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This work synthesized spent primary batteries (SPBs)-based (SB) catalyst from the black mass (BM) of the
respective SPBs of R and D companies and tested it in the complete oxidation of volatile organic com-
pounds (VOCs) to examine its effectiveness. In particular, benzene, toluene, and o-xylene (BTX) were cho-
sen as representative VOCs. In addition, the physicochemical properties of the RSB and DSB catalysts
prepared from the BMs in the SPBs of R and D companies, respectively, were characterized by ICP/OES,
SEM/EDX, BET, XRD, TGA, O2-TPO, H2-TPR, and XPS analyses. Notably, the manganese-rich DSB catalyst
had a higher activity compared to the RSB catalyst. Also, the dominant crystal phases of the RSB catalyst
were of C, ZnMn2O4, Mn3O4, ZnO, and C2K2, and those of the DSB catalyst were of C and MnO2. In partic-
ular, the manganese oxide species significantly influenced the catalytic activity. Furthermore, the lattice
oxygen mobility of the catalyst contributed to the VOCs complete oxidation. In effect, the BTXs were com-
pletely oxidized at less than 380 and 360 �C over the RSB and DSB catalysts, respectively, at a gas hourly
space velocity of 50,000 h�1.
� 2022 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
Introduction

Since primary batteries, such as manganese and alkaline batter-
ies, are versatile, convenient, inexpensive, and essential for elec-
tronic devices, their consumption has been steadily increasing
[1]. In particular, manganese and alkaline batteries are mainly used
in electronic devices requiring small power [2]. Also, they are con-
sumed and discarded in a short time, resulting in a lot of their
waste. Moreover, these spent manganese and alkaline batteries
contain heavy metals, including zinc, manganese, etc. And heavy
metals can pose a serious threat to humans, animals, plants, and
crops. Accordingly, SPBs must be safely disposed of as they may
threaten the ecosystem [3–5]. In Korea, more than 15,000 tons of
spent manganese and alkaline batteries were generated in 2020
[6]. Accordingly, it is strongly necessary to recycle the spent pri-
mary batteries, which accounts for a significant portion of the dis-
carded batteries. Recently, the resourcization of SPBs has attracted
increasing attention from an economic, environmental, and tech-
nological perspective [7,8]. Meanwhile, various research had
focused on the recovery of valuable metals, such as manganese,
zinc, etc., from SPBs [2,9,10].

Volatile organic compounds (VOCs) are some of the main pollu-
tants with a boiling point of less than 260 �C under room temper-
ature and atmospheric pressure conditions [11]. The main sources
of VOCs, such as chemical plants, paint factories, printing shops,
food processing, etc., are varied. Since the VOCs are highly toxic
and volatile, they are regarded as important air pollutants
[12,13]. Furthermore, the VOCs are also a causative agent of photo-
chemical smog and have recently been recognized as substances
causing ultrafine dust [14,15]. Therefore, the VOCs must be
removed from their sources without being released into the atmo-
sphere. Various technologies have been used for the VOCs removal,
including condensation [16], adsorption [17], membrane separa-
tion [18], photocatalytic decomposition [19–21], plasma oxidation
[22], ozone oxidation [23–26], biological decomposition [27], com-
bustion [28], and catalytic oxidation [29]. Notably, catalytic oxida-
tion is economical, compact, easy to operate, and efficient among
these technologies. Also, transition metals as catalysts for the VOCs
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Fig. 1. Pictures of spent batteries for (a) RSB and (b) DSB catalysts.
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removal using catalytic oxidation are cheaper, are more resistant to
poisons than precious metals, and have good performance [30–32].

The SPBs, such as spent manganese and alkaline batteries, con-
tain transition metals (zinc, manganese, etc.). So, it is possible to
use SPBs as a catalyst source for the VOCs removal [33–35]. Relat-
edly, manganese oxides recovered from spent zinc-carbon and
alkaline batteries were used for the VOCs removal [8]. MnZnO
and nanoscale manganese oxide catalysts for the VOCs oxidation
were synthesized from spent zinc-carbon and alkaline batteries
by using chemical precipitation [36,37]. Moreover, a multi-oxide
catalyst based on manganese was synthesized from a spent
lithium-ion battery through a biohydrometallurgical process and
used for the VOCs complete oxidation [38]. Likewise, multi-metal
oxides catalysts for oxygenated VOCs oxidation were prepared
from spent lithium-ion batteries by different preparation methods,
like combustion, co-precipitation, hydrothermal, etc. [39].
Recently, the Mn-Fe bimetallic oxide catalyst derived from spent
alkaline battery was used for the oxidation of bisphenol A [40].

