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It is well-known that the antibiotics inhibit the wide spread of various infection diseases

and guarantee the life safety of many patients. However, various waste antibiotics into

the environment also pose the great challenges of the environmental contamination and

the ecological poison. Unreasonable disposal of expired antibiotics is one of the main

sources of waste antibiotics in the ecological environment. For this reason, in order to

focus on the circular economy of such highly refined medical grade chemicals, expired

oxytetracycline was recycled for the anode active material in lithium ion batteries (LIBs)

by direct and indirect strategies. That is, it was directly used as the anode active material

or recycled by two-step carbonization for LIBs anode. Furthermore, the effect of these

two strategies on the electrochemical performances was also discussed. Both anode

materials showed their individual advantages and high feasibility for LIBs anode. For

example, both them delivered the satisfactory Li-storage performances. Additionally, the

direct route possessed lower recycling cost and high recovery rate, while the application

range of carbon material in the indirect route was broader.

Keywords: expired oxytetracycline, recycling, carbon anode, lithium ion batteries, circular economy

INTRODUCTION

The development of the mankind has been accompanied by various infection diseases, that
is, various lives in the world have suffered from the threats from various infection diseases.
Fortunately, the discovery of the antibiotics in the twentieth century defended these lives against
the attacks from various infection diseases owing to broad-spectrum antibacterial activity and easy
availability. Therefore, massive antibiotics were produced in large scale for the clinic therapy of
the infection diseases, and the annual consumption in the world reached about 100,000–200,000
tons (Kummerer, 2009; Wang et al., 2017). Unfortunately, not all the antibiotics can be completely
consumed prior to the validity period. Resultantly, about 40% antibiotics are inevitably overdue
and surplus. As one of important indicators about the safety and the effectiveness of medicines,
the validity period can guarantee the medication safety and avoid the occurrence of the medical
accidents with very low probability. So once the antibiotics expire, they can’t be continually used
for the clinical therapy anymore. Currently, these expired antibiotics generally experience the
incineration or landfill. However, such treatments will lead to the waste of useful resources as well
as the environment pollutions. It is very difficult to eliminate the antibiotics once they flow into
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the natural environment (Wang et al., 2014; Xiong et al., 2017).
The antibiotics in the ecological environment would do harm
to the creatures and induce the generation of the antibiotic-
resistant bacteria, thus making the treatment of the patients
more difficult and increasing the mortality (Yan et al., 2013;
Sullivan et al., 2017). Therefore, it is urgent to reasonably
recycle the expired antibiotics and effectively prevent from their
emission into the environment. In fact, for these highly refined
medical grade chemicals, the expiration does not always mean
the metamorphism. So it is particularly important to pursue the
new strategy to exploit the secondary non-medical value for the
alternative applications, thereby reducing their damage to the
ecological environment.

Since being commercialized in 1991, lithium ion batteries
(LIBs) have been widely applied, and many desirable materials
have been investigated for the anode activematerials in LIBs, such
as carbon, Si, Sn, P, alloys, metal oxides, carbonyl compounds,
and so on (Ji et al., 2011, 2016; Liang et al., 2012; Agubra et al.,
2016, 2017; Zuo et al., 2017; Agrawal et al., 2018). As one kind
of common antibiotics with easy availability and broad-spectrum
antibacterial activity, oxytetracycline has been widely applied in
the clinical therapy since the commercialization in the middle of
nineteenth century (Auerbach et al., 2007; Harja and Ciobanu,
2018). Its molecular structure is composed of four fused rigid
rings and several functional groups on the rings such as hydroxyl
and amino groups, methyl groups, tertiary amine group, and
carbonyl groups, as shown in Scheme 1. Such a structure would
make the direct recycling route possible. For example, carbonyl
group possesses the potential electrochemical Li-storage activity,
while the skeleton may guarantee the structural stability during
the cyclic lithiation/delithiation (Armand et al., 2009; Schon
et al., 2016). Meanwhile, considering that organic oxytetracycline
contains the abundant carbon element, it should be a suitable
carbon precursor and serve as the anode material in LIBs after
carbonization. Seemingly, it may be an interesting attempt to
reuse expired oxytetracycline as the anode active material in LIBs
via the direct or indirect routes.

