(AXIS ultra DLD, Shimadzu, Japan).

Results and discussion

Surface characteristics of MODCO

The powder X-ray diffraction pattern of MODCO is depicted
in Fig. 1a. It can be seen that the material has obvious diffrac-
tion peaks, indicating a crystal structure. Through software
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analysis and PDF standard card comparison, all diffraction
peaks of MODCO can be indexed into four phases, including
CuO (detected at 2θ = 35.73°, 38.89°, 49.06°, 66.12°, 68.28°,
and 75.40°), Cu2O (at 36.57°, 61.65°, and 73.85°), Mn2O3 (at
36.57°, 61.65°, and 73.85°), andMnO2 (at 23.83°, 32.73°, and
46.09°). The grain sizes of CuO ≈ 0.76–0.41 nm, Cu2O ≈
0.0.83–0.41 nm, and Mn2O3 ≈ 0.0.83–0.41 nm as well as
MnO2 ≈ 1.87–0.41 nm were calculated based on the Scherrer
equation, respectively.

For XPS analysis, the characteristic peaks of Cu2p, Mn2p,
O1s, N1s, C1s, and Cl2p could be clearly inspected in the XPS
all-scan spectrum shown as Fig. 1b, which demonstrated that
Cu andMn existed in the adsorbent. Meanwhile, the existence
of a small amount of N and Cl could be attributed to the
residual element in the preparation process of this adsorbent.

The N2 adsorption-desorption isotherms of MODCO are
shown in Fig. 1c, which seem to be typical type II isotherms
according to the BDDT classification. The curve is biased to
the vertical axis in the low pressure section and rises sharply at
the high pressure end without adsorption saturation, indicating
that the adsorbent is mostly mesoporous (Chen et al. 2014).
The pore size distribution shown in Fig. 1d was mainly con-
centrated at 20–100 nm, which was consistent with the ad-
sorption and desorption isotherms.Moreover, the surface area,
pore size, and pore volume of MODCO was determined to be
67.74 m2/g, 16.87 nm, and 0.286 cm3/g, respectively. In

addition, the zeta potentials of MODCO at different pH con-
ditions are measured and shown in Fig. 1e. The isoelectric
point (IEP) of MODCO was about pH 7.82, indicating that
the surface of this material is negatively charged at pH > 7.82
and positively charged at pH < 7.82. The thermogravimetry
(TGA)-DSC result of MODCO is presented in Fig. 1f. The
rapid weight loss of 12.2% in the first stage can be attributed
to the evaporation of adsorbed water and bound water on the
adsorbent surface when the temperature rises to 290 °C, while
the light weight loss of about 3.8% in the second stage can be
assigned to the loss of crystal water in the temperature range of
290–640 °C (Luengo et al. 2017). Additionally, the weight
loss of 9.6% in the third stage is due to the dehydroxylation
effect of Mn and Cu oxides from 640 to 870 °C (Panda and
Kumar 2017). After that, the sample weight tends to be stabi-
lized until T = 1000 °C.

The morphological structure of MODCO was obtained via
the methods of SEM and TEM. Figure 2 shows the SEM
images of copper oxide and MODCO, respectively. The mor-
phology of copper oxide (shown in Fig. 2a) was formed by the
aggregates of irregular spherical particles. The SEM image of
MODCO in Fig. 2b shows needle-like structures ofMn oxides
with sizes of 100–130 nm attached to the spherical Cu oxides
with sizes of 50–100 nm, thereby forming a rough and com-
pact surface. Figure S1 presents the results of EDS mapping
analysis, indicating that the main elements of Cu, Mn, and O

Fig. 1 Surface characteristics of
MODCO. a The XRD pattern of
MODCO. b XPS spectrum and
O1s spectrum of MODCO. c The
nitrogen adsorption-desorption
isotherms of MODCO. d The
pore size distribution of
MODCO. e Zeta potentials of
MODCO at different pH
conditions. f The TGA-DSC of
MODCO

Environ Sci Pollut Res (2020) 27:12613–1262312616



within MODCO were evenly distributed on the composite
surface. Moreover, the molar ratio of Cu/Mn on the material
surface was about 2.74:1, which is very close to the designed
value of 3:1. The TEM images of MODCO presented in Fig.
S2 obtained at high resolution further confirm that the com-
posite surface were formed via the aggregation of nanoscale
particles of 20–100 nm with needle-like and irregular spheri-
cal structures.

