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Abstract

Keywords

Background and aims: The removal of sulfur dioxide from industries and the
environment to reduce occupational exposure is one of the important issues Sulfur dioxide
in pollutant control. This study aims to improve the performance of sulfur
dioxide removal in the combined process of non-thermal plasma and nano
photocatalysts. Nano photocatalyst

NonThermal plasma

Methods: Two different reactor shapes were used in the experiments: Air pollution
rectangular with steel as the cathode and metal mesh as the anode, and
cylindrical with copper and steel materials as the cathode. Photocatalysts were
loaded as IPC and in the second reactor. The measurement of SO, was done
with the Testo 350 device, and the analytical method was done with the NIOSH
6004 standard method. The collected information and data were analyzed with
SPSS and R software.

Occupational exposure

Results: SO, removal has an inverse relationship with increasing flow rate and
a direct relationship with increasing voltage. Increasing the residence time to
1.1 seconds increased the removal efficiency. Among all tested compounds,
the highest average efficiency of SO, removal was observed in the Series+TiO,
(97.3%) and Series+ZnO (94.3%) methods. Received: 2024/09/16

Conclusion: Among the important and investigated factors, voltage and Accepted : 2024/12/8
residence time had a significant effect on improving the removal efficiency. Due

to the removal of pollutants in a short period, the low cost of small-scale reactor

construction, and the use of cheap, simple, and readily available photocatalysts,

the present method is efficient in the field of SO, removal.
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EXTENDED ABSTRACT

INTRODUCTION

Sulfur dioxide is a colorless and poisonous
gas with a pungent smell. It is known as one of the
main air pollutants in the world, and exposure to
it has serious effects on human health. As a result
of the direct release of sulfur dioxide in the work
environment and ambient air, and as a result of the
occupational and environmental exposure of workers,
a large number of them are facing the risk of adverse
effects of sulfur dioxide on health. According to the
latest review, OSHA has declared the SO, exposure
limit to be 5 PPM and the environmental exposure
limit to be 0.14 PPM. The creation of acid rains,
photochemical smog, effects on human and animal
health, and other harmful environmental effects have
made sulfur dioxide (SO,) known as one of the most
dangerous environmental problems in the world
today. Considering the importance of the mentioned
cases, the removal of sulfur dioxide from industries
and the environment to reduce the occupational and
general exposure of workers and the general public is
one of the important issues in controlling pollutants,
and many researchers have conducted research in this
field.

One of the new and efficient technologies used in
recent decades to remove air pollutants is non-thermal
plasma technology. The advantages of a non-thermal
plasma system with dielectric barrier discharge (DBD)
are that there is no need for a vacuum, no need for
complex energy sources, high chemical activity, short
reaction time, low operating costs, and an easy design
method. On the other hand, using nano photocatalysts
is a suitable method to remove pollutants, including
sulfur dioxide. In the meantime, TiO, and ZnO nano
photocatalysts are two suitable nano photocatalysts
for removing pollutants that have been used in many
types of research. Despite the great advantages of both
mentioned methods, each of these methods alone

has disadvantages, so researchers have proposed the
combined method of photocatalysts and cold plasma
to solve these disadvantages. In the current study, the
effects of materials used as dielectric as well as the
shape and geometry of the reactor in SO, removal
with and without the presence of nanophotocatalysts
have been investigated to determine the best removal
efficiency.

METHODOLOGY

The schematic view of the cold plasma device
(DBD) setup is shown in Figure (1). This system
includes a cold plasma device, high voltage energy
supply source, gas feeding system, and measuring
device.

The SO, output from the reactor was measured
with a continuous analyzer Testo 350 made in
Germany with a measurement range of 0-5000 ppm
and an accuracy of 10 ppm. The measuring instrument
was calibrated before performing all of the tests. The
required voltage was provided by the direct power
supply system, whose voltage ranged from 1-30 kV.
The temperature of the reactor was between 20-50
°C. A variac (OMGV 15kV) was applied to control
the voltage. The frequency employed in all of the
experiments was 50-60 Hz. TiO, nanophotocatalyst
was prepared from anatase type with 99% purity
and ZnO nanophotocatalyst with 99% purity and
10-30 nm size. Based on BET analysis (Asap2020,
Micrometrics, USA), TiO, and ZnO benefited from
specific surface areas of 200-240 and 20-60 m?/g,
respectively. The characteristics of the catalysts were
determined by applying the X-ray diffraction (XRD)
method (P1W730, Philips, Holland) and scanning
electron microscope (SEM) (Vega3, Tescan, CZECH)
(Fig. 1). The XRD results included Nb (82), S (128), Ca
(75), Si (116), Mg (67), and Al (19) for TiO,, as well as
Pb (9), Mn (5), and Cu (3) for ZnO.

