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This work focuses on the synthesis of Zng;Mng 90, Zng3Mng;0, and ZngsMngsO nanoparticles using
Zn-Mn spent alkaline batteries (SABs) as raw materials and their applications for photocatalytic degra-
dation of bisphenol A in water. Zn-Mn SABs were manually dismantled into scrap (including plastics,
copper cap, zinc crust, and carbon rod) and powder. The mashed zinc crust and pretreated powder were
successively added into H,SO4 and NH3-H,0, and the formed precipitates were characterized. The yield
(wt) of synthesis of ZngsMngs0 (ZnMnOs) nanoparticles was 57.1%. The synthesized ZngsMngs0 nano-

g(;}é:togljli;line battery particles were cylinder, with a length of 60 nm. Afterwards, the removal efficiencies of bisphenol A
Zn,Mn;_,0 (BPA) under solar light irradiation with the recovered Zn,Mn;_,O nanoparticles were investigated: (1)
Nanoparticle the adsorption equilibrium of BPA on Zn,Mn;_,O nanoparticles could be achieved after approximate
Bisphenol A 40 min. The saturation absorbance of BPA was about 32.40+4.76 mgg ', 20.40+3.60 mgg~', and

14.50 £ 455 mg g~! by Zng1Mng 0, ZngsMng -0, and ZnysMngs0 nanoparticles, respectively; (2) com-
pared with the 21.7 + 1.6% degradation of BPA (only solar light irradiation for 180 min), the combination
of solar light irradiation and Zng;Mngg0, Zng3Mng;0, and ZnosMngsO nanoparticles could lead to
59.41 +4.32%, 83.43 £ 2.73%, and 71.22 + 4.79% decomposition yields of BPA, respectively. These findings
have positive effects on solving the recycling of SABs, decreasing the cost of catalysts, and the problem of
organic pollutant in water.

Degradation

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Zn-Mn alkaline batteries are usually used by the portable
electronic devices requiring small electric power, such as radios,
remote controls, cameras, and toys [1-3]. Since 2002, more than
15 billion Zn-Mn batteries have been produced annually in China
[4]. Moreover, the world-wide consumption of batteries is also sig-
nificant. Most of the spent alkaline batteries (SABs) are discarded
as waste, although the SABs are classified as hazardous waste.
Thus, the recycling of wasted batteries is significant not only to
environmental safety and human health, but also in economical
point of view to resource and materials.

To solve environmental problems and utilize secondary
material resources, a great effort has been made to recycle the SABs
in the last two decades [5,6]. However, the recycling with an
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unadorned purpose of waste treatment is not an attractive
business, particularly in developing countries where economic
interests supersede environmental obligations. Some researchers
have proposed the separation of valuable metals from Zn-Mn SABs
with the application of phosphonic acid, phosphinic acid extract-
ants, and trialkyl phosphine oxides [7]. Nevertheless, it is consid-
ered that these processes are not predominant for reducing the
recycling cost. Most recovery of valuable metals from SABs is gen-
erally carried out by precipitation and thermal treatments via
ammoniacal or acidic leaching processes to yield reusable oxides
or ferrites [8-10]. Most of the methods of recovering valuable
metal components from SABs do not necessarily catch the fancy
due to limited applicability and low commercial value of the end
product.

Recently, using SABs as raw materials to synthesize Zn-Mn fer-
rite magnetic materials has been developed owing to the presence
of adequate amounts of Mn, Zn, and Fe in them. Zn-Mn ferrites are
extensively used in transformers, electromagnetic gadgets, infor-
mation storage systems, and biomedical devices because of their
high magnetic permeability, saturation magnetization, dielectric
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resistivity and relatively low eddy current losses [11,12]. However,
it is worthy to note that the reactant contents have to be adjusted
with lots of pure reagent when SABs were directly used as precur-
sors. In addition, the synthetic process also affects the performance
of Zn-Mn ferrites [13].

In our previous work, nano materials were successfully
synthesized using some plants [14-17], which could enhance the
efficiencies of photocatalytic degradation on organic pollutant in
water [18-32]. In this work, a convenient synthesis of Zn,Mn;_,O
nanoparticles using Zn-Mn SABs was reported and the removal
efficiencies of bisphenol A (BPA, an endocrine disruptor) under
solar light irradiation with them were investigated. These findings
cannot only reduce the cost and simplify the synthesis process of
Zn,Mn,_,O nanoparticles, but also have positive effects on solving
the recycling of SABs as well as the problem of organic pollutant in
water.