Characteristic of TCs removal by MODCO

Sorption kinetics and equilibria

Figure 3 shows the kinetic curves for the removal of TTC,
OTC, and CTC at different initial concentrations, namely
0.1 mmol/L and 0.5 mmol/L respectively. The removal
amounts of TCs increased rapidly in the first 6 h, while the
removal rate slowed down from 6 to 24 h. Afterwards, the
removal processes gradually reached the equilibrium.
Meanwhile, the removal amounts of TCs increased with the
elevated concentrations of pollutants. The pseudo-second-
order model, which described the kinetics of TCs satisfactori-
ly, could provide more detailed information for comparing the
removal rates of three TCs. Based on the k2 values (shown in
Table S2) for the removal of these TCs, their removal rates
were in the order of OTC > CTC > TTC with the initial con-
centration of 0.1 mmol/L.

To evaluate the capability of MODCO for the removal of
three TCs, the batch experiments were conducted at different
initial concentrations. Figure 4 presents that the amounts of
TCs removed by MODCO were elevated with the increased
initial concentrations in the beginning and then became stable
gradually. Finally, the removal amounts of all the three TCs
reached a peak. Though the Langmuir isotherm equation is an
empirical model, it was often used to evaluate the maximum
removal capacity of materials by comparing the Langmuir qm
values. Hence, the maximum removal capacities of TTC,

OTC, and CTC were calculated as 2.901 mmol/g,
4.145 mmol/g, and 2.195 mmol/g according to the Langmuir
model (Table S3), respectively. Table 1 demonstrates that the
maximum removal capacities of MODCO for TCs are greater
than that of some other adsorbents.

Effects of solution pH and coexisting ions

The pH value of aqueous solution is one of the most important
water quality indexes that can affect removal performance.
Hence, it is necessary to investigate the removal capacity of
MODCO towards tetracycline antibiotics under different pH
conditions. Figure S3 shows the distribution of tetracycline
species with the change of solution pH. The predominant spe-
cies of TTC is H3L

+ at pH < 3.4, H2L in the pH range of
3.4~7.6, and HL− in the pH range of 7.6~9, as well as L2− at
pH > 9, respectively (Kang et al. 2011).The effects of pH on
the removal of TTC, OTC, and CTC byMODCO were inves-
tigated and presented in Fig. 5a–c, respectively. A plateau for
the removal amounts of TTC and CTC could be observed in
the pH range of 7~9, while the better removal performance for
OTC was obtained in the pH range of 6~8. It can be seen that
when the pHwas increased from 3 to 8, the removal amount of
TTC increased gradually, and reached the peak (2.40 mmol/g)
at pH 8. After that, the removal amount decreased remarkably
with the further pH increase. The reduced removal efficiency
of TTC at acidic (pH < 7) or alkaline (pH > 8) conditions
could be explained by the electrostatic repulsion between
MODCO and TTC species. Moreover, abundant hydroxyl
ions could compete with the TTC species (mainly HL− and
L2−) at pH > 8 for the active sites on MODCO, thereby inten-
sifying the inhibitive effects of alkaline conditions. With the
solution pH increases, the positive charge on the surface of the
MODCO decreases, and the TTC is electrically neutral due to
the loss of protons, the electrostatic repulsion decreased or
even disappears consequently, and the adsorption effect grad-
ually increases. As the pH rises further (> 8), the surface of

Fig. 2 SEM images of a copper oxide and b MODCO
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MODCO is negatively charged, and TTC is also converted
into the forms of anions HL− and L2− due to further loss of
protons and the electrostatic repulsion between TTC and
MODCO, resulting in the removal amount dropped. Overall,
the optimum pH range for the removal of TTC and OTC is
pH 6~9, while that for CTC removal is 7~9. Hence, excellent
removal performances of TCs can be achieved by using
MODCO without a pH adjustment of treated water.
However, it is noted that the released Cu(II) concentrations
from MODCO after the removal of TCs were increased at
acidic or alkaline conditions. It means that there is a

requirement to optimize the chemical composition or the
micro-structure of MODCO in future work.