However, in terms of efficiency and economy, it may be prefer-
able to use in bulk form without recovery and resynthesis of each
component of the black mass (BM) inside spent primary batteries
(SPBs). The BM composite material of the SPBs was used to catalyze
the VOCs oxidation in this work. There are several types of SPBs
with different components, and consequently the catalytic proper-
ties also are different. The effect of different catalytic properties of
various types of SPBs on the removal of VOCs was not investigated
at all. Accordingly, we compared the catalytic performances and
properties of the BMs of the SPBs from different manufacturers
(R and D companies) as VOCs oxidation catalysts. Also, benzene,
toluene, and o-xylene (BTX) were chosen as representative VOCs
for the test. Moreover, the physicochemical properties of the sam-
ples were characterized by Brunauer–Emmett–Teller (BET) iso-
therms, inductively coupled plasma/optical emission
spectrometry (ICP/OES), X-ray diffraction (XRD), thermogravimet-
ric analysis (TGA), oxygen-temperature-programmed oxidation
(O2-TPO), X-ray photoelectron spectroscopy (XPS), and hydrogen-
temperature-programmed reduction (H2-TPR).
Experiments

Synthesis of the catalysts

The BMs in the respective SPBs of R and D companies were used
for the SB catalyst synthesis, as shown in Fig. 1. The separated
black mass (4.0 g) from each battery was put into a flask containing
100 mL of deionized water. The resulting slurry was stirred with a
shaker (KMC-8480SF, Vision Scientific), which worked at 150 rpm
and at 30 �C for 5 h. The mixture was then filtered and washed
three times with deionized water. Sulfuric acid (H2SO4 (95 %, Dae
Jung) aqueous solution with a concentration of 0.1 N was used to
treat the washed black masses. 3.0 g of each washed black mass
was placed in the flask with 200 mL of the acidic solution. The mix-
ture was treated in a shaker as described above to obtain a washed
black mass. The samples treated with sulfuric acid aqueous solu-
tion were washed several times with deionized water for their
pH to reach about 7, then dried at 80 �C for 24 h. The dried samples
were finally calcined at 400 �C for 4 h in a furnace.

The synthesized catalysts were named RSB and DSB catalysts,
respectively, where R and D denote the first letter of the company
(that supplied the SPBs) name.
Characterization of the catalysts

Brunauer–Emmett–Teller (BET) measurements were performed
using a Belsorp Mini II 2020 to determine the surface areas of the
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catalysts (N2 adsorption at 25 �C). Before sorption analysis, all cat-
alysts were degassed in a vacuum (5 � 10�3 mmHg) at 150 �C for
6 h. The elemental compositions of the catalysts were analyzed by
inductively coupled plasma/optical emission spectroscopy (ICP/
OES) using a Perkin Elmer Optima 8300. The samples were pre-
pared for analysis using the microwave-assisted acid (aqua regia)
digestion method. X-ray diffraction (XRD) was used to study the
crystalline structures of the catalysts using a Phillips PW3123
diffractometer with Cu/Ka radiation of 0.154 nm. The catalysts
were examined in the 2h range of 20–90� at a scanning speed of
70� h�1. A HITACHI S-4800 SEM (Hitachi, Japan) with an Oxford
Link SATW ultrathin window EDX detector was used for SEM/
EDX (scanning electron microscope/energy dispersive X-ray) anal-
ysis. Chemical components of the particle were determined from
EDX data acquired in point mode at several spots within each par-
ticle. Thermo gravimetric analysis (TGA), using a PerkinElmer Pyris
Diamond, was performed under a stream of air in the temperature
range of 25–1000 �C (heating rate: 10 �C min�1). Oxygen-
temperature programmed oxidation (O2-TPO) was carried out
using a BEL-CAT setup. Prior to analysis, 0.4 g of the catalyst was
pre-treated with 30 mL/min of He gas at 200 �C for 2 h. The tem-
perature of the catalyst was then lowered to 50 �C. The catalyst
sample was passed through the gas mixture (5 % O2 and 95 %
He) at a rate of 30 mL/min while the temperature was increased
to 800 �C at a rate of 10 �C/min. The redox of the catalysts was
examined with hydrogen-temperature programmed reduction
(H2-TPR) by the same experimental method as O2-TPO. Pre-
treated gas and reduction gas were used Ar and gas mixture of
5 % H2 and 95 % Ar, respectively. X-ray photoelectron spectroscopy
(XPS) (VG Scientific MultiLab 2000) was performed using non-
monochromatic Mg Ka radiation with an energy of 1253.6 eV.
The C1s peak (285.0 eV) obtained from XPS was used to calibrate
the binding energy.
BTX complete oxidation