2. Material and methods
2.1. Materials

The AA size Zn-Mn SABs (1.5 V) with the same brand and type, used in this
work, were kindly provided by student association named “Sons of Earth” of Bohai
university. The Zn-Mn batteries involved the mass trademarks consumed in China.
The Zn-Mn SABs used in this work was weighed and the contents of main heavy
metals in them were determined using atomic absorption spectrometer after being
digested in aqua regia. The reagents and solvents were A. R. grade materials.

2.2. Pretreatment of SABs and elemental composition

Zn-Mn SABs were disassembled in following steps: (1) SABs were manually dis-
mantled into scrap (including plastics, copper cap, zinc crust, and carbon rod) and
powder; (2) the powder was added into 150 ml of 0.5 mol L~ sulfuric acid (H,SO4)
and filtrated after being dried (400 °C) for 2 h, crushed, and washed many times
with water; (3) 0.5 mol L~' ammonia (NH5-H,0) solution was added into the above
mixture solution (adjust the pH values to 8.0) and filtrated; and (4) the filtrate was
added into 20 ml of 2.5 mol L' thermal sodium hydroxide (NaOH) solution, fil-
trated, and the formed black residues were collected.

2.3. Synthesis and characterization of Zn,Mn;_,O nanoparticles

The mashed zinc crust (the weight was about 4 g) of a set of Zn-Mn SABs and
the above black residues were added into 1.25 mol L~! H,S0,4 solution containing
2.5 wt% hydrogen peroxide (H,0,) with magnetic stirring at 85 °C until complete
dissolution [33]. Then, the 0.5 mol L~! NH3-H,O was added into the mixture to
adjust the pH to 8.5 at 85 °C. The precipitates were filtered after aging for 3 h at
85 °C, washed, and dried at 500 °C for 2 h.

The synthesized Zn,Mn;_,O nanoparticles were characterized by the follow
methods: X-ray diffraction (XRD) pattern was obtained on a Rigaku D-max C III
(Ni-filtered Al Ko radiation); scanning electron microscopy (SEM) image was per-
formed using a JEOL JSM-840 operated at 3.0 kV; energy dispersive spectrum
(EDS) was obtained using an Oxford EDX system attached to SEM.

In addition, 1 g and 2.5 g mashed zinc crust of Zn-Mn SABs were also used to
synthesize Zn,Mn; _,O nanoparticles (different proportions of Zn and Mn) in accor-
dance with the above processes.

2.4. Adsorption and photodegradation experiment

The experimental procedure for the adsorption/desorption and photocatalytic
degradation of BPA under solar light irradiation was carried out as follows: (1)
10 mg synthesized Zn,Mn;_,O (different proportions of Zn and Mn) nanoparticles
were added into 100 mL aqueous solution of BPA (10 mg L 1), respectively. After
continuously stirred and kept in the dark at 25 °C, the supernatant was collected
at different time intervals; (2) 10 mg L~! BPA (100 mL) solution were added in a
pyrex cylindrical vessel and continuously stirred under the solar light irradiation
(using a solar simulator, 150 W Xenon) for 180 min to evaluate the photodegrada-
tion capacities. The distance between the photosource and reactor was 10 cm. At
different time intervals, the supernatant was collected; (3) 10mgL! BPA
(100 mL) solution and 10 mg Zn,Mn;_,O nanoparticles (different proportions of
Zn and Mn) were added in a pyrex cylindrical vessel. After equilibration of adsorp-
tion/desorption for BPA on the surfaces of Zn,Mn;_,O nanoparticles was completed
in the darkness, the resulted suspensions were continuously stirred under the solar
light irradiation for 180 min. The distance between the photosource and reactor
was 10 cm. At different time intervals, the supernatant was collected; and (4) the
collected supernatant was centrifuged at 5000 rpm for 30 min in the centrifuge.

The BPA concentrations were determined by high performance liquid chromatogra-
phy (HPLC) after the supernatant was filtered through 0.22 mm Millipore cellulose
acetate membrane. In the experiments, three replicates were carried out.

3. Results and discussion
3.1. Composition of Zn-Mn SABs

The weight of a set of Zn-Mn SABs used in this work was 24 g.
The composition of main metals in Zn-Mn SABs (Table 1) was
shown as follows: 15.5+2.13% for Zn, 26.7 +6.24% for Mn,
0.004 £ 0.001% for Hg, 0.01 +0.002% for Cd, 8.52 +0.07% for Fe,
0.32 £0.11% for Pb, 1.62 + 0.18% for Cu.

