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• MnO2/Fe(0) nanocomposites were syn-
thesized via a hydrothermal method.

• Spent Li-ion battery cathode materials
were reclaimed for photo-Fenton cata-
lyst.

• The degradation efficiency increased 5.4
times after loading Fe(0) on the MnO2.

• As-prepared MnO2/Fe(0) nanocompos-
ites showed good repeatability.

• The possible mechanism and pathway
of sulfadiazine degradation were
proposed.
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Harmless treatment of antibiotics, and recovery of precious metals from the spent Li-ion battery are two typical
environmental issues with rapid development of the society. Presently, we reclaimed Mn from the spent Li-ion
battery cathode materials for hydrothermally synthesizing MnO2/Fe(0) composites, which were used as the ef-
ficient heterogeneous photo-Fenton catalyst. The new composite waswell characterized by X-ray diffractometer
(XRD), scanning electron microscope (SEM), high resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), photoluminescence (PL) and Brunauer-Emmett-Teller (BET) methods before
optimizing their usage for sulfadiazine destruction. The catalytic efficiency of the MnO2 substrate was enhanced
by impregnating different proportions of Fe(0) into the substrate. The MnO2: Fe(0) molar ratio at 40:1
(MnO2-40Fe) shows optimal catalytic activity. Sulfadiazine degradation by 0.2 g/L MnO2-40Fe, 6 mM H2O2 in
pH 3 is almost 98.6%, and it follows first-order kinetics. The MnO2 and nano zero-valent iron synthesized using
spent cathode of Li-ion batteries is equally efficient in sulfadiazine even after five times repeated use. As
elucidated by mass spectroscopic data, sulfadiazine degradation by MnO2-40Fe was a multi-faceted photo-
Fenton process which results in CO2, H2O, NH4

+ and SO4
2− as final products. The excellent degradation perfor-

mance of the as-prepared catalyst might be attributed to the introduction of nano zero-valent iron on the
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nanostructuredMnO2, which not only providesmore active sites, but also has a synergistic effect withMnO2 and
light irradiation, leading to the generation of large amounts of activated radicals for destructing sulfadiazine. This
work provides a promising method for reclamation of spent Li-ion battery cathode for environmental
applications.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Antibiotics are widely used throughout the world to treat infectious
diseases, and they enter soils and water systems through leachates of
sewage, manure and pharmaceutical wastes (Baquero et al., 2008;
Kümmerer, 2004; Liu et al., 2018b; Thiele-Bruhn and Aust, 2004).
They are persistent in the environment, andmaintain toxicity to the he-
matopoietic system, posing a serious threat to the environment and
humans (Li et al., 2020a). Sulfadiazine, a member of the sulfonamides
class, is extensively used in agriculture and has low retention capacity
in soils that results in their ubiquity in water (Chang et al., 2008;
Michael et al., 2013; Neafsey et al., 2010). Conventionalwater treatment
methods do not design to degrade recalcitrant antibiotics fully (Patel
et al., 2019). However, advancedwater treatmentmethods such as pho-
tolysis, oxidation,membranefiltration and adsorption are used to reme-
diate pharmaceutical products with some success. Both membrane and
adsorption methods do not destruct organic pollutants but merely
concentrate in a limited volume. Although oxidation and photolysis
methods degrade pharmaceuticals, they often render intermediates
that may be perhaps more toxic than parent compounds (Liu et al.,
2019; Patel et al., 2019). Photo-Fenton technology converts organic
pollutants to CO2 and H2O using hydroxyl (*OH) and superoxide rad-
icals (*O2

−). Photo-Fenton technology methods are particularly at-
tractive due to its non-selective destruction of organic pollutants,
efficiency, easy operation and low cost (Zhang et al., 2019). The
photo-Fenton processes are classified as homogeneous and hetero-
geneous. In heterogeneous photo-Fenton processes, the separation
of the catalyst from the treated solution does not require laborious
efforts and potential reusability of the catalyst is feasible (Gomes
et al., 2017).

And at the same time, the accumulation of spent Li-ion batteries is a
serious environmental issue that requires urgent attention. For exam-
ple, from the usage rate of electric cars alone in 2017, over 250,000
tons of waste batteries are expected by the end of their lives (Harper
et al., 2019). Extraction of precious metals from spent Li-ion batteries
is not always feasible due to complicated extraction protocols, second-
ary pollution threats, and high extraction costs involved (Gao et al.,
2017; Yang et al., 2016). Lin et al. (2019) reported a modified sulfation
roasting method to eliminate the serious gas emission with improving
the atomic efficiency of sulfuric acid. The cathode of the lithiummanga-
nate batteries commonly usedmanganese. For recovery of Mn from the
spent cathodematerials, theMn2+ ions in the leaching solution could be
oxidized by some strong oxidants, such as KMnO4 (Wang et al., 2009),
or NaClO (Barik et al., 2017), etc. resulting in MnO2 form for separation.
Hydrothermal treatment might be one of the promising routes for rec-
lamation of the spentMn-contained cathode materials of lithium batte-
ries, which can be used as the starting precursor for the fabrication of
MnO2 based photo-Fenton catalyst for pollution control (Harper et al.,
2019; Qu et al., 2011).

