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a b s t r a c t

Tetracycline (TC), a major pollutant in water, has an adverse effect on ecosystem and human health. 
Thus, it is urgent to remove but still remains a challenging. In this work, a new adsorbent of MnO2 
decorated on sodium hypochlorite treated expanded graphite (MnO2/TEG) was developed by an 
in situ hydrothermal method, which exhibited a highly removal rate of 99.2% to pharmaceutical 
wastewater treated by flocculation. The structure and morphology of the adsorbent was studied 
by detailed physical characterization. Meanwhile, the main influencing factors on the adsorption 
behavior such as pH value, concentration, temperature of the solution, adsorption time, metal oxide 
species and MnO2 loading amount were also investigated in detail. It was found that the electro-
static adsorption between Mn4+ in MnO2/TEG and dimethylamino groups in TC molecules played 
an important role during the adsorption process. These excellent properties proved that the novel 
composite could be applied to remove TC residues in pharmaceutical wastewater.
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1. Introduction

Tetracycline (TC), one of the most common antibiotics 
in practical application, is a kind of polycyclic and tetra-
styroxylamide compound with antimicrobial properties 
[1,2]. As a broad-spectrum antibiotic, TC is often used for 
the prevention and treatment of human and animal dis-
eases. However, TC is excreted directly into water bodies 
via pharmaceutical and livestock wastewater and poorly 
adsorbed in soil that TC has been frequently detected in sur-
face water, ground water and even in drinking water [3,4]. 
The persistence of antibiotics in ecosystems could influence 
the evolution of microbial structure, thereby threatening the 
ecological health. Moreover, the selection pressure originat-
ing from residual antibiotics on the environmental microbe 
could encourage the formation and spread of antibiotic-re-
sistant bacteria and genes in a long term [5,6]. Through the 
circulation and accumulation of the food chain, residual TC 
can indirectly or directly threaten human health. However, 

removal of TC antibiotic from water bodies is difficult due 
to its changeful occurrence state, low biodegradability, and 
complexity of molecular structures [7]. Therefore, great 
attentions have been focused on the developing efficient 
technologies for TC removal [8].

At present, numerous approaches including catalytic 
degradation [9,10], advanced oxidation [11–13], photodeg-
radation [14–17], adsorption process [18–20], membrane 
separation technology [21] have been used to remove TC in 
wastewater [22]. Compared to other technologies, adsorp-
tion has distinctive advantages of easy operation, low cost, 
high removal efficiency at very low concentration, and 
no toxicities generated from intermediates and byprod-
ucts [23]. Numerous studies have been conducted on the 
removal of TC by different adsorbents like activated car-
bon [24,25], biochar [26], MOFs [27], zeolite [28] and ion 
exchange resin [29]. However, these adsorbents suffer the 
problem of limited adsorption ability, high cost or poor 
water stability. Hence, developing an adsorbent with high 
adsorption capacity, low production cost, excellent water 
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stability, and environment friendly for TC removal should 
be conducted and studied urgently [30].

Recently, a large number of studies had shown that the 
adsorption of TC by composite materials showed great 
potential. The composite material not only can exert the 
advantages of the carrier in the material, such as large 
specific surface area, good water stability and controlla-
ble surface function, but also exert enhanced adsorption 
function from the material supported on carrier [31–34]. In 
this way, the adsorbent can be designed and prepared in 
a targeted manner, which allows specific pollutants in the 
wastewater to be efficiently and specifically removed. In a 
recent study by Zandipak et al. [35], the synthesized Fe3O4 
nanoparticles were coated by SiO2 and were then modified 
with CTAB by using a simple sol-gel method with selective 
etching. Xiong et al. [7] studied the adsorption of TC anti-
biotics from aqueous solutions by a multi-walled carbon 
nanotube (MWCNT) loaded iron metal-organic framework 
(MIL-53(Fe)) composite. In the study of Zhang et al. [36], 
Fe3O4@graphene (Fe3O4@G) magnetic nanocomposite was 
prepared via in situ precipitation method for the removal of 
oxytetracycline (OTC) and tetracycline (TC) from aqueous 
solution. The results showed that the composite exhibited a 
higher adsorption rate of TC in aqueous solution. The above 
reports not only prove that composite materials have more 
advantages in the adsorption process, but also provide new 
ideas for future research. Meanwhile, the research on TC 
antibiotics in aqueous solution has been very mature. The 
next research should focus on how to effectively remove the 
TC in pharmaceutical wastewater.

