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In general, the conventional thermal processes for treating toxic carbon disulfide (CS;) gas were
by the oxidation of sulfur on CS, to form SO,. However, this study demonstrated that by using
a radio-frequency cold plasma reactor in the oxygen-lean condition (O,/CS, = R = 0.6) at the
applied power of 90 W, the decomposition fraction of CS; could reach 88.2%, and there was
76.9% of input sulfur mass from CS, converted into solid sulfur with the purity of 99.2%. No
solid sulfur was observed for the no-oxygen (R = 0) or oxygen-rich conditions (R = 3.0). Hence,
the results of this study provided an approach for sulfur recovery to reduce the emissions of
both CS, and SO,. In addition, the reaction mechanisms for the decomposition of CS, and for
the formation of gaseous SO,, CO, CO,, and OCS in the CS,/O,/Ar plasma were also built up

and discussed.

1. Introduction

Carbon disulfide (CSy) is an odorous organic sulfur
compound with the olfactory detection threshold of
approximately 0.21 ppm. For natural emissions, CS; is
present in surface open ocean waters and has been
estimated at 1.03 x 107 mol/day of oceanic flux to
contribute about 3% on a global scale, that is, ap-
proximately 1.13 x 10°% mol/day from terrestrial sulfur
fluxes.! Therefore, CS, is a natural component of the
troposphere, and it has been observed at elevated levels
in the polluted troposphere.? Oxidation of CS, may
produce carbonyl sulfide (OCS), which has a half-life of
several years.?

In industry, a large amount of exhaust air contami-
nated with CS; is generated in the traditional processes
of cellophane, rayon, and carbon tetrachloride, and the
concentration for gas in air can reach as high as 2 g/m?3.3
CS; has been classified in the U.S. as a hazardous air
pollutant in Title 111 of the Clean Air Act Amendments
of 1990 and is considered to be one of most toxic
solvents, causing accelerated atherosclerosis and coro-
nary artery disease for those exposed to it in poorly
ventilated factories.

Combustion, biological gas desulfurization processes,
or catalyst oxidation could be adopted to treat CS,. The
main products were SO, and CO with small amounts
of CO, and OCS for either a 80 °C cool flame or
combustion at 927 °C and H,SO, for biological treat-
ment, respectively.®® Recently, the trends toward the
development to destroy hazardous air pollutants by
using radio-frequency (RF; 13.56 MHz) plasma tech-
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nologies were also proposed. It has been successfully
applied to decompose 1,1-C,H,Cl,, CH,Cl,, CHj3Cl,
CCIyF,, CHFs3, ethoxyethane, and ethylene oxide.6~11
Other plasmas were also used to treat odorous gases
such as NHs, H,S, and SO,.12715

A 13.56 MHz RF source is commonly used in industry
and is called cold plasma because its electrons have
greater temperature and kinetic energy than those of
ions and neutral molecules.’® Therefore, the conven-
tional reactions needed to be achieved at a higher
activation energy can now be done at a relatively lower
gas temperature in the RF plasma system to avoid the
problems caused by high temperature of combustion or
catalyst poisons.t’

For CS; in the reductive tail gas, the sulfur can be
reconverted by the redox Claus reaction but must be
hydrolyzed to H,S first!® while the feasibility of solid
sulfur recovery by using the RF plasma process at
different operational conditions has not been extensively
studied yet. However, sulfur recovery with the solid
state has the advantage of gas volume reduction by
approximately a factor of 1000. On the other hand, high-
pressure polymerization,1%20 chemical polymerization,2!
photolysis,?? laser-induced polymerization,?3=25> and
plasma polymerization?6-28 of CS, usually led to the
formation of dark brown to black depositions or poly-
mers.

In this study, the formation of solid sulfur by decom-
position of CS; in an RF plasma reactor was investi-
gated. In addition, the reaction mechanisms for decom-
position of CS; and for the formation of SO,, CO, CO,,
OCS, and polysulfur in the CS,/O,/Ar plasma were also
built up and discussed in this study.