Previously, MnO2 as an environmentally friendly material, is
widely used to mitigate organic toxicants. The MnO2 based catalysts
have high specific surface area & adsorption capacity, and they are
environmentally benign. The catalyst efficiency can be improved
when MnO2 is incorporated with the transition metals or metal ox-
ides. Wang et al. (2018b) obtained MnO2 from the cathode of the
spent lithium battery through a simple washing and recycling pro-
cess and used it to activate PMS to degrade the pollutants. Zhao
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et al. (2018) prepared a novel spherical Fe3O4/γ-MnO2 with mag-
netic properties, which has an adequate adsorption capacity to re-
move fluoride in water. Gheju and Balcu (2019) found that MnO2

and Fe(0) composite has a good Cr(VI) removal efficiency because
MnO2 promoted Fe(0) oxidative dissolution. Ploychompoo et al.
(2020) fabricated MIL-100(Fe)/rGO/δ-MnO2 with excellent adsorp-
tive removal of both As(III) and As(V). Habibi and Mosavi (2017)
studied MnO2/Fe2O3 composite for photocatalytic degradation of
cresol fast violet dye in solution. These results tempted us to fabri-
cate MnO2 and Fe(0) composite material for photo-Fenton degrada-
tion of recalcitrant antibiotics.

We synthesized MnO2 and nano zero-valent iron composites via a
one-step simple hydrothermal method. The composites were character-
ized by XRD，SEM，HRTEM，XPS，PL and BET methods. MnO2-Fe
(0) with a small amount of iron leaching was used to photo-Fenton de-
grade sulfadiazine. The as-prepared composites were used for photo-
Fenton degradation of sulfadiazine with a small amount of iron leaching,
and the Fe(0) contents were varied to yield optimal oxidation efficiency.
Loading zero-valent iron effectively improved the catalytic ability of
MnO2. After that, the experimental parameters such as pH, H2O2 con-
centration and catalyst dosage, were also varied for sulfadiazine re-
moval. The spent cathode material of Li-ion batteries was used as a
starting material for fabrication of MnO2 and Fe(0) composites. The
recycling efficiency of the catalystwas also examined using sulfadiazine
degradation. It shows that our research uses one solid waste to treat
another wastewater, reclaiming the spent cathode material of Li-ion
batteries.

2. Materials and methods

2.1. Chemicals and reagents

Sulfadiazine (C10H10N4O2S, 99% purity), lithium manganate
(LiMn2O4), ferrous sulfate heptahydrate (FeSO4·7H2O), sulfuric acid
(H2SO4), sodium hydroxide (NaOH), hydrogen peroxide (H2O2),
hydrochloric acid (HCl), hydroxylamine hydrochloride (HONH3Cl),
glacial acetic acid (C2H4O2), ammonium acetate (CH3COONH4),
phenanthroline (C12H8N2·H2O), ammonium ferrous sulfate ((NH4)2Fe
(SO4)2·6H2O), tert-butyl alcohol (C4H10O), benzoquinone (C6H4O2), sil-
ver nitrate (AgNO3), ethylenediaminetetraacetic acid (C10H16N2O8), ti-
tanium potassium oxalate (K2TiO(C2O4)2), 5,5-dimethyl-1-pyrroline
N-oxide (C6H11NO, DMPO) were purchased from Sigma-Aldrich
(USA). All chemical reagents used in this work were analytical reagent
grade.

The cathode materials of spent Li-ion batteries were collected from
the Li-ion batteries after recycled for 100 times from Anhui Li Tian-Xia
Electronic Technology Co. Ltd.

2.2. Preparation of catalyst

A hydrothermal method was used to prepare MnO2, and MnO2

loaded nano zero-valent iron composites. Initially, 1.36 g LiMn2O4 l
and 10 mL 1 M H2SO4 solution were mixed, and transferred to a
50 mL Teflon stainless steel reactor, and heated at 140 °C for 24 h. The
substrate was then cooled to room temperature, and washed with de-
ionizedwater followed byC2H5OHuntil the pH of the leachates changed
to pH 7. The resulted black paste was dried at 100 °C in an oven



Fig. 1. XRD of MnO2 and MnO2-Fe composites.
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overnight and then cooled dried residuewas groundwith an agatemor-
tar to pass through the 200 mesh sieves.

The synthesis method of MnO2 loaded nano zero-valent iron com-
posite is essentially same as with the MnO2 except the variations
shown below: 1.36 g LiMn2O4, 10 mL 1 M H2SO4 and pre-determined
amounts of FeSO4·7H2O were well mixed in a 50 mL Teflon coated
stainless steel rector. The molar ratios of Mn: Fe were 20:1 (hereafter
MnO2-20Fe), 40:1 (MnO2-40Fe), 60:1 (MnO2-60Fe) and 80:1 (MnO2-
80Fe). The rest of the steps was given as in MnO2 synthesis process.
The following reaction can summarize the entire process of MnO2-Fe
composites:

2LiMn2O4 þ FeSO4 � 7H2O ! Li2SO4 þ 4MnO2 þ Feþ 7H2O ð1Þ

2.3. Materials characterization

X-ray diffractometer (PANalytical X'Pert Pro, Netherlands) was used
to analyze the crystalline structure of theMnO2 andMnO2-Fe composites
using 5° to 70° of 2θ scan range (40 kV and 30 mA applied current). The
morphology of the surface structures of the composites was observed by
a coldfield emission scanning electronmicroscope (SEM;Hitachi, Japan),
JEM-1400F transmission electron microscopy (TEM; JEOL, Japan) and
JEM-2100F transmission electron microscopy (HRTEM; JEOL, Japan). A
small amount of the composite was dissolved evenly in ethanol, and
then spread covering the surface of silica wafer or the copper mesh be-
fore microimaging. X-ray photoelectron spectroscopy (XPS; Shimadzu,
Japan)was used to determine the atomic composition and valence states
ofMn, Fe andO of the composites. All XPS data analyseswere carried out
dedicated code (PeakFit V4.12). The specific surface area and the pore
size distribution of the composites was also determined by brunauer
emmett teller analyzer (Autosorb-IQ3, Quantachrome, USA). The
UV–vis diffuse reflectance spectroscopy (DRS) was researched on
UV–vis near-infrared spectrophotometer (Cary-5000, Agilent, USA),
using BaSO4 as reference substance. The photoluminescence (PL)
spectra of the composites were obtained by steady-state/lifetime
spectrofluorometer (Fluorolog-3-Tau, Horiba, Japan). Photocurrent
response was measured by a three-electrode electrochemical
system.

