CHAPTER IV
REFORMING OF CO.-CONTAINING NATURAL GAS
USING AN AC GLIDING ARC SYSTEM:
EFFECTS OF OPERATIONAL PARAMETERS
AND OXYGEN ADDITION IN FEED*

4.1 Abstract

In this research, the reforming of simulated natural gas containing a high
CO: content under AC non-thermal gliding arc discharge with partial oxidation was
conducted at ambient temperature and atmospheric pressure, with specific regards to
the concept of the direct utilization of natural gas. This work aimed at investigating
the effects of applied voltage and input frequency, as well as the effect of adding
0Xygen on the reaction performance and discharge stability in the reforming of the
simulated natural gas having a CH. C.Hs CsHs CO. molar ratio of 70:5:5:20. The
results showed marked increases in hoth CH. conversion and product yield with
increasing applied voltage and decreasing input frequency. The selectivities for H.,
C.H6, and C.H. were observed to be enhanced at a higher applied voltage and at a
lower frequency, whereas the selectivities for C.H. C.H.o, and CO showed opposite
trends. The use of oxygen was found to provide & great enhancement of the plasma
reforming of the simulated natural gas. For the combined plasma and partial
oxidation in the reforming of C..-containing natural gas, air was found to be
superior to pure oxygen in terms of reactant conversions, product selectivities, and
specific energy consumption. The optimum conditions were found to be a
hydrocarbons-to-oxygen feed molar ratio of ... using air as an oxygen source, an
applied voltage of 17.5 kv, and a frequency of 300 Hz, in providing the highest CH.
conversion and synthesis gas selectivity, as well as extremely low specific energy
consumption. The energy consumption was as low as 2.73x10... - (17.02 eV) per
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molecule of converted reactant and 249 x10-. - (16,60 eV) per molecule of
produced hydrogen.

Keywords: Natural gas reforming; Gliding arc discharge; Plasma; Applied voltage;
Input frequency; Partial oxidation

4.2 Introduction

Non-thermal plasma chemistry is becoming increasingly interesting for a
wide range of industrial applications because plasma chemical processing can be
simply operated at near room temperature and atmospheric pressure, without the
special requirements of pre-heating and post-cooling of the gas stream. The bulk gas
temperature in the plasma zone normally remains close to rqom temperature, despite
the much higher electron temperatures in the order of 10, K. Under the non-thermal
plasma environment, the gas molecules are basically activated to create highly active
species (electrons, fons, and free radicals) for both the initiation and the propagation
of the chemical reactions. In industries and laboratories, different types of non-
thermal plasmas that have long been employed both to effectively destroy several
harmful chemicals and to selectively create a number of hew useful chemicals
include glow discharge, dielectric barrier discharge (DBD), corona discharge,
microwave, and radio frequency (RF) plasmas [1], Nevertheless, one major
drawback of these conventional non-thermal plasmas is the low-energy plasma
density, making it difficult for scaling up the reactor throughput. A gliding arc is a
new discharge type of non-thermal plasma that successfully provides the most
effective non-equilibrium characteristics with simultaneous high productivity and
good selectivity [2], In general, the gliding arc discharge was first designed and
developed for use mostly in pollution control [3-8] and surface treatment [9-11]. In
recent years, this plasma reactor type has received increasing interest in utilization
for fuel conversion [12-18] and in applications for carbon black production [19,20].
Some mathematical modeling studies were also investigated with an attempt to
describe the physical characteristics and phenomena of the gliding arc discharge |- -
26], Intrinsically, the electrical parameters of the discharge are of great significance
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in influencing the electron energy distribution. A deep understanding of the effects of
electrical parameters on the plasma behavior and reaction performance is the main
key to manipulating the right electron number density and energy in generating
active radical species which are necessarily favorable for any desired chemical
reaction and product distribution. The optimal operating conditions are quite
different in each plasma process and its applications, depending on plasma reactor
type and configuration, feed composition, and target products [21].

In our previous work [28], the challenging concept of the direct utilization
of raw natural gas with a high CO. content was investigated systematically. The
study was carried out to observe the effect of feed gas components (CH, C.Hs,
CsHs, CO-, and helium as the dilute gas) on natural gas reforming under non-thermal
AC gliding arc discharge with the focus on the production of hydrogen and higher
hydrocarbons at different feed flow rates. Interestingly, the preliminary results
showed that the presence of other gas components in natural gas was found to
significantly contribute to the synergistic effects on the overall reaction performance.
The carbon dioxide present in the simulated natural gas markedly enhanced methane
conversion, reduced coke formation, and lowered specific energy consumption.
Several reports have revealed that the addition of oxygen to a CH.-CO. feed gas
mixture is one of the possible solutions for minimizing both the carbon formation
and energy consumption for the CO- reforming reaction of methane [29-33]. Hence,
in this present study, as the continuation of our previous work [28], fiv. plasma
reforming of Co.-containing natural gas coupled with partial oxidation was
investigated using gliding arc discharge at different voltages, frequencies, and
hydrocarbons (HCs)-to-oxygen feed molar ratios. A comparative study between
adding pure oxygen and adding air in the feed stream for the reforming of natural gas
under gliding arc discharge was also conducted.