As mentioned above, the direct recycling strategy as
the anode material mainly depends on the electrochemical
Li-storage activity of the functional group within the
oxytetracycline. However, not all the organic drugs are
active to the electrochemical Li-storage. Alternatively, the
indirect strategy can make up for this limitation and play an
important role in recycling the expired medicines, because
quite a few organic drugs contain rich carbon element and
can be indirectly applied as LIBs anode after carbonization.
Considering that hydrothermal carbonation may facilitate
to form the regular morphology with uniform particles
size, it could be used to control the morphology during the
carbonization of expired oxytetracycline (Titirici and Antonietti,
2009; Tang et al., 2012; Zhang et al., 2012). However, to the
best of our knowledges, the corresponding report is still
scarce. Herein, such an attempt was made: both the direct
and indirect strategies were adopted to recycle the expired
oxytetracycline for the anode active material in LIBs, and
the effect of different recycling routes was also compared
and discussed.

SCHEME 1 | Chemical structural formula of the oxytetracycline.

EXPERIMENTAL

The Recycling of Expired Oxytetracycline
Tablets
The expired oxytetracycline tablets (containing more than
90 wt% of oxytetracycline before expiration) were from the
household reserve, and the expiration time was half a year.
As shown in Figure 1, these tablets were recycled by direct
and indirect routes, respectively. In the case of the direct
recycling strategy, the expired oxytetracycline tables were
directly downgraded as the anode active material in LIBs
after being ground into the powders. For the indirect route,
expired oxytetracycline tables were recycled via hydrothermal
carbonization and the subsequent pyrolysis. Firstly, 2.3 g expired
oxytetracycline powders were dissolved in 50mL 0.7 wt% HCl
solution and stirred for 0.5 h. Secondly, the resultant yellow
solution was heated at 200◦C for 5 h in an autoclave as a result of
black suspension. Thirdly, the black solid powders were collected
from the black suspension and pyrolysed at 800◦C for 1 h in N2

atmosphere. Finally, some black carbon powders were obtained
after being cleaned and dried.

Characterization of Microstructure and
Morphology
The microstructure and morphology of the samples were
characterized by scanning electron microscopy (SEM) (Quanta
200, FEI, USA), energy dispersive X-ray spectroscopy (EDS)
(Apollo, EDAX, USA), Fourier transform infrared (FTIR) spectra
(Nicolet iS10, USA), X-ray photoelectron spectroscopy (XPS) (K-
α+, Thermo Fisher, USA) and X-ray diffraction (XRD) (TTRAX
III, Riguku, Japan) with Cu Kα radiation (λ = 1.5406 Å) at 40 kV
and 10◦/min, respectively.

Electrochemical Measurements
The electrode slurries were prepared by mixing expired
oxytetracycline powders or expired-oxytetracycline-derived
carbon powders with acetylene black and polyvinylidene fluoride
in mass ratios of 6:3:1 and 8:1:1 in N-methy-2-pyrrolidine,
respectively. The anodes were obtained by pasting the slurries
onto the single surface of Cu foils and then vacuum dried at 60◦C
for 12 h, and the corresponding densities of active materials were
about 1.2 and 1.5 mg/cm2, respectively. The electrochemical
Li-storage performances were tested by assembling CR2025 coin
cells with Li foil and Celgard 2,400 film as the counter electrode
and the separator, respectively. The electrolyte was 1M LiPF6
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FIGURE 1 | The direct and indirect recycling routes of expired oxytetracycline.

in the mixed ethylene carbonate and diethyl carbonate (1:1
in volume). The voltage ranged from 0.01V to 3.0V and the
current densities were 50, 100, 200, 400, 800, 1,600, and 2,000
mA/g, respectively. Furthermore, cyclic voltammetry (CV) was
performed on an electrochemical workstation (Parstat 4,000,
Princeton Applied Research, USA) at 0.2 , 0.4, 0.6, 0.8, and
1.0 mV/s between 0.01 and 3.0V, and alternative current (AC)
impedance was also measured from 0.01Hz to 102 kHz with
10mV amplitude at open circuit voltage of 1.0 V.