The BTX complete oxidations over the RSB and DSB catalysts,
respectively, were carried out in a catalytic oxidation test device
[41]. A sample of the catalyst (60 mg) was placed in the center of
the reactor. It was supported by quartz wool. Commercial BTXs
(Fisher) were used for the experiment. An air stream was passed
through each benzene, toluene or o-xylene saturator. Mass flow
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controllers (UFC-8100) were used to accurately and stably adjust
the gas flow rates. Each reactant concentration was maintained
at 1000 ppm, which was adjusted using a saturator temperature.
Reactant flow was indicated using a gas hourly space velocity of
50,000 h�1. All tubes were kept at 110 �C to prevent adsorption
and condensation of the reactant and product in the lines. Experi-
mental data were taken after confirming that all reaction condi-
tions had reached a steady state (i.e. when the temperature and
reactant flow became constant). Inlet and outlet concentrations
were measured using a gas chromatograph (GC-14A, Shimadzu)
with a thermal conductivity detector (TCD). The column packing
consisted of 5 % bentone-34 and 5 % DNP/shimalite (3 mm
ø � 3 m, 60–80 mesh) for BTXs separations, while a Porapak Q
(3 mm ø � 3 m, 50–80 mesh) was used to measure the concentra-
tion of CO2. A GC with a mass spectrometry (GC/MS-QP5050, Shi-
madzu) was also used to quantitatively and qualitatively analyze
the reactants and products. Only CO2 and H2O were produced in
all experimental conditions without any other products. The
hydrocarbon conversions were calculated based on the consump-
tion of each reactant.
Results and discussion

Characterization of the RSB and DSB catalysts

The morphologies and surface components of the RSB and DSB
catalysts were examined by SEM/EDX. The SEM images and the
corresponding EDX spectra of the RSB and DSB catalysts are shown
in Fig. 2. The EDX spectra and Table 1 reveal that the surface ele-
ments of the RSB catalyst were composed of zinc, manganese, iron,
carbon, oxygen, aluminium, silicon, sodium, potassium, and chlo-
rine, while those of the DSB catalyst consisted of zinc, manganese,
carbon, oxygen, and potassium. In addition, the main transition
metal components of the RSB catalyst were zinc, manganese, iron,
and while that of the DSB catalyst was manganese. In particular,
Fig. 2. SEM images and corresponding EDX s
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the surface manganese concentration of the DSB catalyst was
approximately twice higher than that of the RSB catalyst. Further-
more, the ICP/OES measurement results of the RSB and DSB cata-
lysts are summarized in Table 2. This also reveals that the
manganese concentration of the DSB catalyst was about twice
higher than that of the RSB catalyst, in accordance with the EDX
spectra. Meanwhile, aluminium and sodium, which did not appear
in the EDX spectra of the DSB catalyst, appeared in the ICP/OES
measurement results of the catalyst, suggesting that aluminium
and sodium existed inside the catalyst and not on its surface. Also,
it seemed that silicon was removed during the respective pretreat-
ment of the RSB and DSB catalyst samples for the ICP/OES mea-
surement. In addition, both the ICP/OES measurement and SEM/
EDX examination showed that the amount of manganese in the
DSB catalyst was about twice higher than that of the RSB catalyst.

The BET surface areas, mean pore diameters, and total pore vol-
umes of the catalysts are summarized in Table 3. Notably, the BET
surface areas of the RSB and DSB catalysts were 45.1 and 31.1 m2/g,
respectively. In addition, their total pore volumes and mean pore
diameters and were 0.18 cm3/g and 16.0 nm, and 0.11 cm3/g and
15.1 nm, respectively.