Fig. ). .\Compressor 2.SO, Cylinder 3. Silica Gel 4. Mass Flow Controller (MFC) 5. Mix Chamber 6. Reactor 1 7. Reactor 2 8. High
Voltage Probe 9. High Voltage Power Supply 10. Variac 11. Testo 350 12. Personal Sampling Pump 13. Cassette and filter 14. Ion chro-
matography
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Fig. 2.Sulfur dioxide removal efficiency over time by different types of methods in special conditions including inlet concentration of 500 ppm,
flow rate of 3 liters per minute, and voltage of 15 kV

In this study, the effect of dielectric barrier
discharge (DBD) methods on research outcomes,
including sulfur dioxide (SO,) removal efficiency,
output concentration, energy efficiency, and specific
energy density (SED), was investigated. These studies
were done based on input concentration, flow rate,
voltage, and residence time on 45 final data points. The
collected information and data were analyzed with
the help of SPSS and R software. Removal efficiency
(nSO., %), specific input density (SED, j/1), and energy
efficiency (EY, gr/kWh) were calculated according to
the following formulas:

1.1SO, = (C_in - C_out) / C_in x 100

2.SED (j/1) =P (w) x 60 / Q (Ipm)

3. EY (g/kWh) = (C_in - C_out) / SED (j/1)

In these formulas, C_in is the input concentration
when the reactor is off in ppm, C_out is the output
concentration when the reactor is on in ppm, P is the
discharge power in watts, and Q is the airflow rate
inside the reactor in liters per minute. Experiments
were performed at ambient temperature and pressure.
The maximum recorded temperature was 32 degrees
Celsius. The residence time of air-containing pollutants
in the reactor was related to different factors such as
reactor length and flow rate, which ranged from 0.45
to 1.1 seconds.

The plasma reactors used in this study were four
reactors in two cylindrical and rectangular shapes as
described below. Two cylindrical reactors were used
in series in item 5.

1. Rectangular reactor: Length 49 cm and width
33 cm. The external electrode material is steel mesh
with dimensions of 35 ¢cm and 26 cm. The internal
electrode material is stainless steel with a thickness
of 3 mm and dimensions of 49 cm and 33 cm. The
external dielectric material is Pyrex.

y

2. Cylindrical reactor with Pyrex dielectric:
Outer tube with a length of 36 cm, a diameter of 44
mm, and a thickness of 1.6 mm. Inner tube with a
length of 40 cm, a diameter of 34 mm, and a thickness
of 1.4 mm. Pyrex dielectric material, steel central
electrode material (stainless steel with a diameter of 1
mm), and external electrode material is copper wire.

3. Cylindrical reactor with copper inner tube:
Outer tube length 36 cm, diameter 44 mm, and
thickness 1.6 mm. Inner tube with a length of 40 cm, a
diameter of 35 mm, and a thickness of 1.2 mm.

4. Cylindrical reactor with steel inner tube: Outer
tube with a length of 38 cm, a diameter of 40 mm, and
a thickness of 3 mm. Inner tube with a length of 47
cm, a diameter of 30 mm, and a thickness of 5 mm.

5. Series configuration: Item 2 and item 4 were
used in series, and the photocatalysts were loaded
separately in the second reactor.