RESULTS AND DISCUSSION

SEM-EDS
SEM images and EDS spectra of the expired oxytetracycline
powders and the expired-oxytetracycline-derived carbon
powders were shown in Figure 2. Prior to two-step
carbonization, expired oxytetracycline powders manifested
the morphology of irregular microparticles with the diameter
of 5.5–11.9µm, and many smaller particles attached onto
the surface of larger ones (in Figures 2A,B). Such multi-scale
particles may be beneficial for the large electrode/electrolyte
interface area and the ionic diffusion. According to EDS spectrum
in Figure 2C, the main elements in the expired oxytetracycline
remained C, N, and O, coinciding with the chemical element
composition of oxytetracycline. To be different, after two-step
carbonization, the expired-oxytetracycline-derived carbon
powders appeared as many regular microspheres with the
diameter from about 2.0µm to hundreds of nanometers, in
which some smaller spheres dispersed on the surface or among
the gaps of larger microspheres (in Figures 2D,E). Only C
and O elements were detected in EDS spectrum in Figure 2F.
Compared with EDS spectrum of the expired oxytetracycline,
the peak of C element became stronger, while the peak of O
element became weaker, and the signal peak of N element

even disappeared, indicating high carbonization degree of
expired oxytetracycline.

FTIR Analysis
In order to gain the insight into the micro-structure of the
samples, FTIR spectra were also recorded, as shown in Figure 3.
In the case of expired oxytetracycline, the signal peaks were sharp
and ample. In detail, one peak at 3,479 cm−1 could be ascribed to
the stretching vibration of O-H bond, while three peaks at 1,395,
1,315, and 678 cm−1 could be assigned to the bending vibration
of O-H bond (Jin et al., 2016; Hou et al., 2018a). One peak at
3,372 cm−1 resulted from the stretching vibration of N-H bond,
and two peaks at 1,245 and 781 cm−1 were due to the bending
vibration of N-H bond (Jin et al., 2016; Hou et al., 2018a).
Three peaks at 1,650, 1,622, and 1,590 cm−1 were attributed
to the stretching vibrations of C=O bonds on the amide and
the rings (Aristilde et al., 2010; Mahamallik et al., 2015). Two
peaks at 1,520 and 1,462 cm−1 were ascribed to the stretching
vibrations of C=C bond (Hou et al., 2018a). In addition, one
peak at 3,082 cm−1 was indexed to the stretching vibration of
C-H bond, and three peaks at 937, 861, and 839 cm−1 were
due to the bending vibration of C-H bond (Hou et al., 2018a).
Furthermore, three peaks at about 1,125, 1,182, and 1,010 cm−1

corresponded to the stretching vibrations of C-N bond, C-O
bond, and C-C bond, respectively (Aristilde et al., 2010; Orellana
et al., 2010). Seemingly, FTIR spectrum analysis indicated that the
main structure in the expired oxytetracycline didn’t significantly
change. After two-step carbonization, most of the signal peaks
disappeared, and only three broad peaks remained at 3,435, 1,618,
and 1,060 cm−1, corresponding to the stretching vibrations of
O-H bond, C=O bond and C-C/C-O bonds, respectively (Hou
et al., 2018b). FTIR result indicated that small amount of residual
O-containing functional groups remained even after two-step
carbonization, in according with EDS spectrum.
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FIGURE 2 | SEM images of (A,B) expired oxytetracycline powders and (D,E) expired-oxytetracycline-derived carbon powders, and EDS spectra of (C) expired

oxytetracycline powders and (F) expired-oxytetracycline-derived carbon powders.

FIGURE 3 | FTIR spectra of expired oxytetracycline and expired-oxytetracycline-derived carbon powders.

