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SFe is a greenhouse gas with extremely high global warming potential value (GWP). In this paper, oxygen and
a packed bed plasma reactor (PBR) were applied to remove it. The synergistic effect between oxygen and
PBRs was evaluated by the destruction and removal efficiency (DRE) and energy yield (EY) at different
oxygen concentrations. The results show that excessive oxygen weakened the micro-discharge in a PBR
to suppress SFe degradation while the addition of a proper amount of oxygen (1-4%) can improve the
DRE and EY. 2% O, in the system had the best promoting effect on the destruction of 6-10% SFe, which
made the maximum energy vield (EY) increase by 50.99% to 37.99 g kW™ h™ (SF¢ concentration was
10%, flow rate was 150 mL min™Y). Moreover, in the flow rate range of 100 mL min~! to 250 mL min™%,
the DRE decreased and the EY increased with the flow rate. In addition, the selectivity of different
products were affected by the oxygen concentration. For 6% SFg, SO,F, selectivity was always the

Received 21st July 2019 highest while SO, was always the lowest; when the oxygen concentration did not exceed 2%, SOF,
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selectivity was higher than SOF,, otherwise, SOF, selectivity was higher than SOF,. This paper provided

DOI: 10.1038/¢9ra056299 experimental support for better understanding of the effect of additional gas concentration on SFg

rsc.li/rsc-advances decomposition in a PBR.

1 Introduction

SFe is widely used in the power industry as an excellent insulating
gas, but due to its extremely high global warming potential value
(GWP), it is also listed as one of the six restricted gases by the
Kyoto Protocol." However, it is still used in large quantities
because there is no reliable SF, replacement gas.>™ It is estimated
that the current global SF¢ usage is above 10 000 tons, and more
than 80% is used in the power industry.® Every year, the power
industry is facing the problem of recycling and emission of huge
amounts of SFe. Therefore, how to deal with SF, has become a hot
issue in the field of environmental protection.

Scholars have done a lot of research on the treatment of low
concentrations SFs. Methods like radio frequency plasma,
microwave plasma and photolysis degradation were applied to
remove it,°® but the effective treatment concentrations of the
above studies were no more than 1%. However, the concentra-
tion of SF used in power industry is high. Up to now, scholars
around the world are still lacking in research on high concen-
tration SF treatment.

“School of Electrical Engineering and Automation, Wuhan University, Wuhan 430072,
China. E-mail: Zhaoluncui@163.com; sm0719@yeah.net

*State Grid Hubei Electric Power Company Maintenance Company, Wuhan 430050,
China

T Electronic  supplementary
10.1039/c9ra05629g

information  (ESI) available. See DOL

This journal is © The Royal Society of Chemistry 2019

Dielectric barrier discharge (DBD) technology has been
widely used in the reduction of industrial exhaust due to its
high efficiency and economy.”’® DBD can generate reactive
species in the discharge gap to physically and chemically
interact with the waste gas molecules resulting in the decom-
position of them. In recent years, Zhang et al. used DBD
plasma to destruct SF¢ (2%) under static conditions. Although
high destruction and removal efficiency (DRE) was obtained,
there were still some problems such as low energy yield (EY) and
long treatment cycle.'>** Those obstacles inhibit the further
application of DBD.

Changing gas composition has been applied to enhance the
processing efficiency of DBD reactors. Lee et al. destructed SF, in
Ar/N,/O, system to study the effects of additional gases on DBD
reduction of SF." Zhang et al. added NH; to the DBD reactor to
promote the SF¢ destruction.* The above studies show that the
additional gases can significantly impact the EY of DBD treat-
ment of SFs. Meanwhile, some research has shown that packing
materials in DBD reactors can greatly improve the EY of DBD.">™*®
Lee et al. used packed bed reactors (PBRs, DBD reactors con-
taining packing materials) to degrade SFs and CF,.”* Both
methods have a greatly influence on the EY of SF, abatement, but
there is no report on the synergistic effect of oxygen on PBRs
degradation of high concentration SFs. If oxygen and packing
materials can obtain good synergy, it will provide the possibility
for PBRs to handle flowing high concentration SFe (2-10%). The
treatment of flowing high concentration SFs not only can
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improve the processing efficiency but also can save a large
amount of carrier gas, which has significant economic benefits.
In addition, the effect of oxygen concentration on the products
selectivity has not been studied, although the relationship
between them is crucial for the waste gas treatment.