RESULTS

The time trend of SO, removal efficiency over
10 minutes with the materials of a cylinder with
copper interior, cylinder with steel interior, Pyrex
cylinder, rectangular reactor, and series reactor, which
includes an inlet concentration of 100 ppm, flow rate
of 3 liters per minute, and voltage of 15 kV, has been
determined. The series material has the greatest effect
on the increasing process of SO, removal, with a
difference compared to others; its removal efficiency
increased up to 85% and then remained constant.
The rectangular reactor has the least effect on the
increasing process of SO, removal, with a difference
compared to others; it increased to a maximum of
8% and then remained almost constant. Most of the
materials go through an increasing trend up to 120
seconds and then settle down.
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In a one-factor experimental design, significant
relationships between SO, removal efficiency and other
study factors, including flow rate (p-value < 0.001),
voltage (p-value < 0.001), residence time (p-value
< 0.001), and the method of two series reactors and
photocatalyst (0.001 > p-value), were revealed. The
only non-significant statistical relationship was seen
in the input concentration (p-value = 0.799). Among
all tested compounds, the highest average efficiency of
SO, removal was observed in the Series+TiO, (97.3%)
and Series+Zn0O (94.3%) methods. On the other hand,
the lowest average removal was related to the voltage
of 9kV (19.57%).

The time trend of SO, removal efficiency over 10
minutes with the materials of a cylinder with copper
interior, cylinder with steel interior, Pyrex cylinder,
rectangular reactor, and series can be seen in Figure 3.
This special situation includes an inlet concentration
of 100 ppm, a flow rate of 3 liters per minute, and a
voltage of 15 kV. The series material has the greatest
effect on the increasing process of SO, removal, with a
difference compared to others; it increases up to 85%
and then remains constant. The rectangular reactor
has the least effect on the increasing process of SO,
removal, with a difference compared to others; it
increased to a maximum of 8% and then remained
almost constant. Most of the materials go through
an increasing trend up to 120 seconds and then settle
down.

The time trend of SO, removal efficiency over
10 minutes with DBD, series, series + TiO,, and
series + ZnO methods showed that series + TiO, has
the greatest effect on the increasing process of SO,
removal, which rose to more than 90%. The series
+ TiO, method had a small difference with series +
ZnO and the biggest difference with DBD. Sulfur
dioxide removal efficiency over time by different types
of methods in special conditions, including an inlet
concentration of 500 ppm, flow rate of 3 liters per
minute, and voltage of 15 kV.

DISCUSSION

Based on the two-pair t-test, the average removal
efficiency was the same in the input concentrations.
The flow rate of 3 liters per minute was the highest, and
the voltage of 9 kV was the lowest and distinguished
from the others. The residence time of 1.1 seconds
had the highest average removal efficiency by far,
which means that increasing the residence time of
the pollutant in the reactor increases the collision
rate between plasma molecules and the pollutant,
consequently leading to an increase in the pollutant
removal efficiency (Nanosava 2013, Abbas 2020,
Damyar 2021). By performing principal component
analysis (PCA) on 45 final data points with 64%
variance coverage, it was found that the methods

belonging to each category tend to cluster separately
with each other. In other words, the scores of the main
component within each of the clusters are very similar
to each other. More precisely, the TiO,+ and ZnO+
series method had the highest PC1 score, while the
series method had an average (and somewhat high)
PC1 score, and the DBD method had the lowest PC1
score. Therefore, the DBD method was distinguished
from other methods with less efficiency in SO, removal
and low energy efficiency and had the lowest removal.
On the other hand, TiO,+ and ZnO+ series methods
with low output concentration but high performance
in SO, removal and higher energy efficiency were
more efficient.

CONCLUSION

This study was conducted to compare SO, removal
efficiency with the simultaneous use of a non-thermal
plasma system and photocatalysts. The system used
was IPC, and the catalysts used were TiO, and ZnO.
In this study, it was found that the pollutant removal
efficiency in the series method of two reactors is more
than that of one reactor. Ata concentration of 500 ppm,
the removal efficiency of the series method of two
reactors is 75.2%, while the DBD reactor alone is equal
to 46.2%. In the optimal state, the highest removal
rate is 97.32% at a concentration of 500 ppm in the
non-thermal plasma system and TiO, photocatalyst.
Although the amount of removal in both TiO,+
and ZnO+ series systems has a small and negligible
difference, the amount of removal in the simultaneous
use of cold plasma and TiO, photocatalyst was slightly
higher than in the other system. Due to the removal
of pollutants in a short period, the low cost of small-
scale reactor construction, the low-cost system,
simple and available photocatalysts, which leads to the
reduction of the costs of pollutant removal, as well as
the improvement of the pollutant removal efficiency
in the combination of two series reactors, cold plasma
and photocatalyst compared to the efficiency of each
of the methods alone, in general, the current method
is very suitable and efficient in the field of SO, removal.
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