2. Experimental Section
The operation conditions were the applied RF power
(E) in the range between 15 and 90 W, the O,/CS; ratio
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(R) between 0 and 3.0, and the operating pressure at
30 Torr at a constant total gas flow rate of 100 sccm
with 5% of CS; (0.223 x 1073 mol/min). The yields of
gaseous product were based on the mole fraction of the
effluent gas stream.

2.1. Experimental Apparatus. The experimental
apparatus and flowcharts have been described in detail
elsewhere.6~11 In short, the flow rates of CS,, O,, and
Ar gas were adjusted with calibrated mass flow control-
lers (Sierra series 820 and Brooks 5850 E), respectively,
and then mixed and introduced into a vertical cylindri-
cal glass reactor (4.14 cm i.d. x 15 cm height). The
plasma reactor was wrapped in two outer copper
electrodes coupled to a 13.56 MHz, 0—500 W RF
generator (PFG 600 RF, Fritz Huttinger Elektronik
Gmbh) with a matching network (Matchbox PFM) to
generate a glow discharge.

To clean up the contaminants and check the leak for
the overall system, the pressure of the system was kept
lower than 1073 Torr by a mechanical vacuum pump
(Pfeiffer DUO 065 DC) with a diffusion oil pump until
a new experiment was performed. Each designed ex-
perimental condition was achieved by measuring the
concentration of the reactants and products at least
three times to ensure that the plasmachemical reactions
were in the steady state.

2.2. Chemical Analysis. The gaseous products were
identified by a gas chromatograph (GC) equipped with
a pulsed flame photometric detector (GC/PFPD, HP
6890, GSQ column, 30 m x 0.53 mm) and a Fourier
transform infrared spectrometer (FTIR; Bio-Rad, FTS-
7) first and then quantified mainly by the on-line FTIR.
GC aliquots from the effluent gas mixture were sampled
through a canister sampler (6 L) from the outlet valve
on the downstream of the reactor and then pressurized
slightly to over 1000 Torr by adding pure N, gas. For
FTIR, the analysis condition was at a resolution of 4
cm™?, sensitivity = 1, and scan number = 8, and
calibration curves of the reactants and products were
achieved by withdrawing standard gas directly into the
gas chamber. According to a comparison of the response
peak height at the same IR wavenumber, a plot of
absorbance versus concentration should give a straight
line or curvature for each standard gas.

The solid samples called depositions in the major glow
discharge zone and called clusters in the front of the
glow discharge zone for the determination of chemical
compositions were collected from the inner wall of the
reactor and then analyzed by the elemental analyzers
(elementar/vario EL for C, H, N, and S and Heraeus/
CHN-—O- rapid analyzer for O). The structures of these
solid samples were determined by X-ray diffraction
(XRD) spectroscopy (Rigaku model D/MAX 111-V) with
Cu Ka radiation that scanned from 5 to 80° (26) and a
single-crystal X-ray diffractometer (SC-XRD).

In the rear of the glow discharge zone, trace amounts
of plasma polymeric thin films were also collected by
several pieces of copper plate that attached on the inner
wall of the reactor. After cooling to the room tempera-
ture, these plate samples were conserved in a N, bag
for further analyses. The surface analyses of the films
were performed by X-ray photoelectron spectroscopy
(XPS) measured on a Fison electron spectroscopy for
chemical analysis (ESCA 210; VG Scientific) spectrom-
eter with an Mg Ko X-ray (1253.6 eV) excitation source.
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Figure 1. Fraction of total sulfur or carbon input mass exited in
the effluent gases at E = 60 W under various O,/CS; ratios (A)
and at R = 0.6 under different applied powers (B).

3. Results and Discussion

The decomposition fractions of CS; (#cs,) and reaction
products were studied under various applied RF powers
(E) at various O,/CS; ratios (R).

3.1. Decomposition of CS;. Mass Balance and
Sulfur Conversion. To understand the fraction of total
sulfur input mass from CS; input being converted into
solid products, the quantification data were checked
through mass balances. Figure 1 shows that the fraction
of total sulfur or carbon input mass from CS; exited in
the effluent gases.