Oxygen is a commonly used oxidant. Its active O radicals in
the plasma region can oxidize low fluorine sulfides, thereby
promoting the degradation of SFg, but it is also an electronegative
gas, excessive oxygen in the system also has an adverse effect on
destruction.*®'*?° Therefore, there is a balance to be achieved
between the reaction of O radicals with low fluorine sulfides, and
the negative effect of oxygen on SFs degradation in PBRs. This
paper aims to study the synergistic effect of different concentra-
tion of oxygen and PBRs, and to investigate the selective effect of
oxygen concentration on SFs degradation by-products, so as to
provide guidance for further treatment of SFs.

2 Method

2.1. Test platform

The overall schematic and physical picture of the PBR plasma
system test platform are shown in Fig. 1(a) and (b). The whole
system consists of three parts: gas distribution system,
discharge system and detection system.

The gas distribution system which was used to provide
different mixing ratio gases required for the degradation
process included a gas distribution meter (GC500, Tunkon
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Fig. 1 (a) The schematic diagram of the PBR plasma system test
platform. (b) The figure of the PBR.
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Electric Technology Co., Ltd.) and a gas source (Newradar Gas
Co., Ltd., Wuhan). The gas distribution meter's maximum
output flow rate was 3000 mL min~', gas distribution accu-
racy +£1% F.S., maximum dilution ratio 300 : 1. The flow rate
was controlled by a gas rotameter (50-250 mL min~"). The
gas used in this test was 99.999% SFs, 99.999% O, and
99.999% Ar.

The discharge system was used to remove SFg, which con-
sisted of a plasma power supply (CTP-2000 K, Nanjing Suman
Electronics Co., Ltd.) and a PBR. The plasma was generated by
the plasma power supply with discharge working voltage 0-30 kV,
output power 0-300 W, discharge frequency 0-20 kHz; a stainless
steel mesh (high-voltage electrode) was wrapped tightly around
a coaxial dual dielectric quartz tube with dielectric thickness of
2 mm and an inner diameter of 20 mm. The inner ground elec-
trode was a copper rod with an external diameter of 4 mm,
installed along the axis of the quartz tube. The discharge length
was about 200 mm with a discharge gap of 6 mm. The gap was
filled with 3.5 mm diameter glass beads as packing materials.
The packing fraction was about 0.59 and the gas gap volume of
discharge area was 21.68 cm®. Fixed packing fraction was main-
tained throughout the test, because this parameter would affect
the performance of the whole system.*

The detection system consists of a digital oscilloscope
(DPO7254C, Tektronix Technology Co., Ltd.), an emission
spectrometer (MX2500C, Ocean Optics Co., Ltd.), Gas Chro-
matograph (GC, GC-450, Shanghai Huishi Instrument), Four-
ier Transform Infrared Spectrophotometer (FTIR IRTracer-
100, SHIMADZU Co., Ltd.) and Gas Chromatography Mass
Spectrometer (GC-MS Shimadzu Ultra 2010 plus with CP-Sil 5
CB column, SHIMADZU Co., Ltd.). The digital oscilloscope (4-
channel 1G bandwidth, maximum real-time sampling rate 20
GS per s) was used to monitor the instantaneous discharge
voltage and current in the PBR. The input power of the plasma
power source was read directly from the power supply. The
emission spectrometer was a three-channel one which
includes three gratings (GRATING_#H5U-UV-UPGD 1200 Line
Holographic, H1-H14 and HC-1). It could measure the wave-
length from 300 nm to 810 nm, and its optical resolution is
0.1 nm, the integration time was 1 ms to 65 s, and the trigger
delay and trigger jitter were 450 ns and 10 ns. The GC was used
to detect the concentration of SFs in the exhaust gas (detector
sensitivity was greater than 5000 mV mL mg ™', using the area
internal standard method). Among them, in the test, GC used
99.999% He as carrier gas, and the peak time of separation SFs
was 2.2-2.4 min. The exhaust gas also passed through GC-MS
(inlet temperature was 200 °C, injection was performed in
split injection mode with a split ratio of 109 :1 and inlet
pressure of 56.1 kPa); column flow rate was 1.2 mL min '),
99.999% He was used as carrier gas, and internal peak inte-
gration method could be used to quantitatively detect SO,F,,
SOF,, SO,, SOF, four kinds of decomposition gases. The
remaining products were qualitatively detected by FTIR. The
relevant parameters were: detection band 4000-400 cm™';
fraction 1 nm; scan times 10 times; infrared detection pool
optical path 10 cm. The tail gas was further treated by a KOH
solution scrubber.