Expanded graphite (EG) is an inorganic porous carbon 
based adsorbent with a low density (0.002–0.010 g cm–3), 
which is usually prepared from well-crystallized natural 
flake graphite [37]. It is potentially an excellent inexpensive 
adsorbent due to high porosity, weak polarity, hydrophobic 
nature and high selective sorption capacity to large organic 
compounds [38]. Similarly, EG can also be an excellent car-
rier. Under certain pH conditions, the metal oxide can form 
a strong coordination with the dimethylamino group in TC 
to achieve the purpose of adsorbing TC [39]. However, the 
metal oxide particles are easy to agglomerate, so that it is 
difficult to exert the desired adsorption performance. EG, as 
an adsorbent, has a two-dimensional nanosheets structure, 
and the nanosheets are over-stacked, making it difficult to 
exert its own advantages in the adsorption process. Loading 
the metal oxide particles on the EG surface not only avoids 
excessive stacking between the nanosheets in the EG, but 
also enhances the adsorption of the material. Therefore, this 
idea is very worthy of expecting to remove TC from phar-
maceutical wastewater.

2. Experimental

2.1. Materials

Tetracycline hydrochloride (AR, 98%) and pharmaceuti-
cal wastewater (pH = 5, the initial concentration (C0) of TC 
was 200 mg L–1) were provided by Qiyuan Pharmaceutical 
CO., LTD, China. The main parameters of pharmaceutical 
wastewater were listed in Table 1. NaOH (AR, 96%), HCl 
(AR, 36%), KMnO4 (AR, 98%), Zn(NO3)2⋅6H2O (AR, 98%), 
Cu(NO3)2⋅3H2O (AR, 98%), Mg(NO3)2⋅6H2O (AR, 98%), 

Fe(NO3)3⋅9H2O (AR, 98%), polyaluminum chloride (AR, 
98%) and polyferric sulfate (AR, 98%) were all purchased 
from TianJinGuangFu Technology Development CO., LTD 
in Tianjin, China. NaClO (AR, 14%) was purchased from 
Aladdin Industrial Corporation. Expanded graphite (EG) 
was purchased from QingDaoChenYang CO., LTD in Qin-
gdao, China.

2.2. Preparation of composite materials

Expanded graphite (1 g) was added to the beaker. 
Sodium hypochlorite (120 ml) was then added to the above 
beaker and ultrasonically dispersed for 1 h at room tem-
perature. Subsequently, the mixture was vigorously stirred 
for 48 h under a water bath with 50ºC. The mixture was 
washed with deionized water until the effluent was color-
less. The product was dried at 100ºC for 12 h. Finally, the 
sodium hypochlorite treated expanded graphite (TEG) 
was obtained. The TEG powder (3.5 g) was ultrason-
ically dispersed in deionized water (350 ml) for 5 h. Dif-
ferent amounts (0.88 g, 2.33 g and 4.74 g) of metal salt (i.e. 
KMnO4, Zn(NO3)2⋅6H2O, Cu(NO3)2⋅3H2O, Mg(NO3)2⋅6H2O, 
Fe(NO3)3⋅9H2O) were added to the above mixture and 
stirred rapidly for 2 h. The mixture was transferred to a Tef-
lon-lined stainless steel autoclave and reacted at 130°C for 
15 h. The product was washed with deionized water until 
the water was colorless. Subsequently, the product was 
dried at 100ºC for 12 h. The resulting powder was then cal-
cined at 400ºC for 5 h (heating rate was 2ºC min–1). Finally, 
the metal oxide modified TEG was obtained. In this study, 
taking MnO2 modified TEG as an example, 60% in 60% 
MnO2/TEG refers to the metal oxide loading amount.

2.3. Characterization

Scanning electron microscopy (SEM, Hitachi S-4800) and 
transmission electron microscopy (TEM, FEI Tecnai G20) 
were used to characterize the particle size, morphology and 
microstructure of the material. The energy dispersive X-ray 
spectroscopy (SEM-EDX, Hitachi S-4800) analysis focused 

Table 1
Main components of pharmaceutical wastewater

Pharmaceutical wastewater

Parameters Contents

pH 5
COD 2067 mg L–1

TOC 922 mg L–1

Protein 0.88 mg L–1

Oxalate 4.5 mg ml–1

Amino nitrogen 1.35 mg L–1

Reducing sugar 1.6 mg L–1

Total sugar 3.2 mg L–1

Tetracycline hydrochloride 200 mg L–1

Pigment Uncertain
Inorganic ion Uncertain
Microorganism Uncertain
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on the elemental composition and distribution of the mate-
rial. The adsorption mechanism was studied by X-ray pho-
toelectron spectroscopy tests (XPS, kratos-ultra DLD). TG 
analysis (thermogravimetric analysis) was carried out on 
the calcined samples in air up to 1000°C using a French 
SETARAM SETSYS-1750 instrument with a heating rate of 
10°C min–1. Zeta potential measurements using a zeta ana-
lyzer (90 Plus Zeta, Brookhaven) were performed with dif-
ferent pH. HPLC (CTO-10ASVP) was used to determine the 
TC concentration.