Fig. 3 shows the 20,000-fold magnified SEM images of the mor-
phologies of the RSB and DSB catalysts. These magnified SEM
images of the RSB catalyst show that the catalyst surface looked
like swollen blossoms (Fig. 3(a)). On the other hand, the DSB cata-
lyst surface seemed to have molten or spread small particles (Fig. 3
(b)). These morphologies also showed that the RSB catalyst surface
area was larger than that of the DSB catalyst, consistent with the
BET surface areas given in Table 3.

Fig. 4 shows the XRD patterns of the RSB and DSB catalysts.
Notably, the main crystal phases of the RSB catalyst were of
ZnMn2O4, ZnO, Mn3O4, C, and C2K2, and those of the DSB catalyst
were only the C and MnO2 crystal phases.

Fig. 5 shows the carbon weights of the RSB and DSB catalysts
measured by the TGA in a dynamic oxygen atmosphere. The TG
curve of the RSB catalyst shows that the catalyst weight loss at
pectra of (a) RSB and (b) DSB catalysts.



Table 1
Components of RSB and DSB catalyst measured by SEM/EDX.

Elements (wt. %) Zn Mn Fe C O Al Si Na K Cl

RSB 7.0 24.1 8.2 24.6 28.8 1.5 5.0 0.4 5.2 0.1
DSB 0.4 50.4 – 19.0 29.7 – – – 0.5 –

Table 2
Elements of RSB and DSB catalysts measured by ICP/OES.

Elements (wt. %) Zn Mn Fe Al Si Na K

RSB 15.10 32.80 8.09 1.16 N.D. 0.03 0.27
DSB 0.67 59.00 N.D. 0.79 N.D. 0.19 0.67

N.D.: Not Determined.

Table 3
Textual properties of the RSB and DSB catalysts.

Catalyst BET surface area
(m2/g)

Total pore volume
(cm3 /g)

Mean pore diameter
(nm)

RSB 45.1 0.18 16.0
DSB 31.1 0.11 15.1

Fig. 4. XRD patterns of (a) RSB and (b) DSB catalysts.
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temperatures up to 150 �C was around 2.3 wt. %. This weight loss
was due to the desorption of impurities and water on the catalyst
surface. However, this TG curve shows inflection points at 485 and
615 �C and a considerable weight loss at these points that contin-
ued up to 750 �C, which was attributed to carbon oxidation [42].
On the other hand, the weight loss of the DSB catalyst at tempera-
tures up to 150 �C was around 0.72 wt. %. Furthermore, the weight
loss rate of the RSB catalyst was greater than that of the DSB cata-
lyst, indicating more impurities and water on the surface of the
RSB catalyst than those of the DSB catalyst, respectively. Mean-
while, the inflection points in the TG curve of the DSB catalyst were
at 465 and 565 �C.

Fig. 6 shows the TPO patterns of the RSB and DSB catalysts. The
TPO pattern of the RSB catalyst had two peaks at 559 and 615 �C
due to the two carbon species of the catalyst [43]. In the same
way, the TPO pattern of the DSB catalyst had two peaks at 532
and 584 �C. Accordingly, the TPO patterns were in good agreement
with the TGA measurements. In other words, TPO patterns of the
RSB and DSB catalysts showed two peaks each, corresponding to
the two inflection points in each of their TGA curves.

Since the redox properties of a catalyst often play an important
role in the catalytic activity, H2-TPR experiments of the RSB and
DSB catalysts were performed to study the redox properties of
the catalysts. Fig. 7 shows the TPR patterns of the RSB and DSB cat-
Fig. 3. SEM images of (a) RS
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alysts. The calculated values of hydrogen consumption, starting
temperature of the TPR peak (STP), and temperature of the TPR
peak (TTP) of the RSB and DSB catalysts, respectively, are listed
in Table 4. Notably, two reduction peaks due to the reduction of
metal oxides species were observed in the TPR pattern of both
RSB and DSB catalysts. In addition, Fig. 7 shows that the STP and
TTPs of the two reduction peaks in the TPR pattern of the RSB cat-
alyst were 260, 347, and 492 �C, whereas they were 220, 322, and
410 �C in the TPR pattern of the DSB catalyst, respectively. In addi-
tion, the TPR pattern of the RSB catalyst shows that the amount of
hydrogen consumed in the first and second peaks were 1.19 and
B and (b) DSB catalysts.