This journal is © The Royal Society of Chemistry 2019
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The test conditions are summarized as follows: the input
power was fixed at 110 W, the power frequency was fixed at
8.7 kHz, Ar was used as the carrier gas to reduce the break-
down voltage of the gas mixture. All the experiments in this
paper were conducted at room temperature (298 K) under
atmosphere (101.3 kPa). The applied oxygen concentration
was 0-8%, and the SFq concentration was 2-10%. All tests
were carried out twice to ensure that the test results were
accurate enough.

2.2. Parameter calculation method
In this paper, the DRE of SFs is defined as follows:
Ci - Coul

in

DRE (%) = x 100% (1)
where C;, and C, refers to the concentrations (ppm, part per
million) before and after the treatment.
EY is obtained based on DRE and input power, and the
formula is as follows:
EY(g kW' h) = 28 2
(2 ) =5, @)
where mgy_ is the mass (g) of SFs degraded per unit time (h) and
Py, is the input power (kW) of the plasma power source.
The selectivity equation for the main sulfur-containing
products is as follows:

Ck

Sk = ————
7 G- Cou

x 100% (3)
Among them, Sk is the concentration of a certain degradation
product, C;, and C,, are the concentrations of SF¢ before and
after the treatment.

3 Results and discussion

3.1. DRE

Shown in Fig. 2 are DREs plotted against SFs concentration in
the presence of no oxygen, 2% O, and 8% O,. Noted that the 2%
O, group has the highest DRE, followed by the no O, group and
the lowest in the 8% O, group. When the concentration of SFe
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Fig. 2 SFe DREs
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was 2%, high DREs were obtained under three oxygen concen-
tration conditions. With the increase of SF¢ concentration, all
DREs decreased, but the no O, group and the 8% O, group
decreased rapidly while the 2% O, group decreased slowly.

Based on the above test results, combined with the study of
Zhang et al., this paper summarizes the decomposition process
of SFe into two stages.””>* The first stage is the collision
decomposition stage of SFs molecules, which includes the
formation of micro-discharge channels, the transport of
charges, and the excitation, decomposition, and ionization
processes of atoms and molecules.

e+ Ar — e + Ar* (4)
Ar* + SFg — SF, + (6 — x)F + Ar (5)
SFs+¢ — SF, + (6 — x)F + Ar (6)

where x =1, 2, 3, 4, 5. Ar* refers to the excited state of the argon
atom. According to the eqn (4)-(6), there are two ways to
decompose SFg. One is caused by the collision of high-energy
electrons with SFs molecules, and the other is caused by the
collision of metastable argon atoms with them. When two or
more particles undergo an inelastic collision, the S-F bonds in
the SF¢; molecule are broken to form a low fluorine sulfide and
free F radicals. These processes constitute a preliminary
decomposition of the SFs molecules.

Additionally, Fig. 2 shows that when the concentration of SFg
was 2%, the DREs of the no O, group and the 2% O, group were
92.50% and 93.42%, respectively; the DRE of 8% O, group was
slightly lower, 86.93%. These results illustrate that when the
concentration of SFs is low, the auxiliary effect of oxygen is not
obvious. As the concentration of SF¢ increased, the three curves
gradually decreased. When the concentration of SFs reached
10%, the DREs of no O, group and 8% O, group decreased
significantly, which was 19.43% and 21.03%, respectively. The
DRE of 2% O, group was much higher than that of the previous
two groups, which was 71.00%. This is because SF is a strong
electronegative gas, and a high concentration of SF¢ gas absorbs
a large amount of seed electrons (electrons before collision)
thereby destroying the removal conditions, resulting in lower
DREs.

SE, + (6 — x)F — SFg 7)

The second stage was the recombination of low-fluorine
sulfide and the reaction with O radicals. Low-fluorine
sulfides were less stable than SFg, and they could easily
combine with F radicals to form SF¢,>>** as shown in eqn (7).
When the concentration of SF¢ was low, the recombination
was not easy to occur because the concentration of SF¢ by-
products in the reaction zone was also low, and the degra-
dation process of SF; was much faster than the recombina-
tion process. However, as the concentration of SFg
increased, the composite reaction of its products continued
to increase. At this point, the recombination must be
blocked to achieve better abatement. The addition of O,
blocked the reaction (7), consuming a portion of the low

RSC Adv., 2019, 9, 34827-34836 | 34829
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fluoride, such as eqn (19)-(22) and (27), thereby promoting
the SFs decomposition.