2.4. Adsorption experiments

A certain concentration of TC solution was added to 
the conical bottle. The pH of the solution was adjusted by 
using HCl or NaOH solution with concentration of 0.1 mol 
L–1. The composite material (50 mg) was added to the above 
solution (50 ml) for static adsorption test. At different tem-
peratures, the conical flask continues to stir (120 rpm) for a 
certain period of time. The TC concentration in the solution 
was measured by HPLC at fixed time points. 

2.4.1. Adsorption kinetics

Adsorption kinetics is an important adsorption param-
eter for adsorption performance of adsorbents. Adsorption 
kinetics mainly studies the relationship between adsorption 
rate and time during the whole adsorption process [40]. The 
adsorption kinetics were fitted by the following equations:

The pseudo-first-order model:

ln(qe – qti) = ln(qe) – k1t   (1)

The pseudo-second-order model:

t/qti = 1/(k2qe
2) + t/qe  (2)

where k1 (min–1) refers to the first-order rate constant; k2 (mg 
g–1 min–1) refers to the second-order rate constant. qe refers 
to the equilibrium adsorption capacity. qti (mg g–1) refers to 
the amount of TC adsorbed at time t (min).

2.4.2. Adsorption isotherm

The study of adsorption isotherms can not only be used 
to describe the relationship between the adsorbent and 
the adsorbate, but also to reveal the adsorption properties 
[41,42]. Adsorption data can be explained by Langmuir and 
Freundlich isotherm models:

Langmuir model:

qe = qmaxKLCe/(1+KLCe)   (3)

Freundlich model:

qe = kfCe
1/n   (4)

The linear forms of these models:

1/qe = 1/(qmaxKL) × 1/Ce + 1/qmax   (5)

lg(qe) = lg(kf) + 1/n × lg(Ce)   (6)

where qe (mg g–1) refers to the equilibrium adsorption 
capacity. qmax (mg g–1) refers to the the maximum adsorption 
capacity. KL refers to the Langmuir adsorption equilibrium 
constant and Ce (mg L–1) refers to the equilibrium solution 
concentration. kf refers to Freundlich constant. 1/n refers to 
the adsorption intensity.

2.4.3. Adsorption thermodynamics

Thermodynamic equilibrium constant K for the adsorp-
tion was calculated from intercept determined by plotting 
ln(qe/Ce) vs. qe using the method of Khan and Singh. The 
standard free energy change ΔG was calculated using the 
equation:

ΔG = –RT lnK   (7)

where ΔG refers to the Gibbs energy change, R refers to the 
molar gas constant, T refers to the absolute temperature.

The enthalpy change ΔH and entropy change ΔS were 
calculated by according to the follow equation:

lnK = ΔH/(–RT) + ΔS/R  (8)

2.5. Flocculation treatment

Flocculation treatment technology for pharmaceutical 
wastewater was provided by pharmaceutical companies. 
The flocculation process can efficiently remove impurities 
from the pharmaceutical wastewater while maintaining the 
stability of the TC concentration in the wastewater. The floc-
culation process greatly reduces the pressure of the subse-
quent adsorption process. Specific implementation details 
are as follows: The dosage of polyaluminum chloride (PAC) 
and polymeric ferric sulfate (PFS) was 0.175 g L–1, respec-
tively. The above two drugs were added to pharmaceutical 
wastewater and mixed. The rotation speed was 50 rpm. Both 
coagulation and settling time were 50 min. Subsequently, 
the above mixture was centrifuged (5000 rpm, 5 min), and 
the precipitate was removed. Finally, the pharmaceutical 
wastewater after flocculation treatment was obtained (pH 
= 5, C0 = 180 mg L–1).

