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Abstract—In order to investigate the feasibility of applying Zn rods (ZR) from spent primary batteries (SPBs) as a cat-
alyst support for the complete oxidation of volatile organic compounds (VOCs), the prepared Pt catalyst based on Zn
rod (Pt/SZR) was tested for the oxidation of benzene, toluene, and o-xylene. The catalyst’s basic properties of Pt/SZR
catalysts were characterized by BET analysis, XRD, H,-TPR, SEM/EDX, TEM and XPS. The main ingredient of ZR
was zinc oxide. As expected, for the Pt/SZR catalyst, increasing the amount of Pt added to the SZR from 0.1 wt% to 1.0
wt% increased the conversions of benzene, toluene, and o-xylene. The reaction temperature for complete oxidation of
benzene, toluene, and o-xylene over the 1.0 wt% Pt/SZR catalyst was less than 310°C at GHSV of 50,000 h™". TEM,
XPS, and H,-TPR analysis indicated that the increase in catalytic performance due to Pt added was attributed to the
active component (Pt species) and also to the readily movable lattice oxygen. This results indicate that ZR of SPBs is

promising as a catalyst support for the oxidation of VOCs.
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INTRODUCTION

The annual consumption of batteries is estimated to be 8 billion
units per year in the USA and Europe, 6 billion in Japan, and 1 bil-
lion in Brazil [1]. Also, China has produced more than 15 billion
acidic or alkaline Zn/Mn batteries annually since 2002 [2]. The in-
creasing use of electrical and electronic products that are tradition-
ally powered by primary batteries will also increase the demand for
primary batteries [3]. Accordingly, the amount of spent primary bat-
teries generated will also increase. Because discarded batteries con-
tain toxic substances, landfill can contaminate soil, water, crops, and
fisheries, and ultimately be harmful to human health [4]. In addi-
tion, Wang et al. [5]'s report on ecotoxicological assessment of spent
battery extract showed significant environmental issues. Therefore,
spent primary batteries must be disposed of safely to protect the
ecosystem. Much attention has been paid to the recycling of spent
primary batteries. As part of that, many research efforts have been
conducted to recover valuable metals from spent primary batter-
ies [6,7].

Volatile organic compounds (VOCs) are known air pollutants.
Three major categories of environmental carcinogens contain o-
xylene, toluene, and benzene among VOCs. o-Xylene, toluene, and
benzene represent serious health hazards, and to prevent air pollu-
tion, need to be removed. The various technologies to reduce VOCs
include condensation [8], adsorption [9], membrane separation
[10], photocatalytic decomposition [11], plasma oxidation [12], bio-
logical decomposition [13], combustion [14] and catalytic oxida-
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tion [15]. Catalytic oxidation with a catalyst is an excellent tech-
nology for reducing VOCs, because the production of nitrogen
oxides is lower than that of thermal oxidation, the operating cost is
relatively low; and the removal efficiency is high [16-18]. In gen-
eral, transition metal-based catalysts or precious metal-based cata-
lysts are frequently adapted as catalysts for VOCs oxidation [19-
22]. Since spent primary batteries contain manganese and zinc,
which are known catalysts for organic compounds oxidation, it is
likely that spent primary batteries could be used to provide a cata-
lyst material for VOCs oxidation. Hassan et al. recovered zinc oxide
nanoparticles from spent Zn-C batteries, and prepared a ZnO sen-
sor for VOC detection [23]. Gallegos et al. synthesized MnZnO
catalyst from waste alkaline and Zn/C batteries for VOCs removal
[24]. Zhao et al. [25,26] prepared spent Zn-Mn core powders, and
used them to synthesize a photo-catalyst for toluene removal.
Wang et al. [27] prepared ZnO, MgO, and ALO; nanoparticles
and loaded Au. They reported that the catalytic performance of
Au/ZnO was much better than that of Au/MgO and Au/ALO; in
the catalytic oxidation of benzene, toluene, and p-xylene. Inside the
primary battery of D company, there was a black mass composed
of carbon and manganese, and a zinc rod composed of zinc oxide.
This work investigated if the zinc rod of spent batteries could be
used as a catalyst support. We prepared a catalyst support (SZR)
from zinc rods of spent primary batteries, and loaded Pt (Pt/SZR).
The Pt/SZR catalyst was used to achieve the complete oxidation of
VOGs, o-xylene, toluene, and benzene chosen as a model VOC.