Furthermore, Fig. 2 suggests that when the concentration of
SF¢ was 6-10%, the DRE of 2% O, group was much higher than
that of no O, group, because the addition of 2% O, consumed
some low-fluorine sulfide. The recombination of SFg molecules
was slowed down, and more SFs molecules were decomposed,
thus obtaining a higher DRE.

Fig. 3 compared the electrical signals of the no O, group
and the 8% O, group. The above two figures showed that the
phase of the current was ahead of the voltage. This was easy to
understand, because the discharge tube was equivalent to
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Fig. 3 Electrical signals of the PBR. (a) Voltage and current waveform
of no O, group. (b) Voltage and current waveform of 8% O, group. (c)
Lissajous figures of no-oxygen and 8% O, (6% SFs 110 W, 150
mL min~Y).
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a coaxial capacitor, when the air gap was broken down, it
could be equivalent to a parallel connection of capacitor and
resistance. Moreover, the breakdown of air gap would lead to
the distortion of current waveform, because this process made
the electrical parameters non-linear. Furthermore, there was
no obvious difference between the applied voltage amplitude,
but the amplitude and shape of the current waveform were
different. Firstly, the current amplitude of 8% oxygen group
was slightly smaller than that of no-oxygen group. This might
be due to the inhibition of oxygen on discharge, which
reduced the charge transfer between electrodes in each
discharge cycle. Moreover, it could be seen that the discharge
pulse of the no O, group was more than that of the 8% O,
group, and its amplitude was higher. Therefore, under the
same conditions, O, could weaken the micro-discharge in the
reaction tube (the difference in discharge pulse was not
obvious when the oxygen concentration was low, so it was not
given in this paper). Similar to SFe, this might be because
oxygen was also an electronegative gas, which had a good
affinity for electrons, and adsorbed a part of free electrons to
form negative oxygen ions,” resulting in a decrease in free
electron density in the reaction region. Accordingly, the
charge density of the electrode surface was reduced, and the
induced voltage generated by the electrode was also reduced,
thereby causing the voltage of the gas to rise and the break-
down voltage thereof to rise accordingly. These changes were
detrimental to impact ionization within the reaction tube and
result in fewer S-F bonds being broken. This also explained
the fact that the DRE of the 8% O, group in Fig. 2 was always
the lowest.

Fig. 3(c) shows the Lissajous figures of SF, abatement at no-
oxygen and 8% O, conditions. The area of the Lissajous figure
represents the discharge power in a period and the slope of four
edges corresponds to the equivalent capacitance, but as shown
in the figure, the addition of oxygen does not change them.**?*>°
The above phenomena illustrate that the external gas has no
effect on the electrical parameters of the discharge circuit. That
may be due to the difference of electric constant between
oxygen, argon and sulfur hexafluoride can be neglected.
Therefore, the addition of oxygen does not change the electrical
parameters of PBR.

This section analyzed the effect of oxygen concentration on
the DREs of SFe. The discharge current waveform of PBRs
proves that excess oxygen will affect its discharge process to
hinder the decomposition of SFe. In this context, the oxygen
concentration is preferably between 0 and 4%, higher than this
value is excessive. However, The DREs decreases with the SFg
concentration in the system, the higher concentration of SFs
was not studied in this paper, because too low DRE makes no
sense to reduce emissions.

3.2. EY

In Fig. 4, the effect of oxygen concentration on EYs of the PBR
degradation under different SFs concentrations is shown. In
this paper, EYs were calculated by DREs. In order to facilitate
the observation of the effect of oxygen concentration on EY,

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Effect of different oxygen concentrations on degradation of
different concentrations of SFg (110 W, 150 mL min?, the values in the
figure are all after deducting the EY of corresponding no-oxygen
condition).

the EY of the oxygen-containing group was subtracted one by
one from the EY of the no O, group. Fig. 4 demonstrates that
the EY of 6% O, and 8% O, groups are all below the zero line,
indicating that oxygen in this concentration range has
a negative impact on the SF¢ degradation. Meanwhile, the line
diagrams of 1%, 2%, and 4% O, groups are all located above
the zero line. It can be seen that O, promotes the decompo-
sition of SF¢ in this oxygen concentration range. Moreover,
when the concentration of SFs was 6% or less, the promoting
effect was not obvious, and the promoting effect was obvious
when it was higher than 6%.