3. Results and discussion

3.1. Characterization of composite material

The SEM images of different samples (graphite, EG, 
TEG, 20%MnO2/TEG, 40%MnO2/TEG and 60%MnO2/
TEG) are illustrated in Fig. 1. There were no big difference 
in the micromorphology of graphite, EG and TEG. It was 
found that the above three materials were stacked by flexi-
ble nanosheets with some wrinkles. As shown in Figs. 1d–f, 
petal-like MnO2 nanoparticles appeared on the surface of 
the modified material, and the distribution of nanoparticles 
became more dense with the increase of loading amount. 
In order to further verify the difference between the sam-
ples, the morphology of the materials were characterized by 
TEM technology. As shown in Figs. 2a–c, consistent with the 
SEM characterization results, graphite, EG and TEG were 
composed of surface-wrapped nanosheets. When MnO2 
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was introduced onto the surface of the TEG, the petal-like 
nanoparticles were firmly loaded on both sides of the sheets 
to form a sandwich-like structure (MnO2 nanoparticles/
TEG/MnO2 nanoparticles). This structure well avoided 
excessive stacking between the nanosheets, and then, there 
was more contact between the adsorbent and the adsorbate 
in the adsorption test, which enhanced the adsorption of 
composite materials. Moreover, with the increase of MnO2 
loading amount, the number of MnO2 nanoparticles on TEG 
surface increased (Figs. 2d–f).

The elemental composition of MnO2/TEG was charac-
terized by EDX and EDX mapping (Figs. 3a–c and a1–c1, 
Figs. 3d–g), and EDX analysis indicated the presence of only 
C, O and Mn. The mapping results confirmed the presence 
and uniform distribution of C, O and Mn on the surface of 
60%MnO2/TEG. The elemental composition of TEG mod-
ified by different metal oxides was characterized by EDX, 
and the result is shown in Fig. 4.

As shown in Figs. 5a–c, compared with graphite, EG 
and TEG, there was no obvious change in the XPS spectra 
of the three materials. In other words, after treatment, the 
difference between the three materials was a slight increase 
in the O-C=O group. After the introduction of MnO2, the 
type and amount of oxygen-containing functional groups 
of the composites increased significantly with the increase 
of the amount of potassium permanganate used during 
the modification (Figs. 5d–f). Taking 60%MnO2/TEG as an 
example, the C1s peak included four peaks, at 284, 285, 288 
and 291 eV, which were attributable to graphene, C-O, C=O, 
and O-C=O groups species, respectively. The introduction 
of a large number of oxygen-containing functional groups 
enhanced the interaction between the adsorbent and the 
adsorbate.

The temperature-mass relation was also studied (Fig. 6). 
All samples maintained good stability at the temperature 
below 400ºC. There was two-stage process in the tempera-
ture-responsive mass evolution: the adsorbed/hydrated 
water went lost at temperatures, up to 200ºC for graph-
ite, EG and TEG, 345ºC for 20%MnO2/TEG, 355ºC for 
40%MnO2/TEG and 430ºC for 60%MnO2/TEG; and then 
the rupture of chains, fragments and monolayers of graph-
ite, EG and TEG. In addition, when the temperature was 
raised from 200 to 570ºC, graphite, EG and TEG had dif-
ferent temperature-responsive mass evolution processes. 
Oxygen species were introduced into these three materials 
to form oxygen-containing functional groups, which made 
the quality of these three materials slightly increase. This 
result is consistent with the XPS characterization. After the 
introduction of MnO2, the thermal stability of the compos-
ites (MnO2/TEG) was greatly reduced due to the introduc-
tion of a large number of oxygen functional groups in the 
process of modification, which made the chains, fragments 
and monolayers of TEG more easily broken. Furthermore, 
the decomposition temperature of composites increased 
with the increase of MnO2 loading amount.

3.2. Adsorption performance

3.2.1. Effects of different metal oxides

As shown in Fig. 7d, the effect of different metal oxides 
in the adsorption process was initially evaluated. The TC 
aqueous solution was used as the research object, and its 
initial concentration and pH were 200 mg L–1 and 4, respec-
tively. The pH of the TC aqueous solution was adjusted to 
5, which was consistent with the pH of the pharmaceuti-

Fig. 1. SEM images of different samples.
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Fig. 2. TEM images of different samples.

Fig. 3. (a) ~ (c) and (a1) ~ (c1) EDX spectrum of major elements on the MnO2/TEG; (d) ~ (g) EDX mapping images of major elements 
on the 60%MnO2/TEG.
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cal wastewater. The samples (60%ZnO/TEG, 60%CuO/
TEG, 60%MgO/TEG, 60%Fe2O3/TEG and 60%MnO2/TEG) 
were subjected to static adsorption testing using the static 
adsorption method described in section 2.4. After static 
adsorption for 21 h, the concentration of TC in solution was 
determined by HPLC. The results showed that TC removal 
rate by different adsorbents followed this trend: 60%MnO2/
TEG > 60%ZnO/TEG > 60%MgO/TEG > 60%CuO/TEG > 
60%Fe2O3/TEG. Therefore, the subsequent experiments 
were based on 60%MnO2/TEG.