XPS Analysis
The binding states of chemical elements in the samples were
further studied by XPS technology, as shown in Figure 4. In
the wide scan spectrum of expired oxytetracycline, the signal
peaks at about 285, 399, and 533 eV were indexed to C 1s, N
1s, and O 1s, respectively (Figure 4A). After carbonization, only
two signal peaks corresponding to C 1s and O 1s still appeared,
in which C 1s peak became stronger, while O 1s peak became
much weaker and N 1s peak was even absent. Such changes
again confirmed the carbonization of expired oxytetracycline,
which was consistent with EDS results. Furthermore, these signal

peaks can be deconvoluted. In detail, C 1s peak of expired
oxytetracycline could be further deconvoluted into four peaks at
284.8, 285.4, 286.4, and 287.9 eV, which were assigned to C-C/C-
H, C=C, C-O/C-N and C=O bonds, respectively (Figure 4B). N
1s spectrum was divided into two peaks at 399.2 and 401.4 eV,
corresponding to C-N and N-H bonds, respectively (Figure 4C).
O 1s spectrum in Figure 4D was fitted into three peaks at 530.8,
531.7, and 532.7 eV, which could be ascribed to O-H, C=O
and C-O bonds (Hou et al., 2018a). After carbonization, only
three peaks at 284.8 eV (C-C bond), 286.4 eV (C-O bond), and
287.9 eV (C=O bond) were detected in C 1s spectrum, and the
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FIGURE 4 | The wide scan XPS spectra (A) of expired oxytetracycline and its derived carbon powders, spectra of (B) C 1s, (C) N 1s and (D) O 1s in expired

oxytetracycline, and spectra of (E) C 1s, (F) O 1s in expired-oxytetracycline-derived carbon.

FIGURE 5 | XRD patterns of (A) expired oxytetracycline and (B) expired-oxytetracycline-derived carbon powders.

peak at 285.4 eV corresponding to C=C bond disappeared, as
shown in Figure 4E. O 1s spectrum in Figure 4F could be also
deconvoluted into three peaks similar to the results in Figure 4D,
except that the peak intensities became weaker. Obviously, the
binding states of chemical elements within two samples were
further verified by XPS spectra, in good agreement with EDS and
FTIR analysis.

XRD Analysis
XRD patterns of two samples were recorded, as shown in
Figure 5. In the case of XRD pattern of expired oxytetracycline
powders, many sharp diffraction peaks were detected, indicating
highly crystal structure of the oxytetracycline due to its orderly

molecular structure with four linearly annulated rigid six-
membered rings (in Figure 5A) (Stezowski, 1976; Toro et al.,
2007). According to the standard JCPDS card (No. 40-1650),
these diffraction peaks at 2θ = 11.1◦, 11.9◦, 15.4◦, 16.6◦, 20.0◦,
20.4◦, 22.1◦, 23.6◦, 24.1◦, 25.9◦, 26.8◦, 27.2◦, 28.7◦, 31.1◦, 32.7◦,
35.4◦, 37.6◦, 39.3◦, 41.4◦ and 43.5◦ could be assigned to the
crystal planes (020), (111), (002), (201), (221), (122), (212),
(231), (311), (321), (123), (232), (033), (242), (313), (422), (510),
(144), (244), and (225) of the oxytetracycline with P212121 space
group. As for XRD pattern of expired-oxytetracycline-derived
carbon powders (Figure 5B), two classic diffraction peaks were
observed at 2θ =23◦ and 43◦, corresponding to the reflections
of (002) crystal plane of parallel-stacked graphene sheets and
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FIGURE 6 | Representative charge/discharge profiles of (A) expired oxytetracycline anode and (B) expired-oxytetracycline-derived carbon anode at 50 mA/g, (C) the

rate performances of both anodes and the cyclic performances of (D) expired oxytetracycline anode and (E) expired-oxytetracycline-derived carbon anode.