To further evaluate the applicability of MODCO in actual
TC-contaminated wastewater, the effect of common cations
and anions on the removal of TCs was investigated and the
results are presented in Fig. 6. It is shown that magnesium,
phosphate, carbonate, and sulfate as well as nitrate ions had no
significant influence on the removal of TTC and OTC.
However, the presence of calcium and silicate ions depressed
the removal of TTC and OTC, and the inhibition effect was
intensified with increasing ions concentration, especially for
calcium ion. The negative effects of calcium ion were mainly
due to the complexation between TTC/OTC and calcium ion.
The side effects of silicate ions were mainly attributed to the
competition with TTC or OTC for the active sites on the
surface of adsorbent. On the other hand, magnesium, calcium,
phosphate, and sulfate as well as nitrate ions had no discern-
ible effects on the removal of CTC. It is noted that the removal
of CTC was barely affected by the coexistence of Ca2+ ions,
though CTC can strongly form complex with bivalent cations.
Some researchers found a similar result when they used mag-
netite nanoparticles for the adsorption of CTC. The adsorption
of CTC was not inhibited unless the concentration of Ca2+

exceeded 10 mM (Zhang et al. 2011). Another difference be-
tween CTC and TTC and OTC is that carbonate and silicate
ions showed slightly promotive effects on the removal of
CTC, and the promotion effects became more pronounced
with the increasing ion concentrations. The description of this
phenomenon, which may be attributed to the different mole-
cule structures and functional groups between TTC/OTC and
CTC, depends on the further research on the interaction and
competition mechanism between CTC and coexisting ions on
the surface of MODCO.

Fig. 4 Removal amounts of TCs by MODCO at different initial
concentrations. a TTC. b OTC. c CTC. Experimental conditions: initial
concentrations = 0.02~1.40 mmol/L, adsorbent dosage = 0.3 g/L, pH = 7,
ionic strength = 0.01-M NaNO3, reaction time = 24 h

Fig. 3 Removal kinetics of TCs on MODCO. a TTC. b OTC. c CTC.
Experimental conditions: initial concentrations = 0.1 or 0.5 mmol/L,
adsorbent dosage = 0.3 g/L, pH = 7, ionic strength = 0.01-M NaNO3,
reaction time = 24 h
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Removal mechanism

Analysis of FTIR spectra

Figure 7 shows the FTIR spectra of MODCO samples before
and after TCs removal. The bands at 3511 cm−1 and
3431 cm−1 were attributed to the stretching vibrations of hy-
droxyl groups (Liu et al. 2015).The peak at 1632 cm−1 could
be ascribed to the deformation of water molecules, indicating
the existence of adsorbed water on the material (Li et al.
2014). The peak at 1047 cm−1 might be corresponded to the

vibration of Cu-O (Pillewan et al. 2011). The remained ab-
sorption peaks below 800 cm−1 could be attributed to the
stretching and bending vibrations of metal oxygen bonds
(Liu et al. 2006). After the reaction with TTC, OTC, and
CTC, several new characteristic peaks appeared at
1604 cm−1, 1449 cm−1, and 1328 cm−1, as well as
1207 cm−1 could be assigned to the stretching vibration of
C-H (Matsushima 1963), and the distortion vibration of CH2

(Srinivasan et al. 2015) as well as the tensile deformation of
C=O (Evangelin et al. 2012), respectively. This result con-
firmed that TC molecules have been successfully adsorbed
onto the surface of MODCO. In addition, the bands for hy-
droxyl groups at 3511 cm−1, 3431 cm−1, 1632 cm−1, and
1047 cm−1 showed a significant decrease in their intensity,
indicating the involvement of hydroxyl groups in the removal
of TCs. Furthermore, the peaks for nitrate (NO3