2.4. Determination of photo-Fenton activity

In a typical experiment, 50mL sulfadiazine, 10mgMnO2 orMnO2-Fe
was added to a photochemical reactor. All pH adjustments were made
either with 0.1 M NaOH or 0.1 HCl. The sulfadiazine and MnO2-Fe sus-
pensionswere then equilibrated under dark for 40min at 500 r/min. Be-
fore the photo-radiation, the initial sulfadiazine (C0) concentration was
determined. Then the reactor was exposed to photo radiation (500 W
Xe lamp, XPA-7; Xujiang Electromechanical Plant, China), and sample
aliquots were taken at regular intervals. The samples were centrifuged
for 5 min and filtered through 0.22 μm, and the residual sulfadiazine
concentration was determined by colorimery.

2.5. Analytical methods

A colorimetric method was adapted for the determination of H2O2

concentration by UV visible method at 385 nm using titanium potas-
sium oxalate as a color-developing agent (Sellers, 1980). While sulfadi-
azine concentration was measured in the same way at the wavelength
of 265 nm (Zhang et al., 2007). The total organic carbon (TOC) in the
samples was determined by TOC/TN analyzer (Multi N/C 3100). The
pH measurements were carried out with a pH Meter (HACHHQ30d,
USA). The presence of *OH and *O2

− radicals in the solution was deter-
mined by electron paramagnetic resonance spectrometer after
capturing them with DMPO (EPR/ESR JEOL, JES-FA 200, Japan). Fe2+

and Fe3+ concentrations were measured using a spectrophotometer
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by phenanthroline method (To et al., 1999). Used 50 mM and
100 mM DMPO to capture *OH and *O2

− free radicals, and tested
their presence by electron paramagnetic resonance spectrometer.
Tert-butyl alcohol (TBA), benzoquinone (BQ), AgNO3 and EDTA
were used to quench *OH, superoxide (*O2

−), electrons (e−) and
holes (h+) before sulfadiazine detection. During the degradation
process the intermediate products of sulfadiazine were determined
by high-performance liquid chromatography-mass spectrometry
(HPLC-MS; Agilent 1290/6460, USA). The relative toxicities of the inter-
mediate products of sulfadiazinewere simulatedwith a toxicity estima-
tion software tool (T.E.S.T, USA).
3. Results and discussion

3.1. X-ray diffraction of MnO2 and MnO2-Fe composites

XRD spectral data shown in Fig. 1 were used to determine the crys-
tallinity of MnO2 and MnO2-Fe composites. The X-ray diffraction peaks
at 28.66, 37.36, 40.92, 42.78, 46.02, 56.66, 59.30, 64.92 and 67.18° re-
spectively correspond to (110), (101), (200), (111), (210), (211),
(220), (002) and (310) planes of MnO2 which further confirms the
solid phase asβ-MnO2 (reference dataMnO2, JCPDS PDF#81–2261). Ad-
ditionally, in MnO2-Fe composites, the peak at 65.14° corresponds to
(200) metallic iron plane (JCPDS PDF#87–0722). With the increase
of iron content, the XRD patterns of MnO2-Fe(0) change. The charac-
teristic peaks of MnO2 shift to decreased 2θ values, which may be re-
lated to the expansion of the MnO2 lattice (Wang et al., 2018b). The
characteristic peak of γ-MnO2 appears in MnO2-Fe(0), and 38.43°
corresponds to (230) plane of γ-MnO2 (JCPDS PDF#14–0644). As a
whole, the presence of sharp X-ray peaks confirms well crystalline
materials.

The microstructures and surface morphology of MnO2 andMnO2-Fe
composites were determined by electron microscopic measurements
(Fig. S1). In MnO2-80Fe, only a few surface sites are loaded with Fe(0).
When compared the SEM images of MnO2-Fe composites, the MnO2-
40Fe sample showed optimal crystallinity (Fig. S1c). Therefore, this
sample was used for a detailed analysis, as shown in Fig. 2b-e.
MnO2-40Fe after the reaction was characterized (Fig. S1d), and its mi-
crostructure didn't change significantly. The TEM data show nanorods
in MnO2-40Fe (Fig. 2a). The thickness of MnO2 nanorods increases
with the Fe(0) loading from 75 nm (MnO2) to 120 nm (MnO2-40Fe).
The details of thickness variations of the nanorods with the Fe(0) load-
ing are shown in Fig. S2. HRTEM image of MnO2-40Fe is shown in



Fig. 2. TEM (a), SEM image (b) and elemental mapping images (c-e) of MnO2- 40Fe.
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Fig. S3b. The element mapping diagrams (Fig. S3c-f) confirm that three
elements of Mn, Fe and O are evenly distributed. EDS analysis further
confirms the existence of Mn, Fe and O in MnO2-40Fe, and the mass
ratio of iron is 1.38%.