Figure 1A reveals that R = 3 was the critical ratio of
0,/CS; and the fraction of total sulfur input mass
apparently decreased at the oxygen-lean conditions. At
R = 0, no gaseous product was detected to lead to the
fraction equal to zero. Therefore, to keep enough oxygen
to remove C atoms by forming CO or CO, with a higher
decomposition fraction of CS,, the minimum O,/CS;
ratio was terminated at 0.6, which is a little greater
than the stoichiometry coefficient of 0.5 for the reaction
CS, + 0.50, — CO + SO,. Besides, Figure 1B shows
that the fraction of total sulfur input mass converted
into effluent gases reduced significantly from 87.7% to
21.2% when E was increased from 15 to 90 W.

By comparison with the dissociation energy, the
energy of C=0 (257 kcal/mol) is much greater than
those of O=0 (119.2 kcal/mol) and SC=S (102.7 kcal/
mol). Hence, at an oxygen-limiting condition, the higher
thermodynamic stability of CO led to oxygen providing
a prior sink for carbon atoms, mainly converting CS;
into CO, while the majority of S atoms remained as
polysulfur via heterogeneous wall reactions.

Decomposition Fraction of CS,. Actually, it was
difficult to decompose pure CS; in RF plasma; #cs, was
only 9.2% at E = 60 W and 10.0% when E was elevated
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up to 90 W. However, the addition of oxygen easily
improved 7cs,. Figure 2A shows that 7cs, increased
significantly from 24.8% to 88.2% at R = 0.6 and from
83.8% to 99.88% at R = 3.0 by increasing the applied
power from 15 to 90 W to indicate that #cs, was more
sensitive to the O,/CS; ratio than to the applied power
and exhibits a positive effect on #cs,.

The addition of O, not only elevated the probabilities
of high activity species CS,*, CS, or S being oxidized to
improve the 7cs, but also showed a much lesser ten-
dency toward deposition of the solid. On the other hand,
the elevated applied power caused the rise of the power
density to result in the Maxwellian electron energy
distribution function toward the elevation of the average
electron temperature and hence an increase in the
reaction rate for electron-impact-molecule dissociation
reactions.82°

Initial Reactions. The main initial reactions include
the excitation and dissociation in the O,/Ar plasma (egs
1-3)3% and the decomposition of CS; or excited CS,* into
CS, S, or C (eq 4). In addition, the oxidation reactions
for CS, with O (or O*) also initiate the CS, decomposi-
tion (eq 5).%!

Ar+e —Arc+e Q)

O, +e (or Ar*) = 0O,*+e (or Ar) (2a)
—-0*+0—0+0 (2b)

O+ (e,Ar*)—0O* + (e, Ar) 3)
CS,+e (orM)—CS,*+e (or M) (4a)
—CS+S (D,=102.7) (4b)

CS+e (orM)—C+S

CS,+0—~CS+S0O

ks, = 1.734 x 10" exp(—650/T) (cm® mol * s %)
(5a)

(D, = 170.5) (4c)

CS,+0—CO+S,
Kg, = 0.512 x 10" exp(—650/T) (cm® mol™* s™)
(5b)

CS,+0—0CS+S

ks, = 0.181 x 10™ exp(—650/T) (cm*® mol ' s™%)
(5¢)

Do in eq 4b,c were the bond dissociation energies in
units of kcal/mol, while ki, ko, ks, and ks were the
reaction rate constants, which were all dependent on
the E/po (electric field/reduced pressure) ratio.

In the plasma reactor, the electrons lost part of their
kinetic energy because they transferred their energy to
the reaction species in high efficiency, but this Kinetic
energy will be rapidly replenished by the electric field.
The charged species such as Ar™, O,*, OF, CS,*, CST,
S*, and S;* were also presented in the RF plasma
reactor,3? but their contributions to the reaction pro-
cesses are negligible.®® Moreover, the previous study
suggested that the ion—molecule reactions could be
neglected if the power density was less than 8 W/cms3.34.35

However, Figure 2B illustrates that the power density
increased whenever E or R increased, and it was in the
range of 0.3—1.0 W/cm3. Therefore, based on the unse-
lective reactions, consequent transformation of the