3.2.2. Effect of different MnO2 loading amount

After determining the type of metal oxide, it is necessary 
to further explore the effect of metal oxide loading amount on 
the adsorption results. A designed concentration of TC solu-
tion (pH = 5, 50 ml, C0 = 200 mg L–1) was added to the conical 
flask. Adsorbents (TEG with different MnO2 loading amount, 
50 mg) were added to the above solution for static adsorption 
(120 rpm, 21 h). As shown in Fig. 7f, compared with TEG, 
the adsorption rate of TC on MnO2/TEG increased signifi-

Fig. 4. EDX spectrum of major elements on the different samples ((a) 60%ZnO/TEG, (b) 60%CuO/TEG, (c) 60%MgO/TEG and (d) 
60%Fe2O3/TEG).

Fig. 5. C1s XPS spectra of different samples.
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cantly after the introduction of MnO2. At the same time, TC 
adsorption rate increased with the increase of MnO2 loading 
amount. However, considering the composite preparation 
cost and adsorption rate, the MnO2 loading amount in this 
study was determined to be 60%.

3.2.3. Effects of adsorption time and solution pH

In order to facilitate to further study the adsorption 
mechanism, TC solution (C0 = 200 mg L–1, pH = 4) was 
selected as the research object in this study. The pH value 
of equivalent TC solution (50 ml) was adjusted to 3, 5, 7 and 
9, respectively. Static adsorption tests of graphite, EG, TEG 
and 60%MnO2/TEG were carried out using static adsorp-
tion method described in the section 2.4 (Figs. 7a–c, e). 
Solution pH is a key factor that could directly affect the TC 
adsorption rate by changing the adsorbent surface charge, 
the speciation distribution of the adsorbate and the ioniza-
tion degree. The adsorption capacity of all adsorbents for 
TC increased with the increase of adsorption time. Except 
the 60%MnO2/TEG, the adsorption capacity of adsorbents 
(graphite, EG and TEG) to TC increased with the increase of 
pH value. The TC adsorption capacity of graphite reached 
the highest (148 mg g–1) when the pH value was 9. The TC 
adsorption capacity of EG and TEG reached the highest 
(170 mg g–1, 152 mg g–1) when the pH value was 7. However, 
the adsorption capacity of 60%MnO2/TEG to TC decreased 
with the increase of pH value. At the pH of 3, the adsorption 
capacity of 60%MnO2/TEG reached highest (198 mg g–1); At 
the pH of 5, the adsorption capacity of 60%MnO2/TEG was 
193 mg g–1. The adsorption capacity of 60%MnO2/TEG at 
pH 5 was very close to that of pH 3. Meanwhile, the ini-
tial pH of pharmaceutical wastewater was 5. Therefore, in 
order to ensure that the adsorption test was closer to prac-
tical application, the optimal pH value and adsorption time 
in this study were 5 and 21 h, respectively.

3.2.4. Effect of solution concentration and temperature

At different test temperatures (298, 308 and 318 K), 
60%MnO2/TEG (50 mg) was added to TC solution (50 ml) 
with different concentrations (100, 200, 300, 400, 500, 700 

and 1000 mg L–1) for static adsorption test. The adsorption 
rate decreases with increase of TC solution concentration 
(Fig. 5c). But, with increase of test temperature, the TC 
adsorption rate showed an upward trend under the same 
solution concentration. Therefore, temperature is an import-
ant factor that can directly affect the TC adsorption rate.

3.2.5. Practical application in pharmaceutical wastewater

Based on the above research, the 60%MnO2/TEG was 
put into practical application. TC adsorption rates in differ-
ent solutions, such as, pharmaceutical wastewater (C0 = 200 
mg L–1), pharmaceutical wastewater after flocculation treat-
ment (C0 = 180 mg L–1) and TC solution (C0 = 200 mg L–1) were 
tested under the same conditions (pH = 5, adsorption time 
was 21 h). The static adsorption experiments of adsorbents 
in different solutions were carried out by using the method 
described in section 2.4. As shown in Fig. 7h, TC adsorp-
tion rate in pharmaceutical wastewater by 60%MnO2/TEG 
was relatively low (53.9%). However, TC adsorption rates 
increased significantly in the other two solutions (99.2% and 
99.4%). Pharmaceutical wastewater comes from pharma-
ceutical industry wastewater treatment systems. Therefore, 
its composition is very complicated, and it also contains a 
large amount of impurities, which has a great impact on the 
specific adsorption of TC. In practical applications, the use 
of flocculation technology to effectively remove impurities 
from pharmaceutical wastewater can reduce the pressure 
on subsequent adsorption processes.