3.2. Effect of experimental conditions on the degradation of sulfadiazine

Different operating factors such as catalyst's Fe(0) content, substrate
loading, H2O2 concentration, and solution pH were taken as main vari-
ables to examine the efficiency of sulfadiazine photo degradation. The
following conditions were used in a typical experiment; 20 mg/L sulfa-
diazine, 6 mMH2O2, 0.20 g/L catalyst, and pH 3. A given parameter was
optimized at a time while fixing others in specific values. The degrada-
tion efficiencies of sulfadiazine by MnO2-Fe composites are superior
compared to bare MnO2. As shown in Fig. 3a, within 60 min of reaction
time, the sulfadiazine degradation efficiencies by MnO2-20Fe, MnO2-
40Fe, MnO2-60Fe, MnO2-80Fe and MnO2 are 98.8%, 98.6%, 95.8%,
94.7% and 15.4% respectively. The removal of sulfadiazine reaches
30.8% by pure zero-valent iron. The presence of Fe(0) in the composites
enhances the sulfadiazine degradation by Fenton-like oxidation (Xu
and Wang, 2011). The role of MnO2 in the catalyst seems to enhance
the electron shuttling among substrates in the production of *OH radi-
cals. Both the MnO2-40Fe and MnO2-20Fe composites show compara-
ble efficiency for sulfadiazine degradation. We selected MnO2-40Fe for
subsequent investigations due to its low loading of Fe(0).

The effect of substrate loading on the degradation efficiency of
MnO2-40Fe was examined by varying sulfadiazine concentration, and
the results are shown in Fig. 3b. The degradation efficiency increased
at low sulfadiazine concentrations. As sulfadiazine concentration is in-
creased the degradation efficiency is decreased due to limited availabil-
ity of catalytic sites.

As shown in Fig. 3c, the effect of MnO2-40Fe dosage on the degrada-
tion of sulfadiazine was examined. The sulfadiazine degradation has
steadily increased from 74.0% to 98.6% with 60 min with the catalyst
content. However, at excess catalyst loading, a decline in the sulfadia-
zine degradation is observed. The aggregation of catalysts may reduce
4

its activity. Therefore, maintaining the concentration of the catalyst at
an optimal value is vital for efficient sulfadiazine degradation.

The pH exerts an effect on the performance of catalyst and oxidizing
capacity of the materials (Liu et al., 2018c; Tang and Wang, 2018; Xu
andWang, 2011). The role of pH is significant in degrading sulfadiazine
by MnO2-40Fe since it affects the production of *OH production by
Fenton like mechanisms as shown elsewhere (Pignatello et al., 2006).
The photo-Fenton effect of MnO2-40Fe on sulfadiazine degradation
has significantly affected by the solution pH (Fig. 3d).When the solution
pH increases from 2 to 3, the sulfadiazine degradation efficiency has
nearly doubled within 60 min. At acidic pH, the *OH radicals can scav-
enge by H+(Bai et al., 2017; Liu et al., 2018a), and the corrosion rate
of the catalyst is also increased. Both of the processes showed a decline
of degradation of sulfadiazine at extreme acidic conditions. Interestingly
when pH is increased from 3 to 7, the efficiency of sulfadiazine degrada-
tion has reduced from98.6% to 24.7%.When pH>3, both Fe2+ and Fe3+

are liable to form iron oxides/ hydroxides which induce surface passiv-
ation that limits catalytic sites for sulfadiazine degradation (Bai et al.,
2017; Liu et al., 2018a). Another reason why the degradation rate de-
creases with the increase of pH is due to the lowering redox potential
of hydroxyl radicals (*OH+ e− +H+ =H2O, Eh0 = 2.73 V) and spon-
taneous decomposition of H2O2 (H2O2 + e− + H+ = *OH + H2O,
Eh0 = 0.80 V) (Liu et al., 2018c; Xu and Wang, 2011). The MnO2-40Fe
has the highest degradation efficiency of sulfadiazine at pH 3.

Fig. 3e illustrates the effect of the H2O2 addition on the degradation
efficiency of sulfadiazine by MnO2-40Fe. When the H2O2 concentration
increased from 4 to 6 mM, the degradation rates only slightly increased
(e.g. 4mMH2O2 97.7% and 6mMH2O2 98.6%).With the increasingH2O2

concentration, the removal of sulfadiazine solution also increased, but
this effect is not apparent from the data shown. From an economic per-
spective, we used 6 mM H2O2 to remove sulfadiazine.

To further explain the importance of light and H2O2 on MnO2-40Fe
catalysis, additional experiments were performed, and the results are
shown in Fig. 3f. In the dark, the degradation efficiency of sulfadiazine
by MnO2-40Fe was only 3.1% due to low production of *OH by H2O2

(Li et al., 2020a). The sulfadiazine removal rate of single hydrogen



Fig. 3. The effect of operating factors on degrading SDZ by the photo-Fenton reaction system: Iron content in catalysts (a); the initial concentration of SDZ (b); the addition amount of
MnO2-40Fe (c); pH (d); H2O2 concentration (e); the different reaction systems (f). Except for the parameters studied, other parameters: [SDZ]0 = 20 mg/L, [H2O2]0 = 6 mM, [Catalyst]
0 = 0.2 g/L, [pH]0 = 3, T = 20 °C and 500 W xenon lamp.
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peroxide or light was 2% and 9.7%, respectively. In the presence of light,
the electron andholes generationwere enhanced,which accelerated ac-
tivation of H2O2 for *OH production. Similarly, when a catalyst is not
used, either in the presence or absence of photons, the production of
free radicals is not efficient; therefore, the degradation of sulfadiazine
was only 18.1%. When the light, MnO2-40Fe catalyst and H2O2 are pres-
ent, the degradation efficiency is greatly improved due to the efficient
production of *OH radicals.