(A)
100 + F—Q——F—O
—0
80t P o
S 60 -
5 [ o o _e— 0/C8,=30
O - =
S w0 P —o— 0,/CS,=06
Y _a— 0,CS,=0
20
ol
10}
o
E
= 0.8+
E
2
G 06
o
a
5 o4 el —eo— 0/CS,=3
z o-—0 _o— 0/C8,=06
= J
02

10 20 30 40 50 60 70 80 90

Applied Power (W)

Figure 2. Decomposition fraction of CS; (%) (A) and the power
density (W/cm3) (B) affected by various applied powers and O,/
CS; ratios.

Table 1. Plasma Operation Conditions and Experimental
Results (CS;,in = 5%, Operating Pressure = 30 Torr)

CS;
plasma effluent gas gas removal
length temperature residence efficiency
(cm) Tq (°C) time 7 (s) (9/kWh)

R/E(W) 06 3 0.6 3 0.6 3 0.6 3

15 3.8 1.9 51 59 102 050 16.8 56.8
20 41 19 63 113 1.05 043 231 496
30 57 24 80 156 140 049 175 3338
40 6.2 3.2 108 232 142 056 153 253
60 7.0 49 172 382 137 0.65 134 16.9
90 84 6.8 386 508 1.11 0.75 100 11.3

reactants will produce a great amount of free radicals
by sequential self-dissociation or collision with e~ or M
(temporary collision partner). The free-radical reactions
will be the predominant reactions in this RF system.
Besides, when the 7cs, data were compared with the
power density, similar profiles were observed. This is
because the destruction of CS, is mainly via direct
electron attack or collision with active species (e.g., Ar*,
O, or O%).

Operation Conditions. A summary of the plasma
operation conditions is shown in Table 1. The plasma
lengths ranged from 3.8 to 8.4 cm at R = 0.6 and from
1.9 to 6.8 cm at R = 3.0, and the effluent gas temper-
ature increased from 51 to 386 °C at R = 0.6 and from
59 to 508 °C at R = 3.0 as E was increased from 15 to
90 W, respectively. The results reveal that, when the
applied power was increased, both plasma lengths and
the gas temperature were elevated.

Because of the influence of the gas temperature and
plasma physical volume, gas mean residence times (7)
can be computed as a function3® of plasma length (L)
and gas velocity (V) by using the ideal gas expression.
The results show that the residence time ranged be-
tween 0.43 and 1.42 s (Table 1). Hence, the parallel-
connection reactors can be designed with a pair of large
parallel electrodes to match the short residence time for
industrial application. Therefore, it represents that the
power density is a better indicator of #cs, than of the
residence time in the CS,/O,/Ar plasma.
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Figure 3. Positions of the solid product.

Table 2. Chemical Analysis Data of Solid Products
(mass %)2

Oz/CSz =0.6 Oz/CSz =0
sample sample sample sample sample
Cos Dos Fos Do Fo
elements (clusters) (depositions) (films) (depositions) (films)
sulfur 99.24 99.59 83.90 50.70 78.38
carbon 0.14 0.12 11.06 43.39 16.57
oxygen <0.10 <0.08 3.47 ND 3.59
hydrogen 0.20 0.08 ND 2.31 ND
nitrogen 0.30 0.20 1.57 0.36 1.46
S/C ratio  709:1 832:1 7.59:1 1.17:1 4.73:1

2 ND: not detectable.

Table 3. Quantification Data for the Fraction of Total
Sulfur Input Mass Converted into Effluent Gases
(Including Undecomposed CS;), Thin Films, and Solid
Sulfur at the Condition of R = 0.6 under Various Applied
Powers

thin films
at the ceiling
of the reactor

in the rear

of the glow
discharge zone

solid sulfur
(depositions +

applied effluent gases
power (SO2 + OCS +

(W) CSy) (%) (%) clusters) (%)
15 87.68 0.74 11.58
20 71.13 1.23 27.63
30 66.68 1.42 31.90
40 56.49 1.55 41.96
60 32.37 1.80 65.84
90 21.23 1.92 76.85

The definition of the removal efficiency (REcs,) is the
mass of CS, decomposed divided by the applied power
in an hour (in g/kWh). Table 1 shows that, although a
higher REcs, was found at R = 3.0, no elemental sulfur
could be recovered. For R = 0.6, the more economic
utilization of energy was REcs, = 23.1 g/kWh at E = 20
W; however, the fraction of total input S atoms con-
verted into sulfur was only 27.6% (Table 3). Therefore,
a higher applied power is needed, for example, 90 W.