In this experiment, the highest EY of the no O, group
occurred when the concentration of SFy was 6%, which was
25.16 g kW' h™"; the highest EY of the oxygen-containing
group appeared under the condition of 10% SFs and 2% O,,
which was 37.99 g kW' h™'. The maximum EY increased by
50.99%. This suggests that the addition of 2% O, enables the
PBR to treat higher concentrations of SFe. Fig. 5 compares the
literature,">** and the maximum EY obtained in this paper,
which shows a significant synergy between the proper amount
of oxygen and the PBR.
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Fig. 5 EYs for different conditions from this study and Lee et al.** and
Zhang et al.**
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The flow rate has a great influence on the degradation of SFe.
Under the same experimental conditions, the DRE and EY of SF¢
at different flow rates were studied.

The data presented in Fig. 6 shows that as the flow rate
increases, the DRE decreased from 93.90% (100 mL min ") to
56.86% (250 mL min '), and the EY increased from 21.81 g
kW 'h™' (100 mL min~") to 33.02 g kW' h™* (250 mL min%).
This indicates that SFs cannot be completely degraded at high
flow rates, but the amount of SFs molecules that were degraded
at high flow rates was greater. Within a certain flow rate range
(100-250 mL min ", the corresponding average residence time
of the mixed gas is 17.34-5.20 s), the number of SFs molecules
entering the PBR per unit time increased with the increase of
flow rate, and the average residence time of each SF¢ molecule
in the PBR was reduced, which causing a part of SF, to be dis-
charged out of the tube without reaction, thereby reducing the
DRE; but at the same time, a larger number of SFs molecules are
degraded, so that the EY increased.

This section analyzed the EY of the PBR at different oxygen
concentrations and flow rates, demonstrating a clear synergistic
effect between oxygen and the PBR. However, the high EY ob-
tained was accompanied by a lower DRE, which would become
an obstacle to improve EY. Such a situation can be solved by
secondary degradation, that is, the degraded exhaust gas is
again degraded by PBRs.*>*' Secondly, limited by the size of the
device, the PBR used herein is suitable for the abatement of SFg
gas with a flow rate not exceeding 150 mL min~'. To handle
larger flows of gas, multiple PBRs can be used in parallel, both
of which are the subject of our further research.

3.3. By-products analysis

3.3.1. Emission spectrum analysis. Fig. 7(a) and (b) show
the emission spectra of the SFs/O,/Ar plasma, and the charac-
teristic lines in them correspond to several reactive species.
Compared with the NIST database,® the SF¢/O,/Ar plasma
emission was initially diagnosed. Due to the large difference in
the proportion of different elements in the SF¢/O,/Ar system,
the intensity difference of the emission spectrum is also large.

100

DRE (%)

100 150 200
Flow rate (mL/min)

Fig.6 EY and DRE under different flow rates (6% SFe/2% O,/Ar, 110 W).
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Fig. 7 The emission spectra of the PBR (6% SFs, 110 W). (a) 300-
600 nm (b) 600-810 nm.

In order to show the characteristic lines more clearly, the
emission spectrum was divided into two sections (300-600 nm
(a) and 600-810 nm (b)). Fig. 7(a) shows there is an element
detected (Si I 594.85 nm). The intensity of the segment line was
low, indicating that the amount of corresponding material was
also small. The presence of the Si element indicates that the
products of SFe reacts with the glass wall and the glass tube
(etching effect). The purpose of using glass tubes and beads in
this paper is to detect the emission spectra better. Meanwhile,
glass beads as packing materials can enhance the electric field
in the tube.™®

Fig. 7(b) shows the other two elements detected (Ar I
695.15 nm, Ar I 750.39 nm, nm, Ar I 763.51 nm, Ar I 794.82 nm,
Ar I 800.62 nm). Compared with other elements, Ar has the
highest line emission intensity because argon has the highest
proportion of the whole system, reaching over 86%. These lines
show that a large amount of argon atoms were excited. When
the energy of electrons exceeds 11.5 eV, argon atoms can be
excited. Calculations show that, under this condition, the
energy of most of the free electrons in the system can exceed