(101) crystal plane of sp2 carbon with the honeycomb structure,
respectively (Han et al., 2014; Wu et al., 2016). Additionally,
these two diffraction peaks were broad and weak, indicating
amorphous structure.

Electrochemical Performances
Charge/Discharge Performances
When the expired oxytetracycline was directly downgraded as
the anode active material in LIBs, the initial and second specific
charge/discharge capacities were 177.8/295.8 and 180.0/204.4
mAh/g, respectively, as shown in Figure 6A. The initial
Coulombic efficiency (ICE) and the initial irreversible discharge
capacity loss can be calculated as 60.1 and 30.9%, which
may be due to the decomposition of the electrolyte and
the formation of solid electrolyte interface (SEI) film on the

electrode surface during the initial discharging (Armand et al.,
2009; Sun et al., 2016). Subsequently, the discharge specific
capacity stably maintained at 207.4 mAh/g and the Coulombic
efficiency increased above 99.0%, indicating high reversibility
and feasibility of the expired oxytetracycline anode. After two-
step carbonization, the initial and second charge/discharge
capacities of expired-oxytetracycline-derived carbon anode were
517.4/700.2 and 506.1/545.0 mAh/g, respectively (Figure 6B).
The corresponding ICE and the initial irreversible discharge
capacity loss were 73.9 and 22.2 %, respectively, mainly
due to the formation of SEI film and the irreversible Li+

insertion/deinsertion in the spaces of carbon anode during the
initial discharge (Elizabeth et al., 2016; Zuniga et al., 2016;
Huang et al., 2018). Subsequently, the electrochemical reaction
gradually tended to be stable. The profiles almost overlapped
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TABLE 1 | The comparison of performances of expired oxytetracycline with other analogous organic anode materials in literatures.

Anode materials Initial discharge capacity

(mAh/g), ICE

Capacity (mAh/g) @ current

density (mA/g) for cycles

Literatures

Expired-oxytetracycline 296, 60% 207 @ 50 for 50 This work

Li terephthalate 236, 66% 85 @ 15 for 50 Zhang et al., 2014

Tetralithium 2,5-dihydroxyterephthalic acid 358, 71% 232 @ 24 for 50 Wang et al., 2013b

Dilithium benzenediacrylate 246, 42% 170 @ 12 for 20 Renault et al., 2013

TABLE 2 | The comparison of performances of expired-oxytetracycline-derived carbon with those of other precursors-based carbon anode in literatures.

Carbon matrix precursors Initial discharge capacity

(mAh/g), ICE

Capacity (mAh/g) @ current

density (mA/g) for cycles

Literatures

Expired-oxytetracycline 700, 74% 450 @ 50 for 50 This work

Sucrose 906, 52% 315 @ 50 for 100 Agrawal et al., 2018

Rice husk 789, 51% 403 @ 75 for 100 Wang et al., 2013a

Sugarcane bagasse 560, 45% 310 @ 200 for 100 Matsubara et al., 2010

FIGURE 7 | CV curves at different scanning rates of (A) expired oxytetracycline anode and (B) expired-oxytetracycline-derived carbon anode.

FIGURE 8 | Nyquist plots of two anodes (A) before and (B) after 500 cycles.
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each other from the 14th cycle and the discharge capacities
stabilized at 450.3mAh/g. At the same time, Coulombic efficiency
also increased above 97.5%, implying high reversibility of the
expired-oxytetracycline-derived carbon anode.