EXPERIMENTAL DETAILS

1. Catalysts
The zinc rod (ZR) found in the center of spent primary batter-
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Fig. 1. A picture of the inside of a spent battery.

ies of R company was treated with 0.1 N sulfuric acid solution to
prepare the SZR. Fig, 1 shows the zinc rod of the spent primary bat-
tery. Section S1 of the Supplementary Information (SI) describes
the preparations of SZR and Pt/SZR catalysts, while Section S2 of
the SI provides the instrumental analyses, namely BET, SEM/EDX,
XRD, H,-TPR, ICP/OES, and FE/TEM.
2. Catalytic Oxidation

An oxidation reaction experiment was conducted in a conven-
tional fixed reactor, as described in earlier work [28]. In addition,
Section S3 of the SI provides the detailed experimental procedures
and the analytical methods.

. 10pm .

Fig. 2. SEM photomicrograph and corresponding EDX spectra for SZR.

Table 1. Elemental components of SZR catalysts measured by SEM/

EDX
Element C (@) Zn
SZR 6.2 20.7 73.1

RESULTS AND DISCUSSION

1. Catalyst Characterization

SEM/EDX measurements were carried out to investigate the
surface chemical components of the SZR. Fig. 2 shows the SEM
image and the corresponding EDX spectra for the SZR. Table 1
summarizes its elements according to the EDX spectra. The sur-
face components of the SZR are composed of 6.2% carbon, 20.7%
oxygen, and 73.1% zinc.

Fig. 3 shows the morphologies of the SZR, 0.1Pt/SZR, 0.3Pt/
SZR, 0.5Pt/SZR, and 1.0Pt/SZR catalysts at 20,000 times magnifi-
cation. The SEM image of the SZR shows that the columnar parti-
cles are distributed on the catalyst surface (Fig. 2(a)). However, the
addition of platinum to the SZR led to a change in form from colum-
nar to flat plate (Figs. 2(b)-(e)). Furthermore, as the amount of plati-
num increased, small particles were formed evenly on the catalyst
surface.

Fig. 4 shows the crystalline phases of the catalysts determined
by XRD. Although zinc and carbon were present in the EDX result
of SZR, the XRD profile of SZR showed a diffraction peak for zinc
oxide (ZnO) alone. Accordingly, carbon species did not appear to
have developed crystallinity. The XRD results of the Pt/SZR cata-
lysts did not show crystalline phase representing platinum species,
suggesting that the low concentration of platinum species was very
well distributed on the catalyst surface, and thus the crystalline phase
of platinum species was poorly developed [29]. The addition of
platinum to the SZR did not change its original crystalline phase.

B Spectrum 2

Table 2. Binding energy values (eV) of the 0.1Pt/SZR, 0.3Pt/SZR, 0.5Pt/SZR, and 1.0Pt/SZR catalysts

Catalyst 0.1Pt/SZR 0.3Pt/SZR 0.5Pt/SZR 1.0Pt/SZR
Orbit Pt pt* Pt Pt pt™ Pt pt*
af7/2 72.18 - 72.29 74.41 7232 7445 7221 74.61
4f5/2 75.06 - 75.10 77.87 75.01 7791 75.12 78.09
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Fig. 4. XRD profiles (a) SZR, (b) 0.1Pt/SZR, (c) 0.3Pt/SZR, (d) 0.5Pt/
SZR, and (e) 1.0Pt/SZR catalysts. @ ZnO.

The oxidation states of surface species on 0.1Pt/SZR, 0.3Pt/SZR,
0.5Pt/SZR, and 1.0Pt/SZR catalysts were characterized by XPS analysis.
Fig. 5 shows the XPS spectra of platinum of the catalysts, while
Table 2 summarizes their binding energies (BEs). The binding

(b)