34832 | RSC Adv., 2019, 9, 34827-34836

View Article Online

Paper

this value, so a large number of argon atoms were excited."* Eqn
(4) shows the process. In addition, due to the environment noise
and the spectrometer error, some spectral lines can not be well
diagnosed. We also made a possible analysis of it. Those lines
may include O II 313.57 nm, O 11 391.51 nm, S 11 757.89 and Ar II
707.70 nm. The argon lines have been analyzed previously. In
addition, the existence of O radicals may be due to the
involvement of oxygen or tube wall (SiO,) in the reaction. Fur-
therly, the S radicals may be as a result of SFs molecules
decomposition.

Furthermore, Fig. 7(b) shows the intensity of Ar lines
decrease with the oxygen concentration. Because the emission
line intensity of the spectral line is proportional to the pop-
ulation density of the excited state involved in the optical
emission. Under the local thermal equilibrium condition (LTE),
the electron temperature was measured by using the well-
known Boltzmann plot:*

LiAig4, B

ch = (Ez El)h’l |:12/\2g1/41:| (8)
where the indices 1 and 2 are the first and second spectral lines,
k is the Boltzmann constant, I is the measured intensity of the
spectral lines, E is the energy of the excited states, g is the
statistical weight and A is the transition probability. Two Ar-I
lines were selected for determination of the electron tempera-
ture. These lines were resulted from the 4p" to 4s[0] transition at
794.82 nm and 4p> to 4s at 800.62 nm and the details are
collected in Table 1. The intensities of these Ar-I lines were
obtained from the spectrum by integrating over the line profile
and normalizing with the spectral response of the sensitivity of
the instrument. The electron temperature for different oxygen
concentration was obtained by repeating the same procedure.

Fig. 8 shows a decreasing trend in the electron temperature
with rise of oxygen concentration. Such descending trend in
electron temperature may be due to the decline of electrons
kinetic energy in the discharge plasma. For atmospheric pres-
sure PBRs, although the mean free path of the electrons within
the discharge remains constant, due to an increase in oxygen
concentration, electrons are increasingly affected by the
adsorption of oxygen molecules, which eventually leads to less
and less energetic electrons are available for plasma chemical
reaction. Therefore, the oxygen molecules suppress the excita-
tion and ionizing of the neutral plasma species and conse-
quently the electron temperature.

3.3.2. FTIR analysis. In Fig. 9, SF¢ degradation by-products
were detected by FTIR. The peak information is mainly referred
to the research by Kurte and Zhang et al.™?** In the SF4/O,/Ar
system, the decomposition products of SFs are SO,F,, SiFy,
SOF,, SOF,, SF,, SO,, and OF,. This is similar to the conclusion

Table 1 The data of spectral lines

Lines A (nm) A E(cm ™) g Ref.
Ar-1 794.82 1.86 x 107 107 131.71 3 [NIST]*
Ar-1 800.62 4.90 x 10° 106 237.55 5 [NIST]*

This journal is © The Royal Society of Chemistry 2019
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temperature as a function of oxygen

of Lee et al. Among them, SO,F, and SiF, are the main products,
which may be because the two materials are relatively stable,
and the presence of SiF, once again proves the existence of
etching effect. By ref. 19, it can be noted that in addition to the
above by-products, there should be S,F,, but it is not recog-
nized in the FTIR diagram, probably because the substance is
easily decomposed as shown in eqn (28), or it overlaps with the
peaks of SO,F,, which leads to the failure of diagnosis.

3.3.3. GCMS analysis. Fig. 10 shows the content of sulfur-
containing degradation products measured by GCMS (prod-
ucts include but are not limited to the four substances and the
relevant formulas are provided in the Appendix).

Firstly, the concentration of SO,F, was the lowest at 12 444.67
parts per million (ppm) under no O, conditions. As the oxygen
concentration reached 4%, the concentration of SO,F, reached
a maximum of 22 385.36 ppm. This may be because the O radi-
cals in the system were capable of oxidizing SOF,, SOF, and SFx
to SO,F,, as shown in eqn (23) and (24). Therefore, as the oxygen
concentration boosted, the concentration of SO,F, also
increased. However, as the oxygen concentration further
increased, its concentration began to decrease. When the oxygen
concentration was 8%, its concentration was only 17 873.33 ppm.
This might be because as the oxygen became excessive, the EY of
the system decreased. As shown in Fig. 4, the amount of handled
SF¢ molecules was correspondingly reduced, eventually resulting
in a decrease in products concentration, which contributed to the
decrease of SO,F,.