Additionally, both anodes also delivered high rate
performances, as shown in Figure 6C. For example, when
the expired oxytetracycline anode was cycled at the different
current densities of 50, 100, 200, 400, 800, and 1,600 mA/g,
respectively, the corresponding average reversible specific
capacities were 207.4, 188.5, 166.9, 144.5, 119.1, and 96.7 mAh/g;
while those of the expired-oxytetracycline-derived carbon anode
were about 450.3, 421.1, 367.9, 307.7, 225.3, and 144.8 mAh/g,
respectively. With the stepwise decrease of the current density,
all the reversible discharge capacities could rapidly restore,
demonstrating high tolerance to the large current changes.
Moreover, both anodes also exhibited stable cyclic performances
even at 2,000 mA/g for 3,000 cycles, as shown in Figures 6D,E. In
detail, the expired oxytetracycline and expired-oxytetracycline-
derived carbon anodes delivered average discharge capacities
of 75.1 and 125.3 mAh/g. Meanwhile, the Coulombic efficiency
of both anodes could maintain at about 100% during the
long-term cycling. Seemingly, both the direct and indirect
recycling routes were feasible during the reutilization of expired
oxytetracycline. The electrochemical Li-storage performances of
expired oxytetracycline anode in the direct strategy were slightly
lower than those of carbon anode from the indirect route, but the
electrochemical Li-storage capacity was comparable with those
of other similar organic anodes in literatures, as listed in Table 1;
moreover, this recycling strategy was simpler and cheaper,
and the recovery was higher (close to 100%). On the other
hand, although the indirect route was relatively complicated
and expensive, the resultant carbon material possessed wider
application range, and its Li-storage performances were also
comparable with those of other precursors-based carbon anodes
in literatures (Table 2). In a word, both recycling strategies
possessed their individual advantages.

CV Curves and AC Impedance
In order to further explore the electrochemical reaction
mechanism during the charge/discharge, CV curves of two
anodes were recorded at different scanning rates, as shown
in Figures 7A,B. In the case of expired oxytetracycline anode,
one couple of redox peaks were detected at 0.5 and 1.2V,
corresponding to the revisable lithiation/delithiation of C=O
group, respectively. The possible electrochemical reaction
mechanism can be depicted as the following formula (1)
(Hou et al., 2018a). Likewise, one couple of redox peaks were
also detected in the CV curves of the expired-oxytetracycline-
derived carbon anode, but these two peaks appeared at 0
and 0.5V respectively. In the case of Li-storage mechanism
of carbon anode, Li+ can reversibly intercalate into and
deintercalate from the interspaces, so this couple of redox peaks
should be attributed to Li+ insertion/deinsertion in carbon
anode structure (Liu et al., 1996; Hou et al., 2018b). With
the increase of the scanning rate, all of the peaks became
stronger and the peak interval gradually increased. Additionally,
compared to the expired oxytetracycline anode, the expired-
oxytetracycline-derived carbon anode displayed higher peak

current at the same scanning rate possibly attributed to its higher
electrical conductivity.

Finally, the electrochemical impedances of both anodes were
also measured before and after 500 cycles. Before cycling, the
internal resistance (Rs) and the charge transfer resistance (Rct)
of expired-oxytetracycline anode can be estimated as 4.5 and
103.1�, respectively, higher than 4.3 and 94.3� of expired
oxytetracycline-derived carbon anode, as shown in Figure 8A,
(Duan et al., 2016). Higher electrical conductivity, smaller
particle size and more regular micro-sphere morphology of
the expired-oxytetracycline-derived carbon may be responsible
for this difference. After cycling, Rs and Rct of expired
oxytetracycline anode decreased to 3.2 and 52.1�, while those
of expired-oxytetracycline-derived carbon anode also decreased
to 2.3 and 39.8�, respectively, possibly attributed to gradually
activation of the anode during the cycling, as shown in the
Figure 8B (Sun et al., 2018).

CONCLUSIONS

In summary, expired oxytetracycline was recycled for LIBs anode
active materials by direct and indirect strategies, respectively.
The direct strategy may be limited by the functional group
with electrochemical Li-storage activity, but the simplicity, high
recovery and low cost were greatly impressed. The indirect
strategy need two-step carbonization with high cost and energy
consumption, but it was suitable for almost all the expired
organic carbon-containing waste drugs, and the resultant carbon
material can be applied in more fields such as supercapacitor,
LIBs, catalyst support, adsorbent and so on. Seemingly, both
routes possessed their individual merits, providing the new
strategies to reutilize highly refined medical grade chemicals
and delaying the submission of these chemicals into the
waste streams.
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