(d)
Fig. 3. SEM pictures of (a) SZR, (b) 0.1Pt/SZR, (c) 0.3Pt/SZR, (d) 0.5Pt/SZR, and (e) 1.0Pt/SZR catalysts.
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Fig. 5. XPS spectra (a) 0.1Pt/SZR, (b) 0.3Pt/SZR, (c) 0.5Pt/SZR, and
(d) 1.0Pt/SZR catalysts.
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energies (BEs) of platinum at 4f;,, and 4f;, for 0.1 wt% Pt/SZR cat-
alyst were (72.18 and 75.06) eV, respectively, which correspond to
the platinum oxide state (Pt") [30,31]. In addition, two platinum
oxide states (Pt™, Pt™*) were observed in the 0.3Pt/SZR, 0.5Pt/SZR,

Table 3. BET surface areas, mean pore diameters, and total pore volumes of SZR, 0.1Pt/SZR, 0.3Pt/SZR, 0.5Pt/SZR, and 1.0Pt/SZR catalysts

Catalyst SZR 0.1Pt/SZR 0.3Pt/SZR 0.5Pt/SZR 1.0Pt/SZR
BET surface area (m’/g) 3.16 5.09 5.18 5.39 5.82
Mean pore diameter (nm) 51.68 42.87 41.45 39.32 40.31
Total pore volume (cm’ g ') 0.04 0.05 0.05 0.05 0.05

Korean J. Chem. Eng.(Vol. 40, No. 1)
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Table 4. Temperature of TPR peaks of SZR, 0.1Pt/SZR, 0.3Pt/SZR, 0.5Pt/SZR, and 1.0Pt/SZR catalysts

Catalyst SZR

0.1Pt/SZR

0.3Pt/SZR 0.5Pt/SZR 1.0Pt/SZR

Temperature of TPR peak (°C) 514 503

461 453 452

452

Intensity (a.u.)

100 200 300 400 500 600 700 800 900
Temperature (C)

Fig. 6. TPR patterns of (a) SZR, (b) 0.1Pt/SZR, (c) 0.3Pt/SZR, (d)
0.5Pt/SZR, and (e) 1.0Pt/SZR catalysts.

January, 2023

& 1.0Pt/SZR catalysts. The BEs of 4f,, and 4f;;, for 0.3Pt/SZR cat-
alyst were (72.29 and 7441, 75.10 and 77.87) eV, respectively. The
BEs of platinum of the 0.3Pt/SZR catalyst fall into the characteris-
tic category of the platinum oxide state (Pt", Pt™) [30,31]. The
0.5Pt/SZR and 1.0Pt/SZR catalysts also showed BEs values having
two oxidation states (Pt", Pt™). As the amount of platinum added
to the SZR increased, the intensity of the XPS peak also increased.
The textural properties of the catalysts were investigated by BET
measurement. Table 3 lists the BET surface areas, mean pore diam-
eters, and total pore volumes of the five catalysts. When platinum
was added to the SZR from (0.1 to 1.0) wt%, as the amount of plat-
inum added to the SZR increased, the BET surface area increased.
The increase in BET surface area seemed to be related to the in-
creasingly uniform dispersion of small particles on the catalyst sur-
face as the amount of platinum added to the SZR increases, as shown
in Fig. 3. Mean pore diameter decreased up to the platinum addi-
tion amount of 0.1 wt%, and was constant within the range of experi-
mental error at the addition amount of 0.3 wt% or more. The total

(d)
Fig. 7. FE/TEM pictures of (a) 0.1Pt/SZR, (b) 0.3Pt/SZR, (c) 0.5Pt/SZR, and (d) 1.0Pt/SZR catalysts.



Catalytic removal of VOCs using Pt loaded on used battery derived Zn 95

pore volume of the SZR was 0.04 cm’g ', while those of the (0.1-
1.0) wt% Pt/SZR catalysts were identical at 0.05 cm’g ",

Fig. 6 and Table 4 show the TPR profiles and temperature of
TPR peak for all samples. A major reduction peak was observed
in the TPR profile of the SZR. TPR profiles of the 0.1Pt/SZR, 0.3Pt/
SZR, 0.5Pt/SZR, and 1.0Pt/SZR catalysts were similar to that of the
SZR, consisting of one reduction peak that started at around 345 °C.
Accordingly, this peak was attributed to the reduction of zinc oxide.
Lowering the reduction temperature of catalyst lattice oxygen makes
the movement of lattice oxygen easier, increasing the catalytic activ-
ity of hydrocarbon oxidation [32,33]. As shown in Fig. 4, the addi-
tion of platinum to the SZR lowered the reduction temperature of
lattice oxygen of the SZR, and as the amount of platinum added in-
creased, the lattice oxygen mobility of the Pt/SZR catalyst increased.