3.3. The mineralization rate of sulfadiazine and the utilization rate of H2O2

in MnO2-40Fe/H2O2/light system

The degradation of sulfadiazine by MnO2-40Fe was evaluated by
monitoring aqueous TOC content to develop an empirical degradation
model. The optimized experimental conditions shown in Section 3.2
5

are used for the experimental setup. The TOC includes the residual sul-
fadiazine and its intermediates. The TOC content in solution rapidly de-
clines with the time showing the fastest kinetics within the first 10min
(Fig. S4), which is ascribed to sulfadiazine degradation. As shown in
Fig. S5, almost 75.1% H2O2 is utilized within 10 min. Which implies
that 6mMH2O2 is nearly exhausted by the catalyst to yield free radicals
which result in 69.6% TOC reduction.

3.4. Comparison of synthesized MnO2 and MnO2-40Fe

The XPS, CV, EIS, BET and DRSmeasurements were made to identify
the properties of the MnO2-40Fe catalyst. In XPS, we used the spectral
peaks of Fe 2p (Fig. S6b), Mn 2p (Fig. S6c), O 1s (Fig. S6d) and the
wide-scan spectrum to analyze the surface structure of MnO2-40Fe
before and after the reaction. As shown in Fig. S6a, we noted that
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MnO2-40Fe is mainly composed of O, Mn and Fe, and their atomic com-
positions are 68.79%, 26.88% and 4.33%, respectively. The characteristic
peak of Fe 2p has six components: Fe0 (Fe 2p1/2: 706.6 eV), Fe2+(Fe
2p1/2: 709.8 eV), Fe3+(Fe 2p3/2: 710.8 eV and 713.9 eV; Fe 2p1/2:
724.6 eV), and the satellite Fe 2p peak (Fe 2p1/2: 718.3 eV)
(Dickinson and Scott, 2010; Xu and Wang, 2017; Yan et al., 2010). The
presence of Fe2+ and Fe3+ peaks on theMnO2-40Fe catalyst indicate in-
evitable oxidation of the outer surface of nano zero-valent ironwith iron
oxide during its preparation (Yan et al., 2010). The peak of 718.3 eV dis-
appears in the used MnO2-40Fe, but two new binding energies at
717.1 eV and 719 eV are Fe 2p3/2 and the satellite peak, respectively.
That reflects the presence of Fe2O3 (Hao et al., 2017; Song et al., 2017).
The peak intensity of 713.9 eV is reduced. This may be related to the
cycle Fe2+ and Fe3+ in MnO2-40Fe/H2O2/light system. Besides, the
binding energy peaks at 642.5 eV and 654.1 eV are traced to the contri-
butions of Mn 2p3/2 and Mn 2p1/2, and it also reveals that manganese
in the catalyst is inMn4+ state (Hao et al., 2017;Wang et al., 2018a).Mn
2p3/2 and Mn 2p1/2 are divided into four peaks of 642.5 eV, 645.6 eV,
654.1 eV and 656.5 eV, indicating the production of Mn3+

(Ploychompoo et al., 2020). These results suggest that Fe2+ is oxidized
to Fe3+ along with the reduction of Mn4+ to Mn3+ (Lyu et al., 2019).
The O 1s has two peaks from Fig. S6d, namely 529.7 eV and 531.3 eV,
which represent metal oxide (M-O) and surface adsorbed oxygen
(Oabs), respectively (Lyu et al., 2019). The spectral peaks of O 1s for
the used MnO2-40Fe are unchanged.

Fig. S7a show the continuous CV scan of MnO2 and MnO2-40Fe. The
CV curves indicate the electron transferability of a substance (Kennedy
and Joel, 2006). The glassy carbon electrode modified with MnO2 or
MnO2-40Fe was placed in K3[Fe (CN)6] solution to study the cyclic volt-
ammetry behavior. The result shows that the reduction potential (ΔEp)
of MnO2-40Fe (0.268 V) is 1.35 times greater than that of MnO2

(0.198 V), indicating that MnO2-40Fe has better redox properties than
MnO2. To explore the electron transport properties of the catalyst, we
performed electrochemical impedance spectroscopy (EIS) experiments,
as shown in Fig. S7b. Theoretically, the diameter of the semicircle repre-
sents the strength of the polarization resistance (Ruiz-Camacho et al.,
2017), and increasing the electrode potential makes the diameter of
the semicircle larger, which implies that the charge transfer resistance
augments (Singh et al., 2015). The semicircle diameter of MnO2-40Fe
is smaller than MnO2, indicating that the polarization resistance of for-
mer is low; hence the electron transfer rate of the MnO2-40Fe modified
GCE is faster.

The photophysical behavior of MnO2 and MnO2-40Fe was investi-
gated by steady-state/lifetime spectrofluorometer, the result was
shown in Fig. S7c. Under the excitation of 370 nm wavelength,
photoluminescence spectrum of MnO2 has a broad peak at 465 nm.
The higher PL intensity means the greater recombination rate of elec-
trons and holes. MnO2-40Fe shows the lower PL intensity than MnO2,
indicating that zero-valent iron loading on MnO2 can effectively im-
prove the transference ability of photo-generated charge carrier. In
order to further study the charge carrier separation of MnO2 and
MnO2-40Fe, we conducted the transient photocurrent experiments, as
shown in Fig. S7d. The photocurrent of MnO2-40Fe is stronger than
MnO2, suggesting that zero-valent iron promotes the separation of
charge carrier and reduces the recombination rate of electrons and
holes.