−) at
858 cm−1and 1376 cm−1 were weakened or even disappeared,

Table 1 Comparison of
maximum TC adsorption
capacities between MODCO and
other adsorbents

Sorbent Pollutant Langmuir Qm (mmol/g) References

MODCO TTC 2.901 Present study

MODCO OTC 4.145 Present study

MODCO CTC 2.195 Present study

Activated carbon OTC 1.06 Alegakis et al. (2000)

Graphene TTC 0.71 Gao et al. (2012)

Kaolinite TTC 0.12 Zhao et al. (2011)

Clay TTC 0.21 Chang et al. (2009)

Bamboo charcoal TTC 0.11 Liao et al. (2013)

Activated sludge OTC 0.18 Song et al. (2014)

Chitosan TCs 0.934 Kang et al. (2010)

Fig. 5 The effect of solution pH on the removal of TCs by using
MODCO. a TTC. b OTC. c CTC. Experimental conditions: initial
concentration = 0.5 or 1.0 mmol/L, adsorbent dosage = 0.3 g/L, ionic
strength = 0.01-M NaNO3, reaction time = 24 h

Fig. 6 The effect of coexisting ions on the removal of TCs byMODCO. a
TTC. b OTC. c CTC. Experimental conditions: initial concentration =
0.5 mmol/L, adsorbent dosage = 0.3 g/L, pH = 7, ionic strength = 0.01-M
NaNO3, reaction time = 24 h
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indicating that the impregnated nitrates were replaced by TCs
via ion exchange process (Kavitha et al. 2012). Hence, we
speculated that TCs can react with hydroxyl groups and other
functional groups on the adsorbent surface, forming a surface
complex at the water/adsorbent interface, and then be
adsorbed on the surface of MODCO (Gu and Karthikeyan
2005).

Analysis of XPS spectra

To further investigate the removal mechanisms of TCs, Fig.
S4 presents the wide-scan XPS spectra ofMODCO before and
after TC removal. After the reactions with TCs, the intensities
of both C and N element peaks were increased after reactions,
and the N element ratios were raised from 0.23 to 1.29%,
2.37%, and 1.46% after the removal of TTC, OTC, and
CTC, respectively, thereby further confirming the removal of
TCs onto MODCO. Moreover, Fig. 8 illustrates the O1s,
Cu2p, and Mn2p spectra of the pristine and reacted samples.
It can be seen from the O1s spectra (Fig. 8a) that the area ratios
of Me-OH (531.5 eV) (Dedryvere et al. 2010) decreased from
42.78 to 33.75%, 22.55%, and 26.14% after the removal of
TTC, OTC, and CTC, respectively, which corroborated the
participation of hydroxyl groups in the removal of TCs.
Meanwhile, the area ratios assigned to Me = O (529.7 eV)
(Zhang et al. 2014) decreased from 7.32 to 5.92% and
2.81% as well as 5.88%, respectively. It was mainly explained
by the reason that the Cu ions within MODCO can form
complex Cu(II)-TCs with the combination of TCs and thus
enhancing the removal of TCs (Tang et al. 2014; Zhang
et al. 2015). In addition, two new oxygen peaks appeared at
533.5 and 531.5 eV, 533 and 531.3 eV, and 532.8 and
531.8 eV, respectively, which are characteristics of oxygen-

Fig. 7 The FTIR spectra of fresh MODCO and MODCO reacted with
TCs

Fig. 8 The XPS spectra of MODCO before and after TCs sorption. a O1s. b Cu2p. c Mn2p
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containing functional groups in TCs (C=O and C-O) (Lin et al.
2015).

