
Origin

New
recyc

Lorena
Ana  U
a Centro N
b IMDEA-
c Universi
Spain
d Univers
Madrid, S

a  r  t  i  

Article his

Received 

Accepted

Available  

Keywords:

Spent bat

Photocata

Zn  and M

Methylen

Rhodamin

1.  I

The grea
lation  ha
environm
wastewa
different
sludge  [1
problems
to its pot

∗ Corresp
E-mai

https://do
2238-7854
(http://cre
j m a t e r r e s t e c h n o l . 2 0 1 9;8(3):2809–2818

www.jmrt .com.br

Available online at www.sciencedirect.com

al Article

 photocatalytic  materials  obtained  from the
ling of  alkaline  and  Zn/C spent  batteries

 Alcaraza, Irene García-Díaza, Laura Gonzálezb, María Eugenia Rabanal c,
rbietad, Paloma Fernándezd, Félix A. Lópeza,∗

acional de Investigaciones Metalúrgicas (CENIM-CSIC), Avda. Gregorio del Amo 8, E-28040 Madrid, Spain
Nanociencia, Campus Universitario de Cantoblanco, Madrid 28049, Spain
dad Carlos III de Madrid & IAAB, Dpto. de Ciencia e Ingeniería Química, Avda. de la Universidad 30, 28911 Leganés, Madrid,

idad Complutense de Madrid, Dpto. de Física de Materiales, Facultad de Ciencias Físicas, Ciudad Universitaria s/n, 28040
pain

c  l  e  i  n  f  o

tory:

16 January 2019

 22 April 2019

online 18 May 2019

teries

lytic materials

a  b  s  t  r  a  c  t

Several phases with variable stoichiometry ZnxMn3−xO4 (with x = 0.25, 0.85 and 1) and ZnO

have  been obtained from the black mass, a widely generated residue of wasted alkaline bat-

teries. The obtained samples have been characterized by X-ray diffraction (XRD) and Raman

spectroscopy  showing results consistent with the stoichiometry obtained from chemical

analysis.  The study of the degradation of methylene blue (MB) and rhodamine B (RhB) under

UV  radiation demonstrates the photocatalytic behavior in all samples obtained, reaching

degradation  percentages higher than 70% and 50%, respectively.
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gal regulations impose ever stricter criteria to val-
 quality of residual waters (maximum values of
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e growing interest generated in the search for new
 for the efficient elimination of pollutants [3].
ionally the technologies used for cleaning water are
ased on adsorption processes using activated car-
esorption in the air [4], however, these processes only
he pollutants from the aqueous solution to another

ill contaminated, then the problem persists. This sce-
 pushed the development of new technologies based

catalytic oxidation and consequently, the search for
s with a high oxidation power that could lead to an
degradation of the pollutants. In these processes, the
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Fig. 1 – Scheme of the photocatalytic process.
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 present work, the photocatalytic activity of Zn and
/Mn oxides obtained from the black mass of spent

batteries has been studied. The recovery process has
cribed elsewhere [14–16]. Doping with manganese is

ising due to different oxidation states are possible
n (Mn2+, Mn3+ and Mn4+) and the consequent ability

electron or hole trap [17–19].
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his black mass comes from the dismantling of alka-
Zn–C batteries.
tain the different oxides, 100, 200 or 300 g of black
re dissolved in 1 L of a solution of: milliQ water

 7.5 M HCl (250 mL)  and 0.7 M H2O2 (250 mL). The
 were homogenized and, after 1 h at room temper-
), were filtered using a Millipore Holder filter at 7 bar
.  The liquids collected (pH ∼ 0) were treated adding

 until reaching a pH value between 12 and 14, and
s obtained were discarded. Finally, the mixtures are
btaining the corresponding binary oxides of stoi-
ies ZnxMn3−xO4 (with x = 0.25, 0.85 and 1) for the
id ratios of 100, 200 and 300 g/L, respectively.

btaining  of  the  phases  of  stoichiometry  ZnO
ples were obtained by two different routes: precipi-

nOp) and thermal decomposition (ZnOc). In the first
r the alkaline precipitation described above, HCl is

 the collected liquids, until pH decreases from the

lue (12–14) to a value of 9.5. From this step, a white
te (ZnOp), that will be separated by filtration and sub-
y  dried, is obtained. In the second route (ZnOc), the
r  Zn5(CO3)2(OH)6 obtained after the leaching of the



j m a t e r r e s t e c h n o l . 2 0 1 9;8(3):2809–2818 2811

erns

black ma
800 ◦C for

2.2.  C

The stru
of  X-ray 

tometer 

a  LiF m
the  calc
terns.  We

ram  

ion  

tal s

icro
ba Jo
ted  b
Fig. 2 – Experimental and Rietveld-refined XRD patt

ss with a solution of (NH4)2CO3/NH3 is calcined at
 5 h under constant air flow [14].

haracterization

ctural characterization was carried out by means
diffraction (XRD) using a Siemens D5000 diffrac-

prog
mat
crys
[20].

M
Hori
exci
equipped with a Cu anode (Cu K� radiation) and
onochromator. Rietveld method was applied for
ulation of structural parameters from XRD pat-
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-Raman spectra were obtained using a confocal
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Fig. 6 – Absorption spectra obtained at different illumination times for RhB.
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zero-order 0.864 0.874 

first-order 0.015 0.932 0.018 0.899 0.019 

second-order 0.017 0.971 0.238 0.965 0.253 

RhB d

x = 0.25 x = 0.85 x

zero-order 0.899  0.849 

first-order 0.064 0.959 0.005 0.916 0.004 

second-order 0.014 0.992 0.017 0.966 0.019 
):2809–2818
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e 1 summarized the obtained results.

ero-order[C]t = [C]0 − kobs,0 · t (5)

rst-order ln
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econd-order
1
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]t is the concentration of MB or RhB at the time t; [C]0
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 the kinetics constants to the pseudo-zero, pseudo-
pseudo-second order, respectively.
orrelation coefficients R2 show that reaction kinetics
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 = 1 ZnOp ZnOc

R2 kobs R2 kobs R2
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0.980 0.032 0.977 0.029 0.910
0.987 0.280 0.991 0.391 0.933

egradation

 = 1 ZnOp ZnOc
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0.957 0.009 0.937 0.011 0.951
0.993 0.025 0.966 0.090 0.975
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Fig. 8 – Degradation percentage versus photocatalytic
reaction time of (a) MB  and (b) RhB.

Table 2 – Degradation percentage and Egap values
obtained to the different analyzed samples.
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