3.3. Adsorption kinetics

The time profile for the adsorption of TC in aque-
ous solution by MnO2/TEG with different MnO2 loading 
amount is shown in Fig. 7f. Taking the adsorption of TC 
in aqueous solution by 60%MnO2/TEG as an example, 
the adsorption equilibrium was reached at 1000 min. In 
other words, the adsorption rate of TC by 60%MnO2/TEG 
increased rapidly within 200 min, and then the adsorption 
rate increased slowly until the adsorption equilibrium was 
reached. As shown in Table 2, the adsorption data can be 
better fitted to the pseudo-second-order kinetic model (R2 
= 0.9996). Furthermore, the adsorption capacity calculated 
qe,cal (195.3 mg L–1) from pseudo-second-order equation was 
more consistent with the experimental qe,exp (195.8 mg L–1) 
value. The above results indicate that the adsorption of TC 
by 60%MnO2/TEG is a selective chemisorption. The adsorp-
tion mechanism will be discussed in detail in section 3.6.

3.4. Adsorption isotherm

The adsorption of TC in aqueous solution with differ-
ent concentration by 60%MnO2/TEG was studied at three 
different adsorption temperatures (Fig. 7g and Table 3). 
By comparing the correlation coefficients (R2), Langmuir 
model is better to describe the TC adsorption isotherms 
on 60%MnO2/TEG. Thus, monolayer adsorption domi-
nated the adsorption process with contributions from het-
erogeneous adsorption [43]. At different temperatures, the 
maximum adsorption capacity values determined by Lang-
muir isotherm were 980, 980 and 1117 mg g–1, respectively, 

Fig. 6. TG curves of different samples. 
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Fig. 7. (a) Adsorption capacity of graphite in TC aqueous solution with different contact time at different pH; (b) Adsorption capacity 
of EG in TC aqueous solution with different contact time at different pH; (c) Adsorption capacity of TEG in TC aqueous solution 
with different contact time at different pH; (d) Adsorption rate of TC by different metal oxide modified TEG; (e) Adsorption capacity 
of 60%MnO2/TEG in TC aqueous solution with different contact time at different pH; (f) Adsorption capacity of MnO2/TEG with 
different MnO2 loading amount in TC aqueous solution (pH = 5); (g) Adsorption rate of TC in aqueous solution by 60%MnO2/TEG 
at different temperatures with different concentrations; (h) Adsorption rate of 60%MnO2/TEG in different solution.
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which indicated that higher initial concentration and higher 
adsorption temperature were conducive to adsorption. The 
KL value from Langmuir model increased with the increase 
of temperature, indicating that the binding between TC and 
the active center of adsorbent increased with the increase of 
temperature, which also indicated that the adsorption pro-
cess was endothermic [43].

3.5. Adsorption thermodynamics

The negative ΔG value indicated that the adsorption of 
60%MnO2/TEG to TC was a spontaneous adsorption pro-
cess. The positive ΔH value indicated that the adsorption 
reaction had typical endothermic properties. The results 
showed that the adsorption capacity of TC increased with 
the increase of temperature, and the higher temperature 
promoted the adsorption of TC by 60%MnO2/TEG (Figs. 7g 
and 8, Table 4).The positive ΔS value indicated an increase 
in the degree of randomness at the adsorbate-adsorbent 
interface. In solution, TC was surrounded by a tightly 
bound hydration layer where water molecules were more 
highly ordered than in the bulk water [30]. When the TC 
molecules came into close interaction with the hydration 
surface of 60%MnO2/TEG, the ordered water molecules in 
these two hydration layers were compelled and disturbed, 
which would contribute to the increase of entropy [30]. 
Although the adsorption of TC molecules on 60%MnO2/
TEG surface caused the degree of freedom of TC molecules 
to decrease, it seemed likely that positive entropy related 
to the adsorption of TC on 60%MnO2/TEG was due to 
the entropy increase of water molecules overweighing the 
entropy decrease of TC molecules [30].

3.6. Adsorption mechanism

In this study, the interaction between adsorbent and 
adsorbate mainly has the following four types, such as, 

H-bonding, π-π interactions, electrostatic interaction and 
coordination effect (Table 5). It had been emphasized in 
section 3.2.3 that the solution pH is a key factor that could 
directly affect the adsorption rate. Solution pH not only 
directly affected the morphological distribution and ion-
ization of the adsorbate, but also affected the change of the 
adsorbent surface charge. Under different acid dissociation 
constants (pKa = 3.3, 7.7, and 9.7), TC exists as a cationic 
(TCH3