3.2. Characterization of ZnyMn;_,0 nanoparticles

Fig. 1 showed XRD pattern of the synthesized Zn,Mn;_,O nano-
particles from Zn-Mn SABs (the dosage of zinc crust was 4 g). All
the diffraction peaks could be well indexed to the hexagonal phase
ZnMnOs reported in JCPDS card (No. 19-1461). Furthermore, the
broadening at the bottom of diffraction peaks also denoted that
the crystalline sizes were small, and the diffraction peaks were
narrow, which meant that crystalline substances were synthesized
[34].

In the EDS spectrum (Fig. 2) of the synthesized Zn,Mn,_,0, the
peaks of Zn, Mn, and O were obviously observed. The atom frac-
tions of Zn and Mn were 15.04% and 14.93%, and the ratio of Zn
to Mn was nearly 1:1. So, the ZngsMngs0 nanoparticles were syn-
thesized, and it was proposed that the synthesized ZngsMngsO
were corresponding to the ZnMnOs (ZnO and MnO,) structure. In
addition, the weight of the synthesized ZnysMngsO nanoparticles
was 13.7 g from a set of Zn-Mn SABs, it meant that the yield was
57.1%.

As shown in Table 1, there were Hg, Cd, Fe, Pb, and Cu in the
Zn-Mn SABs. However, our synthesized ZnysMng 5O nanoparticles
from Zn-Mn SABs did not include any impurities. The other metals
were removed in the process of synthesis of SABs: (1) the Hg
was volatilized in the dry process (400 °C) for 2 h [3]; (2) the Pb
was formed to PbSO, (precipitation) with H,SO,4 and removed by
filtration; (3) the Cd was formed to Cd(OH), (precipitation) under
the condition of the pH values at 8.0 and removed by filtration,
but the Mn(OH), was dissolved in solutions containing ammonium
salts [35]; and (4) the Fe was dissolved in thermal NaOH solution,
but undissolved Mn(OH), was collected.

To obtain more details of the ZngsMngs0 nanoparticles struc-
ture from Zn-Mn SABs, the structures of residual frameworks were
characterized by SEM (shown in Fig. 3). The SEM image confirmed
that the ZngsMng 50 nanoparticles were polydispersed rather than
in uniform distribution. The synthesized ZngsMng sO nanoparticles
were cylinder, and the length of the them was 60 nm.

Afterwards, with the additions of the 1 g and 2.5 g mashed zinc
crust of Zn-Mn SABs, the Zny ;Mng 9O and Zny 3Mng 70 nanoparticles

Table 1

Composition of main metals in Zn-Mn SABs (%).
Metals Percentage
Zn 155+2.13°
Mn 26.7 £ 6.24°
Hg 0.004 +0.001"
Ccd 0.01 +0.002°
Fe 8.52 £ 0.07°
Pb 032+0.11°
Cu 1.62£0.18°

The percentages of other elements were not shown. Data were average +S.E, n=3.
@ Significant at P<0.01.
b Significant at P < 0.05.
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Fig. 1. XRD pattern of synthesized ZngsMngs0 nanoparticles.
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Fig. 2. EDS spectrum of synthesized ZnysMngsO nanoparticles.
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Fig. 3. SEM image of synthesized ZnysMngs0 nanoparticles.

(characterization no shown) were also synthesized using Zn-Mn
SABs.

3.3. Effect of synthesized Zn,Mn;_,O nanoparticles on adsorption and
photodegradation of BPA

Fig. 4 showed the adsorption kinetic curves of BPA (100 mL,
initial concentration of BPA was 10 mg LY on ZnMn;_,O
nanoparticles. The adsorption equilibriums of BPA on Zng;Mng g0,
Zng3Mng 70, and Zng sMng 50 nanoparticles could be achieved in a
short time (approximately 40 min), it meant that Zn,Mn,_,O nano-
particles were very effective sorbents for BPA. From Table 2, the
saturation absorbance of BPA was about 32.40+4.06 mgg !,
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Fig. 4. Adsorption kinetic curves of BPA on Zn,Mn;_,O nanoparticles at 25 °C.