The nitrogen adsorption-desorption isotherms of MnO2 and MnO2-
40Fe is shown in Fig. S7e, which are the typical III genre with H3-
genre hysteresis loop (Hadi and Hajar, 2021). As the pressure ratio (P/
P0) increases, the adsorption capacity of MnO2-40Fe is slightly higher
than MnO2. After Fe(0) loading onto MnO2, the average pore diameter
increases from 76.71 nm to 118.95 nm, which is consistent with the
TEM data. With increasing iron, the surface of MnO2 is decorated by
nano zero-valent iron,which leads to an increase in the average pore di-
ameter of MnO2-40Fe (Xiang et al., 2019). However, the specific surface
area of the MnO2 and MnO2-40Fe decreases from 32.43 to 27.61 m2/g,
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respectively. This is because zero-valent iron loading on MnO2 results
in changing the specific surface area. However, as the iron content in-
creases, the reactive sites also increase, which has a significant effect
on the activity of the catalyst (Li et al., 2020b). Therefore, a larger surface
area of the catalyst is conducive to have full access to other substances,
thereby improving its catalytic activity (Chen et al., 2019a).

UV–vis diffuse reflectance spectra were used to investigate the opti-
cal property of MnO2 and MnO2-40Fe, and the result was shown in
Fig. S8a. MnO2 exhibits the strong absorption intensity in the entire
UV–vis lightfield,which is attributed to its excellent photoelectric prop-
erties (Wang et al., 2017). Nano zero-valent iron does not significantly
change the absorbance of MnO2. In addition, the band gaps of catalysts
could be obtained by the equation: Eg = 1240/λ (λ is the wavelength)
(Gong et al., 2020). The band gaps of MnO2 and MnO2-40Fe are
2.15 eV and 1.55 eV, respectively (Fig. S8b). In order to further explore
the characteristics of catalyst, the valence band spectra were measured
for MnO2 and MnO2-40Fe, as shown in Fig. S8c-d. The VB of MnO2 and
MnO2-40Fe are both 1 eV. The conduction band (CB) could be calculated
by the following formula: ECB = EVB − Eg. The conduction bands are
−1.15 eV and − 0.55 eV for MnO2 and MnO2-40Fe, respectively.

3.5. Degradation mechanism of MnO2-40Fe in photo-Fenton system

Importantly, MnO2-40Fe has the advantages of higher redox capac-
ity and faster electron transfer rate than MnO2. Therefore, it can be in-
ferred that loading nano zero-valent iron improves the performance of
MnO2 as an activator of H2O2.We also studied the effects of the different
quenchers on degrading sulfadiazine by the photo-Fenton system, as
shown in Fig. 4a. In general, *OH is the primary radical in the photo-
Fenton degradation process. Tertbutyl alcohol (TBA) is an effective
quencher, inhibits the formation of *OH on the catalyst surface
(*OHads) and in the solution (*OHfree) (Yang et al., 2019). Adding
5 mM TBA prevents the degradation of sulfadiazine during the photo-
Fenton reaction, the removal rate dropped to 23.8%, which was 0.24
times smaller than that with a no quencher.

In contrast, when same amounts of benzoquinone (BQ), AgNO3 and
EDTA added to suppress the production of *O2

−, e− and h+ in the sys-
tem, it has a little effect on the degradation of sulfadiazine. Therefore,
the role played by *OH in the degradation of sulfadiazine is marked.
The production of hydroxyl and superoxide free radicals in MnO2-
40Fe/H2O2/light system was confirmed further by ESR spectroscopic
data (Fig. 4b). In solution, the *O2

− rapidly disproportionate into *OH
and HOO*, and the lifetime of HOO* is very short (He et al., 2020). It is
worth noting that although *O2

− and *OH co-exist, the characteristic
peak intensity of *O2

− is not as apparent as *OH. When compared to
the data obtained in the MnO2/H2O2/light, the addition of DMPO- *OH
has 4 distinct peaks with an intensity ratio of 1:2:2:1 in the MnO2-
40Fe/H2O2/light. Therefore, we can draw the conclusion that Fe
(0) and light enhance the generation of hydroxyl radicals.

We also examined the concentration of iron species during the
photo-Fenton degradation of sulfadiazine by MnO2-40Fe (Fig. S7f).
The concentrations of Fe3+ and Fe2+ are similar before applying H2O2

and light radiation. With the progress of the reaction, Fe3+ concentra-
tion rises rapidly. At this time, the degradation rate of sulfadiazine was
also the fastest during the entire reaction cycle. After 20 min, Fe2+ con-
centration has decreased, which may lead to its rapid consumption by
H2O2 and the slow reduction of Fe3+ to Fe2+ (Dong et al., 2016). The
total concentration of leached iron ions reaches 0.24 mg/L within
60 min. Compared with previous reports (Li et al., 2019; Li et al.,
2020b), suggesting that iron leaching rate is low and the performance
is stable for MnO2-40Fe. World Health Organization (WHO) requires
that the total iron ion concentration should not exceed 0.3 mg/L in
drinking water (Lyu et al., 2019). Obviously, the total iron ion dissolu-
tion of MnO2-40Fe is lower than the standard. MnO2-40Fe has no sec-
ondary pollution to the environment. Besides, the mass balance of iron
ion in the solution does not vary significantly, which indicates that



Fig. 4. The effect of quencher ondegradation sulfadiazine (a) and ESR spectra of DMPO-*OHadducts (b) forMnO2 andMnO2-40Fe. (Experimental conditions: [SDZ]0=20mg/L, [H2O2]0=
6 mM, [Catalyst]0 = 0.2 g/L, [pH]0 = 3, T = 20 °C and 500 W xenon lamp.)
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minimal loss of aqueous iron species as precipitates. Thus, the high cat-
alytic activity of MnO2-40Fe does not change with repeated use.