+), zwitter ionic (TCH2
0), and anionic (TCH– or TC2–) 

species, respectively.
As shown in Fig. 7a, the adsorption capacity of equiv-

alent graphite to TC in aqueous solution increased with 
the increase of pH. The adsorption capacity reached the 
highest when the solution pH was 9. At this pH, TC mole-
cules existed as anionic (TCH– or TC2–) species. As shown in 
Fig. 10a, at pH of 9, the surface of the graphite was distrib-
uted with a strong negative charge. At this time, there was 
a strong electrostatic repulsion between the TC molecule 
and the adsorbent, which was very disadvantageous to the 
adsorption process. Graphite contained only a very small 
amount of oxygen-containing functional groups, indicating 
that there was almost no H-bonding interaction between 
graphite and TC molecules. Similarly, there were no metal 
oxides loaded on the surface of graphite. Therefore, the 
possibility that the metal oxide formed a coordination effect 
with N on the dimethylamino group in the TC molecule 
was also excluded. In addition, as shown in Table 2, the 

Table 3
Adsorption isotherms fitted parameters of 60%MnO2/TEG

T (K) Langmuir Freundich

qmax (mg g–1) KL (L mg–1) R2 kf
n R2

298 980 0.0188 0.8918 68.07 2.15 0.8249
308 980 0.0794 0.9413 151.89 2.49 0.8198
318 1117 0.1497 0.9767 188.53 2.14 0.7681

Table 2
Adsorption kinetics fitted parameters

Samples Pseudo-first-order Pseudo-second-order

K1  
(min–1)

R2 qe  
(mg g–1)

K2×10–4 

(g mg–1 min–1)
R2

Graphite 0.0012 0.6572 143.06 3.99 0.9982
Expanded graphite 0.0013 0.9653 169.49 2.64 0.9976
Treated expanded graphite 0.0019 0.9847 141.84 2.40 0.9996
60%MnO/TEG 0.0030 0.9046 195.31 3.13 0.9996

Table 4
Calculated thermodynamic parameters of 60%MnO2/TEG

T (K) K ΔG (kJ mol–1) ΔS (J mol–1 
K–1)

ΔH (kJ 
mol–1)

298 38.58 –9.05 304.18 81.16
308 191.01 –13.45
318 298.99 –15.07
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Table 5
Adsorption performance parameters of adsorbents

Samples Electrostatic interaction H-bonding Coordination effect π-π interactions

Graphite – – – +
Expanded graphite + + – +
Treated expanded graphite + + – +
60%MnO/TEG ++ ++ + ++

adsorption of TC by graphite was selective chemisorption, 
and therefore, it was presumed that the interaction between 
graphite and TC was mainly π-π interaction.

As shown in Figs. 7b and c, the adsorption capacity 
of TC in aqueous solution by EG and TEG also increased 
with the increase of pH. At the pH of 7, the adsorption 
capacity reached their highest. The above two materi-
als have very similar physicochemical properties, such 
as similar microscopic morphology (Figs. 1b, 1c, 2b and 
2c), containing very small amounts of oxygen-containing 
functional groups (Figs. 5b and c), similar thermal stabil-
ity (Fig. 6) and potential distribution (Figs. 10b and c), 
and approximate TC adsorption capacity (Figs. 7b and 
c). Among them, when the pH was 7, the two materials 
had strong negative electricity on the surface. At the same 
pH, TC molecules existed as zwitter ionic (TCH2

0) species. 
Thus, there was a certain electrostatic interaction between 
the adsorbents and the TC molecules. Because of the pres-
ence of a certain amount of oxygen-containing functional 
groups in the adsorbents, it was possible for the adsor-
bents to form a certain amount of H-bonding interaction 
with the TC molecules.MnO2 nanoparticles were not intro-
duced in both EG and TEG, so there was no coordination 
between the adsorbents and TC molecules. In addition, TC 
molecules could interact with benzene ring structures on 
graphene sheets in the adsorbents to form π-π interactions. 
In summary, compared with graphite, EG and TEG had a 
higher TC adsorption rate.

As shown in Fig. 7e, the adsorption capacity of 
60%MnO2/TEG for TC in aqueous solution decreased 
with the increase of pH. At the pH of 3, the adsorption 
capacity reached the maximum. As shown in Fig. 10d, 

the surface of the adsorbent exhibited a strong nega-
tive charge at pH of 5. TC molecules existed as cationic 
(TCH3