3.2. Solid Product Analysis. Generation of Solid
Products. Figure 3 shows the positions of solid prod-
ucts collected. At the condition of R = 0.6, large amounts
of yellow depositions (called sample Dgg) at first were
produced in the glow discharge zone around electrodes.
Then, the majority of solid depositions were liquidized
to form two channels of light-yellow viscous liquid. The
liquid flowed along the wall of the reactor from the D

Ind. Eng. Chem. Res., Vol. 41, No. 6, 2002 1415

)

7t _e— CO (R=3)
6 —_o— CO (R=0.6)
_a— COLR=3)
S 5F —a— CO,(R=0.6)
g 4
2 3
g
29
2 2
2
1
oL
(B)
10 _ . —e
g s //_./r
g & _e— SO,(R=3)
5 —_o— SO,(R=0.6)
Y4
=3
&2
=} 2L
= OO T o -
0
(C)
0.40 F— T
$ 032!
< C{/O\\ o— OCS(R=3)
S 0241 o —_o— OCS(R=0.6)
2 N
& 0.16 |
]
S 008}
=
0.00 |

10 20 30 40 50 60 70 80 90
Applied Power (W)

Figure 4. Mole fraction of gaseous products for CO and CO; (A),
SO, (B), and OCS (C) at various applied powers.

zone to the C zone (see Figure 3) and was quenched
rapidly to aggregate as solid clusters (called sample
Co.s). The liquid was generated at the D zone because
the wall temperature was about 300 °C around the
electrodes so as to fuse the depositions. Then, the liquid
cooled down upon reaching the C zone, which was
approximately 2—3 cm away from the edge of electrodes
and had a lower wall temperature (<120 °C). Hence,
Do.s and Co were regarded as the same products, and
it was difficult to distinguish their differences of amounts.

For the CS,/Ar plasma (R = 0), small amounts of
brown-black solid depositions (called sample Dg) were
formed, while no yellow liquids like sample Do were
observed.

Furthermore, only trace amounts of dark-brown
plasma polymeric thin films were collected around the
ceiling of the reactor in the rear of the glow discharge
zone and called sample Fog for R = 0.6 conditions and
sample Fo for R = 0 conditions. The absolute amounts
of Foe or Fo were far less than those of Dgg or Coe.

Identification of Solid Products. Table 2 lists the
results of elemental analysis for solid products and
shows that no element sulfur was produced for pure CS,
decomposition (R = 0), while recovery amounts of solid
sulfur at the condition of R = 0.6 due to the purity of
sulfur for the samples Cys and Do reached as high as
99.24% and 99.59%, respectively.

At R = 0.6 and with various applied powers, the
fraction of total sulfur input mass from CS, was
converted into three parts, including sulfur-containing
effluent gases (SO, OCS, and undecomposed CS), thin
films (Fog), and solid sulfur (depositions Dgs and
clusters Cog; Table 3). The results show that the highest
yield of solid sulfur and minimum sulfur-containing
gases occurred at 90 W and reveal that the amounts of
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both cluster and deposition were far greater than those
of the films. In the view of conversion, there was 76.9%
of total sulfur input mass converted into solid sulfur in
depositions and clusters. The reason was that the
elevation of powers led to more activated oxygen to react
with C atoms to form CO. These results may provide
an approach for sulfur recovery in the solid form to be
free of the first process by the hydrogenation of CS; to
H,S.

As to the structural characteristics, the XRD patterns
of samples Cp and Do possessed high amounts of Sg
(Figure 5), while no apparent single-crystalline struc-
ture was observed in the SC-XRD experiments to reveal
that the samples were probably of partial amorphous
structure. In addition, the samples are easily soluble
in CS; to indicate that they are not the Sw polymeric
sulfur.’”