The photo-Fentonmechanism of sulfadiazine degradation byMnO2-
40Fe is shown in Fig. 5. The possible degradation reactions are shown
below:

MnO2 þ hv ! e− þ hþ ð2Þ

Fe0 þ hv ! Fe2þ þ 2e− ð3Þ

Fe0 þH2O2 þ 2Hþ ! Fe2þ þ 2H2O ð4Þ

Fe2þ þH2O2 ! Fe3þ þ ⁎OHþ OH− ð5Þ

Fe3þ þH2Oþ hv ! Fe2þ þ ⁎OHþHþ ð6Þ

Fe3þ þH2O2 ! Fe2þ þ ⁎O2
− þ 2Hþ ð7Þ

Fe3þ þ e− ! Fe2þ ð8Þ

Mn4þ þ Fe2þ ! Mn3þ þ Fe3þ ð9Þ

Mn3þ þ H2O2→Mn2þ þHOO � þHþ ð10Þ
Fig. 5. Degradation mechanism of sulfadiazine in MnO2-40Fe/H2O2/light system.
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Mn2þ þH2O2→Mn3þ þ �OHþ OH− ð11Þ

hþ þH2O ! ⁎OHþHþ ð12Þ

�OHþH2O2→HOO � þH2O ð13Þ

HOO �↔ � O2
− þHþ ð14Þ

There are some photo-Fenton degradation pathways during the re-
action. In the dark, the degradation is not efficient due to the lack of
photo-induced e− and h+ (Eq. (2)) (Guo et al., 2019; Zhu et al., 2019).
On the other hand, light can not only accelerate the formation of Fe2+,
but also promote the reduction of Fe3+ to Fe2+ vis Eqs. (3) and (6)
(Pan et al., 2019), thereby improving the reaction efficiency of the cata-
lyst. Zero-valent iron, as the source of iron ions, is also the main mech-
anism of the photo-Fenton reaction at acidic conditions (Eq. (4)) (He
et al., 2016). Both Fe2+ and Fe3+ react with H2O2 to produce *OH and
*O2

−, which makes sulfadiazine to be removed, as shown in
Eqs. (5) and (7) (Yamaguchi et al., 2018; Yang et al., 2019). Photo-
induced e− also promotes the cycle of Fe3+ and Fe2+ in Eq. (8) (Ji
et al., 2020; Wang et al., 2016). It can be seen that Mn4+ is reduced to
Mn3+, undergoes a series of reactions similar to iron ions vis Eqs. (9)–
(11) (Xu et al., 2019). In addition, the active substance produced by
MnO2 has a weak effect on sulfadiazine, which is consistent with the
ESR spectrum. When bare MnO2 was used in the presence of light, the
holes produced tiny amounts of *OH to degrade sulfadiazine (Habibi
and Mosavi, 2017), as shown in Eqs. (2) and (12). It can be seen from
Fig. 3a that the catalyst MnO2 has low degradation efficiency. Eqs. (13)
and (14) also play a role in the production of free radicals (Liu et al.,
2018b;Mitchell et al., 2014), and the ERS data shown in Fig. 4b supports
the notion. Indeed, all of these pathways co-exist and play synergistic
roles for degradation of sulfadiazine by the photo-Fenton process. The
presence of MnO2 can be used not only as a catalyst of the photo-
Fenton system, but also as the co-catalyst, and Fe(0) is the main body
of Fenton system.

3.6. Degradation pathway of sulfadiazine in MnO2-40Fe/H2O2/light system

The reaction solution after photo-Fenton degradation was analyzed
by LC-MS in the negative ion mode to study the degradation products
of sulfadiazine, as shown in Fig. S9. Table S1 shows the intermediate
products that result from photo-Fenton degradation for sulfadiazine,
such as the measured [M-H]− m/z, the molecular formula of the
structure.



Fig. 6. Proposed degradation pathways of SDZ in the MnO2-40Fe/H2O2/light system. (Experimental conditions: [SDZ]0 = 20 mg/L, [H2O2]0 = 6mM, [Catalyst]0 = 0.2 g/L, [pH]0 = 3, T=
20 °C and 500 W xenon lamp.)
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Based on the known intermediates, as shown in Fig. 6, we infer four
possible sulfadiazine degradation pathways. As reported elsewhere, hy-
droxyl radicals are very likely to attack H\\N, N\\C, S\\N and N\\C
bonds in pyrimidine on sulfadiazine (Rong et al., 2014; Yang et al.,
2014; Zhou et al., 2016). The results show that the first way to form
compound 7 with m/z 188 is to break N\\C bond of sulfadiazine. Sulfa-
diazine is prone to lose an electron at the N site, leading to the cleavage
of the H\\N bond to form sulfadiazine free radicals. These active free
radicals undergo coupling reactions (Gao et al., 2012; Yang et al.,
2017), and form compound 1 with m/z 436. The S\\N bond of the
dimer is attacked by *OH to form compound 2 with m/z 341. Next, the
second degradation pathway is that free radicals attack the H\\N
bond of sulfadiazine, and upon hydroxylation produces compound 3
with m/z 282. Under the continuous interactions with free radicals,
compound 3 is likely to be transformed into compound 6 with m/z
199. Besides, compound 9 with m/z 142 can be formed by the cleavage
of the N-S bond of compound 6. Sulfadiazine can also hydroxylate to
produce compound 4 with m/z 266. Compound 5 with m/z 214 is
8

obtained by the cleavage of the C\\N bond in the pyrimidine ring. The
C\\N bond on the benzene ring is further attacked by*OH, resulting in
compound 8 with m/z 172. The last degradation pathway is that the
two N\\C bonds on the pyrimidine are unstable and easily cleaved
(Sun et al., 2018), directly forming compound 5. According to the re-
ports, these compounds are further oxidized into small molecules
(CO2, H2O) and inorganic ions (NH4

+, SO4
2−) by free radicals in the reac-

tion system (Xu et al., 2020b; Zhou et al., 2016; Zhu et al., 2020).