Fig. 6. TPO patterns of (a) RSB and (b) DSB catalysts.

Fig. 7. TPR patterns of (a) RSB and (b) DSB catalysts.

Table 4
Hydrogen consumption, Starting temperature of TPR peak, and temperature of TPR
peak of the RSB and DSB catalysts.

Catalyst Hydrogen
consumption
(mmol/g)

Starting temperature
of TPR peak (�C)

Temperature of
TPR peak (�C)

RSB 1.19a, 1.84b 260 347a, 492b

DSB 4.66a, 1.97b 220 322a, 410b

a 1st peak.
b 2nd peak.

Fig. 5. TGA patterns of (a) RSB and (b) DSB catalysts.

Fig. 8. XPS spectra of the survey scan (A), the Mn 2p region (B), and the Zn 2p
region (C) of samples. (a) RSB and (b) DSB catalysts.
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Fig. 9. (a) Benzene, (b) toluene), and (c) o-xylene conversions according to reaction
temperature. (Reactant concentration = 1000 ppm, Gas Hourly Space
Velocity = 50,000 h�1).
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1.84 mmol/g, respectively. On the other hand, the TPR pattern of
the DSB catalyst shows that the amount of hydrogen consumed
in the first and second peaks were 4.66 and 1.97 mmol/g, respec-
tively. Additionally, the compositions and surface electronic states
of the RSB and DSB catalysts were characterized by XPS.

shows the survey scan spectra and XPS spectra evolutions of
the RSB and DSB catalysts. Notably, the survey scan spectra
(Fig. 8(A)) confirm manganese, zinc, iron, carbon, and oxygen in
the RSB catalyst and manganese, zinc, carbon, and oxygen in the
DSB catalyst. Also, Fig. 8(B) and (C) shows the manganese and zinc
XPS spectra evolutions, respectively. The binding energies (BEs) of
Mn 2p and Zn 2p are listed in Table 5. In particular, the BEs of Mn
2P1/2 and Mn 2p3/2 of the RSB catalyst were 653.18 and 641.57 eV,
and those of the DSB catalyst were 654.12 and 642.48 eV, respec-
tively. These BEs indicated that the BE of Mn 2p of the RSB catalyst
corresponded to Mn3O4, whereas that of the DSB catalyst corre-
sponded to MnO2 [33]. Meanwhile, the ICP/OES measurement
and EDX spectra showed that the zinc concentration in the DSB
catalyst was much lower than that in the RSB catalyst. Likewise,
the zinc XPS spectrum (Fig. 8(C)) showed that the zinc intensity
in the zinc XPS spectrum of the RSB catalyst was much higher than
that of the DSB catalyst. On the other hand, the BEs of Zn 2p1/2 and
Zn 2p3/2 of the RSB catalyst were 1044.09 and 1021.00 eV, and
those of the DSB catalyst were 1044.82 and 1021.02 eV, respec-
tively. In particular, the BE difference between Zn 2p1/2 and Zn
2p3/2 of about 23.8�23.1 eV could be classified as ZnO (Zn2+)
[44,45]. Accordingly, the XPS spectra were in good agreement with
the XRD profiles. No observed ZnO crystal phase in the XRD profiles
indicated that it did not develop due to its low concentration.

Relationship between activities and characteristics of the RSB and DSB
catalysts.

Fig. 9 shows the BTX conversions over the RSB and DSB cata-
lysts, respectively, at different temperatures. T50 and T90 (tempera-
ture representing 50 % and 90 % conversion, respectively) of the
BTX over the RSB and DSB catalysts, respectively, are listed in
Table 6.