The Cu valence state was analyzed by fitting Cu2p1/2
(954.1 eV) and Cu2p2/3 (934.2 eV) presented in Fig. 8(b1) ,
while the satellite peaks at 934.8 eVand 933.8 eV were char-
acteristic of Cu2p2/3. The reactions with TTC, OTC, and CTC
led to the formation of a new characteristic peak at 937.6,
938.5, and 938.6 eV, respectively (Fig. 8(b2–b4)), which were
attributed to the combination of some oxygen-containing
functional groups in TCs with released Cu(II) (shown in Fig.
S5), thus indicating the affinity of Cu(II) for TCs (Zhang et al.
2015). As shown in Fig. 8(c1–c4) , it can be seen obviously
that a new peak corresponding toMn(II) appeared at 641.2 eV
in addition to the peak ofMn(IV) (642.4 eV) after the removal
of TCs(Chen et al. 2014; Chen et al. 2018). In addition, the
ratio of Mn(IV)/Mn(II) decreased from 1 to 0.77, 0.39, and
0.19 after the reaction with TTC, OTC, and CTC, respectively.
This result indicated that MnO2 may have a certain degree of
oxidation effect on TCs during the removal process. As shown
in Fig. S5, the release of Mn(II) from MODCO after TCs
removal also indicated the dissolution of MnO2 after the re-
moval of TCs.

Figure 9 illustrates that the XPS C1s spectra and UV-
visible absorption spectra of MODCO reacted with three
kinds of TCs. As shown in Fig. 9a, the difference in fitting
curves of C peak was ascribed to the different molecular struc-
tures of the three kinds of antibiotics, which was consistent
with the results of FTIR analysis. It is further proved that TCs
were successfully attached to the surface of MODCO.
Moreover, it is also possible that TCs were partly oxidized
by MnO2 during the removal process resulting in different
intermediates, because the previous studies have proved that

MnO2 can play a key role in the adsorption and uncomplete
composition of TTC and OTC (Dong et al. 2018; Rubert
2006). In addition, Fig. 9b shows the UV spectrograms of
MODCO before and after the removal of TCs. There were
certain changes at the peak position in the spectra after the
reactions with the three antibiotics. The peaks at 360 nm were
weaken or shifted after the removal of TCs, which suggested
that there is a structural change in the p-electron system locat-
ed on rings during the removal processes. Meanwhile, the
intensity of the peak at 270 nm was decreased for OTC-
reacted sample, indicating a damage of the tricarbonyl meth-
ane keto-enol system within OTC (Mahamallik et al. 2015).
This UV-visible absorption results further confirmed that the
redox processes involving MnO2 are mainly responsible for
the removal of TCs in a certain degree.

Conclusions

This work presents that MODCO is a promising adsorbent for
the removal of three kinds of TCs from synthesized TC-
contaminated water. The Mn oxides were evenly impregnated
into the Cu oxides, and the optimal Cu/Mnmolar ratio was 3:1
for TC removal. The plateau for the removal of TTC, OTC,
and CTC could be achieved within 10 h, 10 h, and 3 h, re-
spectively. On the other hand, the Langmuir Qm values of
TTC, OTC, and CTC were determined to be 2.90 mmol/g,
4.15 mmol/g, and 2.20 mmol/g, respectively. A favorable re-
moval performance could bemaintained in a wide pH range of
6~9, and there were unnoticeable inhibitive effects caused by
the presence of common anions. The FTIR spectra results
illustrated that the hydroxyl groups on adsorbent surface play

Fig. 9 The XPS spectra and UV
spectrogram of MODCO after TC
sorption. a C1s XPS spectra. b
UV spectrogram
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an important role in the removal of TCs. The XPS analysis
results demonstrated that the removal mechanisms of TCs
were mainly at tr ibuted to surface complexation.
Furthermore, a certain oxidation effect of MODCO was pro-
posed for the removal of TCs due to the oxidative activity of
Mn oxides. Based on the above results, MODCO shows great
potential to be used for the removal of TCs from aqueous
solution. Unfortunately, the released Cu(II) ions at acidic or
alkaline conditions may bring about a problem of second pol-
lution. To solve this problem, MODCO needs to be further
optimized in order to strengthen the stability of Cu
component.
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