2040+3.60mgg~!, and 1450+4.55mgg ' (32.40z4.06%,
20.40 +£3.60%, and 14.50+ 455%) by Znp1Mng 90, ZngsMng -0,
and Zng sMng 50 nanoparticles, respectively. In addition, the effects
of the synthesized Zn,Mn,_,O nanoparticles on adsorption of BPA
were increased with the increasing proportions of Mn in
Zn,Mn,_,O nanoparticles. Manganese dioxides were poor crystal-
line oxides exhibiting large adsorption capacities, owing to their
varying tunnel structures and large specific surface areas [36]. It
is proposed that the main effect of MnO,, with large surface area,
on BPA was adsorption.

Photolysis (only solar light irradiation) and photocatalysis
(solar light irradiation and addition with Zn,Mn;_,O nanoparticles)
of degradation of BPA by Zn,Mn;_,O nanoparticles were
investigated (Fig. 5). Irradiated with solar light for 180 min, the
degradation of BPA (10mgL~') was 21.7+1.6%. As shown in
Table 2, the combination of solar light irradiation (180 min) and
the synthesized Zng1Mngg0O, Znp3Mng 70, and ZngsMngsO nano-
particles from Zn-Mn SABs could result in 59.41 +4.32%, 83.43 +
2.73%, and 71.22 + 4.79% decomposition yields of BPA, respectively.
These results demonstrated that the photodegradation rate of BPA
solutions with the presence of ZngsMng;0 nanoparticles was
much faster than those containing Zng;Mng9O and ZngsMngs0
nanoparticles. In the photocatalytic oxidation process, organic pol-
lutants were destroyed in the presence of semiconductor photocat-
alysts (Zn0), an energetic light source, and an oxidizing agent such
as oxygen or air [37].

The nanoparticles have the tiny size and large volume percent-
age on surface. The band state and electronic state on the surface of
nanoparticles differ from the states of inner. The atomic complex-
ing state is not perfect on the surface of nanoparticles. These spe-
cial properties could lead to the increase of active positions on the
surface. As the size of nanoparticles is reduced, the roughness of
the surface aggravates and the rough atomic steps are formed,
which could result in the increase of absorption ability and con-
tacting area for chemical reaction [38]. In addition, the quantum
effects of the Zn,Mn;_,O nanoparticles converted the energy levels
of conduction band and valence band into splitting energy levels.
Therefore, the electrons of Zn,Mn;_,O nanoparticles are excited
from valence band to conduction band after solar illumination,
and the holes are formed in the valence band (h*). Hole itself is a
strong oxidant. It could oxidize the OH™ and H,0, absorbed on
the Zn,Mn;_,O nanoparticles surfaces to form the free radical of
OH™. The radical of OH™ combined on Zn,Mn;_,O nanoparticles
surfaces is a strong oxidant, and it could not only oxidize the adja-
cent organic compounds, but also being diffused into the solution.

ZnO is an important member in the II-VI group semiconductors
with a wide bandgap (3.37 eV), however, the wide bandgap of
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Table 2
Removal efficiencies of BPA by Zn,Mn;_,O nanoparticles (%).

Time (min) Adsorption

Photocatalysis

10 20 30 40 50

30 60 90 120 180

ZnoiMnggO 12.41 +4.87° 18.12 £3.78" 28.31 £3.52" 32.40 + 4.06" 32.38 + 1.07° 32.40+2.09° 36.12 +5.22° 40.13 £4.85" 48.11 £ 3.37° 54.63 + 1.51° 59.41 £ 4.32°
ZnosMng;0 8.12 +1.84” 14.23 £2.56" 15.96 + 0.79* 20.40 + 3.60° 20.39 +3.72" 20.40 + 0.53° 42.28 + 1.29° 56.17 £2.13* 65.04+2.71° 74.03 + 5.03" 83.43 +2.73°
ZngsMngsO  4.83 +2.69" 8.02 +0.35° 12.94+0.27" 14.50 £ 4.55" 14.51 +5.71” 14.50 + 4.06” 26.34 +4.57" 48.32 +2.24" 57.89+2.69" 64.93 +2.73" 71.22 +4.79%

Data were average + S.E, n = 3.
@ Significant at P<0.01.
b Significant at P < 0.05.