3.5
30k SiFy —— SF¢/0,/Ar
=]
\cé 2.5
5 2.0
= 1.5
g2
g 10
172]
= 0.5
0.0
_0' 5 " 1 " 1 " 1 1 1 1 1 "
400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (cm™)
Fig. 9 FTIR spectrum of by-products (6% SFg/2% O,/Ar).
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Fig. 10 Four SFg degradation products concentration (6% SFg/Ar).

Under the no O, environment, the concentration of SOF, was
the highest, which was 11 820.21 ppm. With the increase of
oxygen concentration, the concentration continued to decrease.
When the oxygen concentration reached 8%, the concentration of
SOF, was only 2538.07 ppm. This indicated that oxygen has an
inhibitory effect on the formation of SOF,. It was known from the

=2

Fig. 11 SF¢ degradation path.
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Fig. 12 Selectivity of four products under different oxygen concen-
trations (6% SFe, 110 W, 150 mL min%).
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Table 2 Physicochemical properties of several major degradation products**

Product Melting point (°C) Boiling point (°C) Chemical properties

SO,F, —124.7 -55.4 Slow hydrolysis in lye

SOF, —130 —43.8 Hydrolysis produces HF (reacts with lye) and SO,
SO, —72.7 —10 Reaction with lye

SF, —99.6 —49.0 Hydrolysis produces SOF,

SOF, —120 —55.4 Hydrolysis produces SO,F, and HF

S,F10 —55 29 Easily decomposed into SFs and SF,

SiF, —90 —86 Easy to react with alkali to form silicate

eqn (21), (22) and (24), Table 3 that SOF, was mainly formed by
reacting a low fluorine sulfide with an O radical, and it could
further react with an O radical to form SO,F,. Probably because
the secondary oxidation process was faster than the primary
oxidation. Therefore, under no O, condition, the concentration of
O radicals in the system was lower, and more SOF, was generated,;
as the oxygen concentration increased, more and more SOF, was
further oxidized to form SO,F,, and meanwhile, the concentration
of SOF, would decrease further as the EY decreased.

The concentration of SOF, slowly increased with increasing
oxygen concentration, reaching a maximum value of
15 975.24 ppm at an oxygen concentration of 6%, and then
decreased. From eqn (19)-(20), both SF, and SFs; could
generate SOF, with O radicals. Meanwhile, it was known from
the eqn (23) that the substance can be further oxidized to form
SO,F,. Therefore, as the oxygen concentration increased,
more and more low-fluorine sulfides were oxidized to form
SOF,, but at the same time, some SOF, was further oxidized.
Consequently, overall showing a slow increase in SOF,
concentration. When the oxygen concentration was excessive,
the low EY of the system also leaded to a decrease in the
concentration of SOF,.

The concentration of SO, decreased with the increase of
oxygen concentration, refer to the reaction eqn (25) and (26).
It could be observed that the reaction to generate SO, was
not much, and eqn (25) was the easiest to occur, but at the
same time, it was known from eqn (13)-(18) that S radicals
are extremely low in the system because only the six S-F
bonds of SFe broken could it generate a S radical. Eqn (26)
should be the main generation path of SO,, but as the
reactant SOF, decreased sharply, the SO, generated by the
path also decreases rapidly. The degradation path of SF¢ was
in Fig. 11.

Fig. 12 shows the selectivity of four products as a function
of oxygen concentration during 6% SFe gas degradation. The
selectivity of SO,F, is always the highest, ranging from 32.93%
to 45.43%, because the substance has the highest stability and
is the final product of SFs (as shown in the Fig. 11). The
selectivity of SO, is always low, close to zero, and has been
analyzed from its source. The selectivity of SOF, and SOF,
changed greatly with the increase of oxygen concentration.
When the oxygen concentration is less than 2%, the selectivity
of SOF, is greater than SOF,, otherwise, SOF, is more selec-
tive. This may be because when the oxygen concentration is

34834 | RSC Adv., 2019, 9, 34827-34836

low, the source of O radicals in the system is mainly SiO,. As
shown in eqn (29), SiO, can react with four F radicals to form
SiF, and two O radicals. As the oxygen concentration
increases, the concentration of O radicals in the system
increases, which undoubtedly inhibits the participation of
Si0,, causing the content of SiF, in the product is relatively
reduced, while one SOF, molecule is capable of immobilizing
4 F atoms. Therefore, SOF, is more selective at higher oxygen
concentrations.