At R = 0, Dg was a carbon-rich composition (C/S =
2.28 atom %) because the ionic C or neutral C had a
larger diffusivity than that of S or CS to the contribution
of heterogeneous wall reactions. Therefore, at R = 0,
no solid sulfur could be recovered. As for the trace
amounts of thin film observed at the conditions of O,/
CS, = 0.6 and 0, they were not observed at the oxygen-
rich conditions. By ESCA, the samples of Fos and Fg
had sulfur contents corresponding to CS; g4 and CS; 77,
respectively.

3.3. Gaseous Product Distributions. The plasma
reactions at R = 0.6 and 3.0 were achieved to evaluate
the gaseous product distributions. The species detected
were SO,, CO, CO,, and OCS. The overall reactions in
the CS,/O2/Ar RF plasma are as follows.

For the oxygen-lean condition (O,/CS, = 0.6):

CS, + O, — (major) polysulfur, CO, (minor) SO,,
(trace) CO,, OCS (6)

For the oxygen-rich condition (O,/CS, = 3.0):
CS, + 0, — (major) SO,, CO,, CO, (trace) OCS( )
7

With increased applied RF power from 15 to 90 W,
Figure 4A presents the mole fraction of CO increased
from 0.93% to 3.94% for R = 0.6 but decreased from
3.53% to 2.31% for R = 3.0. At R = 0.6, there was not
enough oxygen to react completely with CS, by the
following reaction.

CS, + 30, — CO, + 250,

At the same range of E, the mole fraction of CO;
increased from 0% to 0.16% for R = 0.6 and from 0.20%
to 2.66% for R = 3.0. The results show that increased
RF power provided a thermodynamically favorable sink
for C atoms at the oxygen-lean condition, mainly
converted CS; into CO, and indicate that the majority
of sulfur atoms remained as polysulfur. However,
whenever oxygen increased, it was stepwise favored for
the formation of CO,. Figure 4A shows that, at a higher
R and a greater E, CO can undergo reaction to CO,.
Furthermore, we observed the similarity of product
patterns with oxygen-rich CS; flames, but higher yields
of CO; and a lower gas temperature were found in the
0,/CS,/Ar RF plasma than in the flame.>

OCS was another detected trace product in this study
(Figure 4C) that was also observed in previous research
such as OH + CS; photolysis reaction and CS;, combus-
tion.>383% As E increased from 15 to 90 W, the mole
fraction of OCS decreased from 0.251% to 0.078% at R
= 0.6 and from 0.208% to ~0% at R = 3.0. The
variations indicated that a higher OCS yield took place
around an oxygen-lean (O,/CS, = 0.6) and a lower
applied power (20 W) environment. The reaction for the
formation of OCS is probably predominant in eq 5c,
while the depletion of OCS was mainly via eq 8.3!

OCS+0—CO + SO
kg = 9.632 x 10" exp(—2150/T) (cm® mol ' s™)
(8)

Only a trace amount of OCS was formed because
of a smaller ks.. A weaker OC=S bond (73.3 kcal/mol)
and a greater kg will make OCS easily dissociated
again.

As expected, under the oxygen-rich condition, the
predominant sulfur-containing compound was almost
invariably SO,. When E was increased from 15 to 90
W, the mole fraction of SO, at first increased from 1.00%
to 1.57% and then decreased to 0.87% at R = 0.6, while
it increased from 7.17% to 9.82% at R = 3.0 (Figure 4B).
In the oxygen-lean condition, a lower concentration of
SO, revealed that CO was more oxygen-favored than
SO,. This is due to the higher thermodynamic stability
for CO (257 kcal/mol) than OS=0 (131.8 kcal/mol)
and the greater reaction rate for formation of CO than
SO,. In the viewpoint of conversion, at E = 90 W, the
fraction of total sulfur input converted into SO, only
reached 8.75% for R = 0.6, while it reached 98.19% for
R = 3.0.