Fig. 7 shows the FE/TEM images of the 0.1Pt/SZR, 0.3Pt/SZR,
0.5Pt/SZR, and 1.0Pt/SZR catalysts. The particle sizes of platinum
for the 0.1Pt/SZR, 0.3Pt/SZR, 0.5Pt/SZR, and 1.0Pt/SZR catalysts
were in the range ((5.48-6.93), (5.33-7.21), (9.40-9.96), & (10.39-
11.81)) nm, respectively. As the amount of platinum added to the
SZR increased, the particle size of platinum increased.

2. BTX Oxidation

The o-xylene, toluene, and benzene conversions were measured
for the performance of each catalyst according to reaction tempera-
tures over the SZR, 0.1Pt/SZR, 0.3Pt/SZR, 0.5Pt/SZR, and 1.0Pt/
SZR catalysts.

Figs. 8(a), (b), and (c) show the conversion curves of o-xylene,
toluene, and benzene, respectively. As expected, experimental results
indicate the amount of platinum added to the SZR considerably
affected its catalytic activity. For example, even at a reaction tem-
perature of 400 °C for the SZR, the o-xylene, toluene, and benzene
conversions were 19.2, 6.3, and 12.3%, respectively. However, Ts,
and Ty, (temperatures when the reactant conversion approached
50 and 90%, respectively) of o-xylene, toluene, and benzene con-
versions for the 0.1 wt% Pt/SZR catalyst were ((327 and 344), (321
and 336), and (302 and 319)) °C, respectively. An increase in the
amount of platinum added to the SZR led to an increase in the
conversion of each reactant. In the case of the 1.0 wt% Pt/SZR cat-
alyst, with Ty, and Ty, of (302 and 319) °C, the conversions were
((282 and 296), (265 and 277), and (278 and 295)) °C, respectively.
As the platinum added to the SZR increased from 0.1 to 1.0 wt%,
the BET surface area increased. However, there was no significant
change in the textural properties of the SZR due to the addition of
platinum. The SEM images demonstrated that increasing the amount
of platinum added promoted the formation of small particles on
the catalyst surface. Therefore, the increase in catalytic activity by
platinum addition to the SZR seemed to be attributed to the plati-
num species having excellent activity in oxidizing hydrocarbons.
From the TPR results, an increase in the amount of platinum facil-
itated the lattice oxygen mobility of the catalyst, and consequently
increased the catalytic activity. The TEM data indicated that the
platinum particle size increased with increasing the amount of plat-
inum added, resulting in increased active sites and increased catalytic
activity. As a result, although easily moving lattice oxygen affected
the increase in catalytic activity, it seemed that the increase in the
active sites, such as Pt' and Pt", had greater effect on the increase
in catalytic activity.
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Fig. 8. 0-Xylene (a), toluene (b), and benzene (c) conversions accord-

ing to reaction temperature (Reaction conditions: reactant

concentration=1,000 ppm, GHSV=50,000h""). @ SZR,

0.1Pt/SZR catalyst, A 0.3Pt/SZR, ¥ 0.5Pt/SZR, 4 1.0Pt/SZR
catalyst.

CONCLUSIONS

Pt/SZR was prepared to test whether zinc rods of spent batter-
ies can serve as a catalyst material (support) for the complete oxi-

Korean J. Chem. Eng.(Vol. 40, No. 1)
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dation of VOCs. When (0.1-1.0) wt% platinum was added to the
SZR, the catalytic activity increased proportionally. From the TPR
results, it was found that the increase in the amount of platinum
added resulted in improving the lattice oxygen mobility of the SZR.
The movable lattice oxygen contributed to the enhancement of cat-
alytic activity. The TEM results indicated that an increase in the
amount of platinum added resulted in an increase in the platinum
particle size, followed by an increase in active sites, thereby in-
creasing the catalytic activity. In addition, although easily moving
lattice oxygen affected the increase in catalytic activity, the increase
in the active sites, such as Pt" and Pt™, had greater effect on the
enhancement of catalytic activity. For the 1.0Pt/SZR catalyst, the
reaction temperatures for complete oxidation of o-xylene, toluene,
and benzene were 300, 280, and 310 °C, respectively, at gas hourly
space velocity (GHSV) of 50,000 h™". As a result, the zinc rod of
spent batteries can be used as a catalyst material (support) for VOCs
oxidation.
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1. Section S1