3.7. Toxicity evaluation of sulfadiazine and its intermediates inMnO2-40Fe/
H2O2/light system

There have been many studies on calculating of intermediates pro-
duced in the sulfadiazine degradation, but there are few studies on
their potential toxicity risks. This should cause our attention. Therefore,
we used T.E.S.T. to evaluate the mutagenicity and developmental toxic-
ity of sulfadiazine and its degradation intermediates(Zhou et al., 2020),
as shown in Fig. 7. Developmental toxicity refers to the extrapolated



Fig. 7. Developmental toxicity (a) and mutagenicity (b) of sulfadiazine and its degradation intermediates in MnO2-40Fe/H2O2/light system.
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toxicity of chemical substances to humans and animals, which includes
any effects that interfere with normal development before and after
birth. The results suggest that the developmental toxicity of compounds
7–10 is lower than sulfadiazine, and compounds 8 and 10 are non-toxic.
The coefficient 0.5 is the threshold value between negative and positive
mutagenicity (Lu et al., 2020). Therefore, sulfadiazine and its intermedi-
ates are classified as mutagenicity negative. The final products of sulfa-
diazine are less threatening to the environment in MnO2-40Fe/H2O2/
light system.

3.8. Application and the stability of the MnO2-40Fe

Catalysts were also prepared using the cathodematerials of spent Li-
ion batteries by the same method used for MnO2-40Fe fabrication. The
MnO2-40Fe of the spent Li-ion batteries (after 100 times charging and
discharging circulation, hereafter S-MnO2-40Fe) was used to examine
sulfadiazine degradation using optimal conditions derived under
Section 3.2. The kinetics plots of sulfadiazine degradation by MnO2-
40Fe, F-MnO2-40Fe (fresh Li-ion cathode), and S-MnO2-40Fe are
shown in Fig. 8. In all cases, the degradation rate of sulfadiazine by
MnO2-Fe composites shows first-order kinetics. The S-MnO2-40Fe
shows the highest degradation efficiency of sulfadiazine (e.g. 99.6%)
with a rate constant of 0.094 min−1. The enhanced catalytic activity of
Fig. 8. Degradation effect, first-order kinetics (a) and five consecutive runs (b) of MnO2-40Fe,
6 mM, [Catalyst]0 = 0.2 g/L, [pH]0 = 3, T = 20 °C and 500 W xenon lamp.)
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S-MnO2-40Fe is ascribed to changes of oxidation state, phase transition
and charge density of MnO2 during inter-phasing Li ions with the
MnO2-40Fe at discharge stage (EunJoo Yoo et al., 2008).

The MnO2-40Fe and S-MnO2-40Fe were used to determine the deg-
radation efficiency of sulfadiazine after repeated use for five times, and
the data are shown in Fig. 8b. When compared to MnO2-40Fe, the per-
formance of S-MnO2-40Fe shows enhanced reactivity and stability for
sulfadiazine degradation. The binder used in spent cathode materials
seems retarding MnO2 dissolution by enhancing it catalytic efficiency
(Wang et al., 2018b). The data show the potential use of spent Li-ion
batteries for pollution control programs; the re-use of Li-ion batteries
reduces the accumulation of solid wastes, and also mitigation of antibi-
otics pollution.

Furthermore, we compared MnO2-40Fe with metal oxides or im-
proved metal oxide catalysts on the degradation of sulfadiazine that
had been reported in the literature, as shown in Table 1. It clearly indi-
cates that MnO2-40Fe synthesized in this study has an excellent cata-
lytic performance.

4. Conclusions

We fabricated a new catalyst using MnO2 and nano zero-valent iron
composite by a hydrothermal method. The catalyst has a rod-like
S-MnO2-40Fe and F-MnO2-40Fe. (Experimental conditions: [SDZ]0 = 20 mg/L, [H2O2]0 =



Table 1
Comparison of literature reports on the degradation of sulfadiazine.

Material SDZ Catalyst H2O2 Reaction time Efficiency Ref.

AgBr/Ag3PO4

/hematite
100 mg/L 0.17 g/L – 300 min 95.8% (Chen et al., 2019b)

TiO2 25 mg/L 2.5 g/L – 90 min 89% (Xu et al., 2020a)
TiO2/Fe 2.5 mg/L 0.5 g/L – 60 min ~100% (Baran et al., 2009)
g-C3N4

nanosheets
20 mg/L 0.02 g/L – 90 min 86% (Liu et al., 2020)

Fe0/UV 0.4 mg/L 0.02 g/L 0.3 mM 60 min 98.8% (Pan et al., 2019)
Siderite 10 mg/L 6 g/L 100 mM 90 min 98% (Sun et al., 2020)
MnO2-40Fe 20 mg/L 0.2 g/L 6 mM 60 min 98.6% This work
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morphology, and the amount of iron leached from the material is negli-
gible. Taking five experimental parameters as the research points, the
sulfadiazine degradation efficiency of MnO2-40Fewas studied. The deg-
radation rate of sulfadiazine can reach 98.6% by a heterogeneous photo-
Fenton process. *OH generated on the surface of MnO2-40Fe play a
major role in MnO2-40Fe/H2O2/light system. In addition, MnO2-40Fe
also has the good reusability. The same approach is used to fabricate
MnO2-40Fe using the cathode materials of spent Li-ion batteries. This
work provides a new way of reducing solid wastes generated by Li-ion
batteries while protecting the aquatic systems against the pollution
from antibiotics.
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