At R = 0.6, the low fraction of total sulfur input
converted into SO, represented that most of the S atom
was not converted into gaseous sulfur-containing species
and remained as polysulfur on the wall of reactor.
However, the addition of excess oxygen in the CS,
decomposition resulted in not only the disappearance
of OCS but also the generation of a large amount of
502_31,40

O+ (S, S, =SO + (S) (9a)
0,+S=S0+0
Kgp = 1.30 x 10** (cm® mol ™ s™*) (9b)
SO+0+M=S0,+M
Koo = 1.1 x 10T *%* (cm® mol ™% s™") (9c)



SO+S0=S0,+S
Kog = 2.0 x 10" exp(—2013/T) (cm* mol*s™)
(9d)

For increasing O,/CS; up to 3.0, a part of the electron
is attached to Oy; therefore, a large amount of O, was
dissociated and caused the loss of electron energy.30
However, the relative density of electrons available for
electron impact excitation did not significantly change,
and therefore, 7ncs, was not affected apparently. In
addition, the probability of collision between O, O*, or
O,* and CO was elevated significantly to conduct the
increase of conversion of CO into CO,. Equation 10
shifted to the right-hand side at a higher O, concentra-
tion, resulting in the reduction of CO attributing to its
oxidation to CO,.4!

CO+O0+M=CO,+M

Ky0a = 5.30 x 10" exp(2283.8/T) (cm® mol ' s™%)
(10a)

Koo = 5.00 x 10" exp(—31791/T) (cm® mol ' s7")
(10b)

From profile patterns similar to those of the CO mole
fraction with 7cs, at O,/CS = 0.6 and the SO, mole
fraction with #cs, at O2/CS, = 3.0, we found that most
major product was an indicator of the decomposition
efficiency.

The reaction mechanisms for decomposition of CS;
were built up (Figure 6) and provided useful insight into
the formation of SO,, CO, CO,, OCS, and polysulfur in
the CS,/O,/Ar plasma.

In summary, when the products generated through
homogeneous and heterogeneous reactions are com-
bined, the overall reaction is presented as follows for
the condition of O,/CS, = 0.6 at 90 W.

CS, + 0.60,— 1.54/nS,, + 0.83CO + 0.17S0, +
0.033CO, + 0.0150CS + 0.014CS, 4,

In practical application, a low concentration of a CS,-
containing gas stream is not suitable for recovering
sulfur in the solid form by using a RF plasma system.
Low concentration of CS, gas can be concentrated by
activated carbons and then regenerate these activated
carbons to recover sulfur in the solid form.

4. Conclusions

In the oxygen-lean condition (O,/CS; = 0.6), 76.9% of
total sulfur input mass can be converted into solid sulfur
with a purity as high as 99.2% at 90 W, to provide an
approach for sulfur recovery from the CS,-containing
gas.

No elemental sulfur was produced for the no-oxygen
and oxygen-rich conditions. When O,/CS; was greater
than 3.0, the major species detected were SO,, CO,, and
CO and the trace compound was OCS.

The reaction mechanisms of CS; decomposition in the
RF plasma environments were built up and revealed
that the reaction pathways for the formation of CO and
SO; involved two main steps: first, CS; reacted with
e, M, O, or O, to form CS and OCS; second, the
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Figure 6. Reaction pathways postulated for the CS,/O./Ar RF
plasma.

subsequent collisions of CS with O, O,, or SO rapidly
formed CO and SOs,.

The optimum conditions were suggested to operate
at 90 W in the condition of O,/CS;, = 0.6 for the feeding
gases at room temperature to achieve simultaneously
a 7cs, of 88.2%, a removal efficiency of 10.0 g/kWh, and
a 76.9% of total sulfur input mass from CS, converted
into solid sulfur with a low effluent gas temperature
(386 °C) in the RF plasma.
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Notations

E = applied RF power (W)

R = input O,/CS;, molar ratio

T = gas mean residence time (s)

Ty = effluent gas temperature (K)

ncs, = CS, decomposition fraction (%)

REcs,= mass of CS, decomposed per unit of applied power
per hour (g/kWh)

CS,,in = feed concentration of CS; (%)
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