Table 2 lists the physicochemical properties of several major
products. SO,F,, SOF,, SO,, SF,, SOF, can react with lye (KOH)
to form KF and K,SO,, which effectively prevents the products
from recombination and can also achieve the further processing
of products.*

In this part, the reactive species, electron temperature and
products in the degradation process of SFs were analyzed by
emission spectrometer, FTIR and GCMS, and the decomposi-
tion path of SFs in oxygen-containing environment was
summarized. The concentration variation and selectivity of
four products at different oxygen concentrations were dis-
cussed, demonstrating that oxygen participates in the second
stage of the SFs degradation process, that was, the process of
combining low-fluoride sulfide with reactive species such as O
to form secondary degradation products to affect the decom-
position of SFs. The by-products also confirmed that the
concentration of the applied gas can also affect the selectivity
of the products.

4. Conclusion

In this paper, the degradation of high concentration SFs by the
PBR was carried out at different oxygen concentrations. The
synergistic effect of oxygen and the PBR on SF degradation was
investigated.

The results show that an appropriate amount of oxygen in
the system can greatly improve the EY of SF, degradation in
the PBR. The highest EY can be obtained when the concen-
tration of SFg is 10%, which is 37.99 ¢ kW~ h™" under the
condition of 2% O,. However, when the oxygen in the system
is excessive, the degradation effect will be worse than that of
the no O, group. Moreover, the current waveform of PBR also
demonstrates that 8% O, has a weakening effect on the micro-
discharge. From the perspective of EY, oxygen concentration
within 4% promotes degradation, above which it hinders

This journal is © The Royal Society of Chemistry 2019
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degradation. Meanwhile, the flow rate can significantly affect
the degradation efficiency. In the flow rate range of this paper,
the DRE decreases with the increase of the flow rate, and the
EY increases with the increase of the flow rate. Furthermore,
the exist of active radicals such as Ar and Si suggests the
exciting process in the PBR. The intensity of the emission
spectra and electron temperature reveal the fact that the
addition of oxygen will suppress the collision in the system
and weaken the degradation effect. In addition, the products
obtained herein mainly include SO,F,, SiF,, SOF,, SOF,, SF,,
SO, and so on. Among the four degradation products (SO,F,,
SOF,, SOF,, SO,) of SFs under all conditions, the highest
selectivity is SO,F,, and the lowest selectivity is SO,. The
concentration and selectivity of SOF, and SOF, are related to
the oxygen concentration. When the oxygen concentration
does not exceed 2%, the SOF, selectivity is higher than SOF,
in the degradation process of 6% SF¢. Conversely, SOF,
selectivity is higher than SOF,.

It is proved that the EY can be improved and the product
selection could be adjusted by controlling the oxygen
concentration in the PBR plasma system. This paper provided
experimental support for further engineering application of
SFs exhaust gas treatment and better understanding of the
effect of oxygen concentration has on the SF¢ degradation in
a PBR.

Appendix

Table 3 Reaction formula and reaction heat of SFg degradation
process

Reaction heat

No Reaction (kcal mol™?)
(9) e*+0, > 0+0+e 112.51
(10) e*+0, > 0+0" 90.57
(11) e*+0, > 0" +0+2¢ 324.53
(12) 0O —»0O+e 21.05
(13) SFs — F + SFs 86.09
(14) SF; — F +SF, 41.46
(15) SF, — F + SF, 97.15
(16) SF; — F + SF, 53.32
(17) SF, — F + SF 86.18
(18) SF— F+S 113.79
(19) SF; + O — SOF, + F —42.53
(20) SF, + O — SOF, ~126.63
(21) SF, + O — SOF, + F —77.57
(22) SF, + O — SOF, ~130.89
(23) SOF, + O — SO,F, + 2F ~87.39
(24) SOF, + O — SO,F, ~39.03
(25) S+20 — S0, —274.71
(26) SOF, + O — SO, + 2F ~68.33
(27) 2F + O — OF, —

(28) S,Fyo — SF, + SFq —

(29) Si0, + 4F — SiF, + 20 —
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