MnO, is only 1.30 eV [39]. Consequently, the photocatalytic perfor-
mance of ZnO was better than that of MnO, upon combination
with solar light irradiation. The previous research results indicated
that oxidative reactions with ZnO may play an important role in
the fate of BPA [40]. The formation of dimeric products via
oxidative coupling and monomeric products via hydroxylation
and dealkylation of BPA were the major reaction mechanisms in
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Fig. 5. Degradation of BPA by photolysis and photocatalysis.
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the oxidation of BPA by ZnO. Compared with Zng3Mng;0 and
ZngsMngs0 nanoparticles, the photocatalytic active sites were
minimum due to the fact that the content of Zn in Zng;MngoO
nanoparticles was least. Therefore, the photodegradation rate of
BPA solutions with Zng;MnggO nanoparticles was lowest. In
theory, the decomposition yields of BPA might be increased with
the increasing of proportions of Zn in Zn,Mn;_,O nanoparticles.
Thus, ZngsMng sO nanoparticles might show the fastest photodeg-
radation rate of BPA. However, photodegradation rate of BPA by
Zng3Mnp;0 nanoparticles was much faster than that of by
ZngsMng s0O nanoparticles.

However, both Zn and Mn, present as background electrolytes,
decreased the reaction rates possibly because of their adsorption
and blocking of active sites on the MnO, and ZnO surfaces [41].
The reaction mechanisms for the photodegradation of BPA using
Zn,Mn,_,O nanoparticles were similar, and since the pre-
adsorption of the target on the surface of catalyst was prerequisite
for enhancement of photodegradation and due to their adsorption
abilities [42,43]. MnO; could adsorb the BPA, as a result, the degra-
dation of BPA was enhanced and the better photocatalytic activity
of Zng 3Mng ;0 nanoparticles was confirmed. As for the Zn,Mn;_,O
nanoparticles, MnO, acted as a photo generated electron acceptor
to promote interfacial electron transfer processes from the
attached ZnO to the MnO,. In case of composite structures, the
ZnO tips were capped by MnO, which reduced slightly surface to
volume ratio decreasing the band bending and slightly reducing
the surface defects by reducing free exciton-longitudinal optical
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+

o
+
> (o]
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Fig. 6. Proposed degradation mechanism of BPA.
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phonon interaction which resulted in slight blue shift in the com-
posite structures [44]. In Zn,Mn;_,O nanoparticles, the charge car-
riers in the conduction band of ZnO were transferred into the MnO,
which was very fast process that helps in less charge trapping at
the grain boundaries, thereby resulting in the sharper emission
peaks [45]. The recombination of photoinduced electron and hole
would be retarded. Compared with the ZngsMng 50 nanoparticles,
the photocatalytic property of ZngsMng;O nanoparticles was
improved.

The possible degradation path way (shown in Fig. 6) for BPA
could be proposed as follows: 4-(1-hydroxy-1-methyl-ethyl)-
phenol (HMEP) and phenol were initially produced via the photoc-
leavage of phenyl groups by -OH radical attack. 4-Vinyl-phenol was
then generated by dehydration from HMEP, which was subse-
quently converted to 4-hydroxyacetophenone by means of oxida-
tion. Furthermore, 2-methyl-2,3-dihy- drobenzofuran could be
produced from phenol. Eventually, an oxidative ring-opening reac-
tion occurring at C=C bond between the adjacent hydroxyl or
ketone groups led to the formation of aliphatic compounds, such
as C4H 100, CsHq00, and CgH140,, followed by mineralization to
CO, gas. These analytical results were consistent with those
reported in literature [46,47].

4. Conclusion

The present work demonstrated the synthesis of Zn,Mn;_,O
nanoparticles using Zn-Mn SABs. The synthesized Zn,Mn;_,O
nanoparticles were characterized by XRD, SEM, and EDS. After-
wards, the removal efficiencies of BPA under solar light irradiation
by using the recovered Zn,Mn;_,O nanoparticles were also investi-
gated. It was found that: (1) the synthesized Zng sMng 50 nanopar-
ticles was cylinder, with a length of 60 nm; (2) the adsorption
equilibrium of BPA on Zn,Mn;_,0 nanoparticles could be achieved
in approximately 40 min; (3) the degradation of BPA with only
solar light irradiation for 180 min was 21.7 = 1.6%, but the combi-
nation of solar light irradiation and Zng;Mng g0, Zng3sMng 70, and
ZngsMnpsO nanoparticles could lead to 59.41+4.32%, 8343+
2.73%, and 71.22 + 4.79% decomposition yields of BPA, respectively.
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