Notably, the T50 and T90 of benzene over the RSB catalyst were
309 and 352 �C, respectively. In contrast, these T50 and T90 over
the DSB catalyst were 279 and 337 �C, respectively. The T50 and
T90 of toluene and o-xylene over the RSB catalyst were 317 and
335 �C, and 327 and 339 �C, whereas these T50 and T90 over the
DSB catalyst were 272 and 300 �C, and 253 and 276 �C, respec-
tively. Generally, an aromatic compound having methyl derivatives
with low ionization potential was easily oxidized [46]. In addition,
the ionization potentials of the methyl derivative contained in o-
xylene, toluene, and benzene are 8.56, 8.82, and 9.24 eV, respec-
tively. Accordingly, the BTXs conversions reported above con-
firmed that the smaller the ionization potential of the methyl
derivative, the easier the compound was oxidized over the RSB
and DSB catalysts, respectively.

Generally, a catalyst with a large BET surface area is known to
have good activity. Still, the activity of the DSB catalyst with a
small surface area, mean pore diameter, and total pore volume
was superior to that of the RSB catalyst. Therefore, the textual
properties of a catalyst do not significantly affect the catalytic
activity for the BTX oxidation. The manganese concentration of
the DSB catalyst was also about twice higher than that of the
Table 5
BEs (eV) of the Mn 2p and Zn 2p for the RSB and DSB catalysts.

Name Mn 2p1/2 Mn 2p3/2 Zn 2p1/2 Zn 2p3/2

RSB 653.18 641.57 1044.09 1021.00
DSB 654.12 642.48 1044.82 1021.02
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RSB catalyst, indicating that the manganese-rich DSB catalyst had
superior activity compared to the RSB catalyst. In addition, the
main crystal phases of the RSB catalyst were of ZnMn2O4, ZnO,
Mn3O4, C, and C2K2, whereas those of the DSB catalyst were only
of C and MnO2. Accordingly, the MnO2 appeared to have acted as
a better active site than other manganese oxide species, such
Mn3O4 and ZnMn2O4.



Table 6
T50 and T90 of BTX over the RSB and DSB catalysts.

Catalyst Benzene Toluene o-Xylene

T50 T90 T50 T90 T50 T90

RSB 309 352 317 345 327 339
DSB 279 337 272 300 253 276
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Meanwhile, the TPR patterns indicated that the reduction tem-
perature of lattice oxygen in the DSB catalyst was lower than that
in the RSB catalyst. Therefore, the lattice oxygen of the DSB cata-
lyst, which was more mobile than that of the RSB catalyst, favor-
ably affected the oxidation of the carbon species of the catalyst,
so that the TPO peak of the DSB catalyst was observed at a temper-
ature lower than that of the TPO peak of the RSB catalyst. In other
words, the lower the temperature of TPR peak, the more readily the
catalyst’s lattice oxygen can move, and this easily moving lattice
oxygen contributes to the complete oxidation of VOCs [47–49].
These results indicate that the VOCs were adsorbed on the metal
of the catalyst and the active lattice oxygen can easily oxidize
the VOCs with the methyl derivatives with the low ionization
potential.

Conclusion

The black mass (BM) of spent primary batteries (SPBs) was
tested for its effectiveness as a VOCs oxidation catalyst. The DSB
catalyst with a high manganese concentration had superior activity
compared to the RSB catalyst with a low manganese concentration.
The catalyst textual properties, particularly the surface area, mean
pore diameter, and total pore volume, had an insignificant effect on
the catalytic activity. In addition, the main crystal phases of the
RSB catalyst were of ZnMn2O4, ZnO, Mn3O4, C, and C2K2, whereas
those of the DSB catalyst were only of C and MnO2. The MnO2

seemed to have acted as a better active site than other manganese
oxide species, such Mn3O4 and ZnMn2O4. Further, the DSB catalyst
with carbon species oxidized at low temperatures showed the
higher catalytic activity than the RSB catalyst with carbon species
oxidized at high temperatures. The reduction temperature of lat-
tice oxygen in the DSB catalyst was lower than that in the RSB cat-
alyst. Hence, the lattice oxygen of the DSB catalyst, which was
more mobile than that of the RSB catalyst, significantly affected
the facile oxidation of the carbon species of the catalyst. Conse-
quently, this readily mobile lattice oxygen contributed to the VOCs
complete oxidation. Notably, the complete oxidation temperatures
of BTXs over the RSB and DSB catalysts were 380, 360, and 350 �C,
and 360, 320, and 290 �C, respectively, at a gas hourly space veloc-
ity of 50,000 h�1. Overall, the spent primary battery-based (SB) cat-
alyst can be promising for the VOCs complete oxidation.
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