+) species under the same pH conditions. There-
fore, a strong electrostatic attraction between the adsor-
bent and TC molecule could be generated, thus achieving 
the goal of TC adsorption. As shown in Fig. 5f, the adsor-
bent contains a large number of different oxygen-con-
taining functional groups. Therefore, the C-OR groups 
on the surface of 60%MnO2/TEG could form H-bonding 
with –OH groups on the TC molecule. As shown in Figs. 
7c and f, the adsorption capacity of 60%MnO2/TEG for 
TC was 198 mg g–1, even higher than that of TEG (137 mg 
g–1). The increase of adsorption capacity should be due to 
the MnO2 nanoparticles, where nanoparticles avoided the 
over stacking of TEG sheets during adsorption. There-
fore, TC molecules have more opportunities to interact 
with benzene ring structures on 60%MnO2/TEG to form 
π-π interactions, which is advantageous to adsorption. In 
order to better explain the adsorption mechanism of TC on 
60%MnO2/TEG, XPS characterization was performed on 
samples before and after application. The XPS character-
ization results showed that the characteristic peak of the 
C-OR group appeared in the C1s spectrum of the adsor-
bents after application compared with the adsorbents 
before application. Moreover, the C-OR group belongs to 
the TC molecule. This indicated that TC was successfully 
adsorbed on the surface of the adsorbent (Figs. 9a and c). 
As shown in Figs. 9b and d, XPS characterization results 
showed that the binding energy of Mn did not change 
before and after adsorption. However, compared with 
the Mn species before application, the peak area of the 
Mn species decreased, indicating that TC was adsorbed 
onto the MnO2. In other words, a large number of TC 
molecules were adsorbed by MnO2 nanoparticles loaded 
on both sides of TEG and covered on their surface, which 
made the characteristic peak area of Mn species in XPS 
spectra become weaker. As shown in Table 2, the pseu-
do-second-order kinetic model could better describe the 
adsorption process and proved that the adsorption pro-
cess was selective chemisorption. Therefore, the above 
results had proved that MnO2 nanoparticles on TEG sur-
face could form a coordination bond with N on the dime-
thylamine in TC molecules, so as to achieve the purpose 
of TC adsorption.

In summary, the introduction of MnO2 nanoparticles 
greatly enhanced the adsorption performance of TC on the 
60%MnO2/TEG (Table 5). In other words, loading MnO2 
nanoparticles on the surface of TEG to form a composite 
material not only increases the interaction between the 
composite and TC molecules and improves the TC adsorp-
tion rate, but also enables the material to better remove TC 
residues in pharmaceutical wastewater.

Fig. 8. Isotherm graph for TC adsorption.
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Fig. 9 . XPS patterns of (a) ~ (b) 60%MnO2/TEG and (c) ~ (d) TC-60%MnO2/TEG.

Fig. 10. Zeta potential of adsorbents at different pH values.
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systems, J. Colloid Interf. Sci., 521 (2018) 150–159.
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fen, H. Sammouda, A. Celzard, V. Fierro, Tetracycline removal 
with activated carbons produced by hydrothermal carbonisa-
tion of Agave americanafibres and mimosa tannin, Ind. Crop. 
Prod., 115 (2018) 146–157.

[25] Q. Qin, X. Wu, L. Chen, Z. Jiang, Y. Xu, Simultaneous removal 
of tetracycline and Cu(II) by adsorption and coadsorption 
using oxidized activated carbon, RSC Adv., 8 (2018) 1744–1752.

[26] S. Ardashiri, S. Hashemi, B. Ramavandi, S. Dobaradaran, Mod-
ifying Amygdalus scoparia biochar with MgO for eliminating 
tetracycline from aqueous solutions, Desal. Water Treat., 111 
(2018) 351–360.

[27] M.R. Azhar, H.R. Abid, V. Periasamy, H. Sun, M.O. Tade, S. 
Wang, Adsorptive removal of antibiotic sulfonamide by UiO-
66 and ZIF-67 for wastewater treatment, J. Colloid Interf. Sci., 
500 (2017) 88–95.

[28] Y. Guo, W. Huang, B. Chen, Y. Zhao, D. Liu, Y. Sun, B. Gong, 
Removal of tetracycline from aqueous solution by MCM-41-ze-
olite A loaded nano zero valent iron: Synthesis, characteristic, 
adsorption performance and mechanism, J. Hazard. Mater., 
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tive removal of antibiotics from water using magnetic ion 
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4. Conclusion

Here, MnO2/TEG composites were successfully syn-
thesized in this study. The composite material not only 
can exert the advantages of the carrier in the material, but 
also exert enhanced adsorption function from the material 
supported on carrier. In order to reduce the pressure of the 
adsorption process, the pharmaceutical wastewater needs 
to be flocculated to remove impurities before the adsorption 
test. In the whole adsorption process, the adsorption data 
could be well described by pseudo-second-order kinetic 
and Langmuir equation. The MnO2 nanoparticles were sup-
ported on the surface of TEG to form a composite material 
with high selective adsorption to TC (99.2%), which could 
solve the problem of urgent demand for high-efficiency and 
low-cost adsorbents by local pharmaceutical companies.
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