Zinc rod (ZR) found in the center of spent primary batteries of
R company was treated with 0.IN sulfuric acid solution to pre-
pare the SZR. We carried out the acid treatment of ZR according
to the method reported by us previously to prepare the SZR cata-
lyst [29]. The Pt/SZR catalysts were prepared from SZR and hexa-
chloroplatinum (H,PtCly), where we adopted a conventional im-
pregnation method to add hexachloroplatinum. In order to adjust
the amount of platinum supported on the SZR catalyst, we dissolved
the weighed hexachloroplatinum in 50 mL of deionized water, and
added the weighed SZR catalyst to it. We stirred SZR and aqueous
hexachloroplatinum mixture at 80 °C until it became a paste, and
then dried at 100 °C for 20 h, before stabilizing it under air atmo-
sphere for 4 h at 400 °C. The prepared catalyst was named as xPt/
SZR, where x represents the weight percentage of platinum.
2. Section S2

The BET (Brunauer Emmett Teller) surface areas of catalysts
were measured through N, adsorption at 77K using a Belsorp
Mini IT 2020 analyser. Before sorption analysis, all catalysts were
degassed in vacuum (5x10~° mmHg) at 150 °C for 6 h. XRD (X-ray
diffraction: a Phillips PW3123 diffractometer) was used to study
the crystalline structures of the catalysts using Cu Ko radiation of
0.154 nm. Catalysts were examined in the 20 range of 20°-90° at a
scanning speed of 70° h™'. H,-TPR (hydrogen temperature pro-
grammed reduction: a BEL-CAT setup) was performed. Prior to
analysis, 0.4 g of catalyst was pretreated with 30 cm’ min™ of Ar gas
at 200 °C for 2h. The temperature of the catalyst was lowered to
50°C. A mixture of 5% H, gas and 95% Ar gas was used to reduce
the catalyst sample. The flow rate was 30 mL min "', and the tem-
perature was raised to 1,000 °C at a heating rate of 10°C min"'. A

TECNAI F20 (Phillips, Holland) was used to obtain field emission
transmission electron microscopy (FE/TEM) images at an acceler-
ation voltage of 200 kV. The scanning electron microscopy (SEM)
measurements were conducted using a SEM (JEOL JSM-6390). A
HITACHI S-4800 SEM with an Oxford Link SATW ultrathin win-
dow EDX detector was used for SEM/EDX (scanning electron
microscope/energy dispersive X-ray) analysis. The chemical com-
ponents of the particle were determined from EDX data acquired
in point mode at several spots within each particle. X-ray photo-
electron spectroscopy (XPS) (VG Scientific MultiLab 2000) was per-
formed using non-monochromatic Mg Ko radiation with an energy
of 1,253.6 eV. The Cls peak (285.0 eV) obtained from XPS was used
to calibrate the binding energy.
3. Section S3

A sample of the catalyst (60 mg) was placed in the middle of the
reactor and supported by quartz wool. Toluene was purchased from
Fisher. Air stream was passed through each toluene saturator. Each
reactant concentration was 1,000 ppm, which was adjusted tem-
perature of a saturator and by mixing with another air stream.
Reactant flow was indicated by a GHSV of 50,000 h™". All lines were
kept at 120 °C to prevent condensation and adsorption of the reac-
tant and product. Inlet and outlet concentrations were measured
using a GC (gas chromatograph: GC-14A, Shimadzu) equipped
with a thermal conductivity detector. The column packing used
for analysis consisted of 5% bentone-34 and 5% DNP/Shimalite
(3 mm ¢x3 m, 60-80 mesh) for benzene, toluene, and o-xylene sep-
arations, while a porapak Q (3 mm ¢x3 m, 50-80 mesh) was used
for CO, analyses. No other products were observed except CO,
and H,O in the reaction experiment. The conversion was calcu-
lated based on the consumption of each reactant.