4.3 Experimental
4.3.1 Reactant Gases

Simulated natural gas containing methane, ethane, propane, and
carbon dioxide, with a CH4:C2H6:C3Hg:C02 molar ratio of 70:5:5:20, was specially
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manufactured for this research by Thai Industry Gas (Public) Co., Ltd. Ultra-high
purity oxygen and air zero, used for performing the plasma reforming of the
simulated natural gas with partial oxidation, were also obtained from Thai Industry
Gas (Public) Co., Ltd.

4.3.2 AC Gliding Arc Discharge System

The experimental set-up of the AC gliding arc discharge system is
shown schematically in Figure 4.1 The details of the gliding arc reactor
configuration and the discharge system were described in the previous paper [28],
The gliding arc reactor is made of a glass tube with a 9 cm OD and an 85 ¢cm ID, and
has two diverging knife-shaped electrodes that were fabricated from stainless steel
sheets with a 1.2 cm width for each electrode. The gap distance between the pair of
electrodes was fixed at « mm. The flow rates of the reactant gases were regulated by
a set of mass flow controllers and transducers supplied by SIERRA® Instrument, Inc.
All of the reactant gases were well mixed in a mixing chamber before being
introduced upward to the gliding arc reactor. The compositions of the feed gas
mixture and the outlet gas were quantitatively analyzed by an on-line gas
chromatograph (HP, 5890) equipped with two separate GC columns — a Carboxen
1000 packed column and a PLOT Al.Qs “ ™ deactivated capillary column — which
are capable of detecting all hydrocarbons, CO, CO., Hz, O, and N..

In order to determine the effects of applied voln%e and input
frequency on the C. . -containing natural gas reforming, the gliding arc system was
operated at various voltages and frequencies, while the feed flow rate and electrode
gap distance were kept constant. The applied voltage and input frequency were
adjusted by using a function generator. It should be noted that the voltage and current
were measured at the low voltage side instead of at the high voltage side across the
electrodes since the plasma generated is non-equilibrium in nature [28], In addition,
the optimum operational conditions obtained from the investigation of the effects of
applied voltage and input frequency were used in the subsequent experiments of the
combined plasma reforming and partial oxidation of the simulated C . -containing
natural gas.
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¢ Figure 4.1 Experimental set-up of the gliding arc plasma system.

For any studied conditions, the feed gas mixture was first introduced
into the gliding arc system without turning on the power supply unit. After the
composition of outlet gas was invariant with time, it was turned on. The outlet gas
composition was analyzed every 30 min by the on-line GC. After the system reached
steady state, an analysis of outlet gas composition was taken at least a few times
every hour. The experimental data were averaged to assess the p. .. performance.
During the experiments, the temperature at the reactor wall was found to be in the
range of 150-200°. Since the volume of the reactor outlet zone was rather large, the
outlet gas was cooled close to room temperature. It was observed that a small amount
of water droplets appeared on the surrounding inner wall of the gliding arc reactor
during the experiments of the cc>.-natural gas reforming coupled with partial
oxidation. In the case of using air, a NOx analyzer was employed to determine if
there were any nitrogen oxides present in the effluent gas; no nitrogen oxides were
detected. Therefore, under the studied conditions, nitrogen oxides were not produced
by the plasma system. The flow rates of both the feed and the outlet gases were
measured by using a bubble flow meter because of the gas volume change after the
reaction.



48

4.3.3 Reaction Performance Assessment
The reactant conversion is defined as:

% Reactant conversion = (mole of reactant in- mole of reactant out) (100) (4.1)
mole of reactant in

The selectivities for C-containing products are defined on the basis of
the amount of C-containing reactants converted into any specified product, as stated
in Equation 4.2. In the case of the hydrogen product, its selectivity is calculated
based on H-containing reactants converted, as stated in Equation 4.3;

% Selectivity for any hydrocarbon product = [P] (Cp) (100)/£ [R] (Cr)  (4.2)
where [P] = moles of product in outlet gas stream
[R] = moles of each reactant in feed stream to be converted

Cp = number of carbon atoms in a product molecule
Cr = number of carbon atoms in each reactant molecule
% Selectivity for hydrogen = [P](Hp)(100)/£[R](Hr) (4.3)

where  Hp = number of hydrogen atoms in a product molecule
Hr = number of hydrogen atoms in each reactant molecule

The product yield is formulated as follows:

% C. hydrocarbons yield =

| (% CH., C.Hs, C:Hs, CO- conversion) £ (% C.H., C.H. selectivity) / (100) (4.4)
%H.yield =

£ (% CHa, CHs, C:H. conversion) (% H. selectivity) / ( 100) (4.5)
% COyield =

£ (% CHa, CzHs, C:He, CO- conversion) (% CO selectivity) / (100) (4.6)
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The specific energy consumption is calculated ina unit of - per C-
containing reactant molecule converted or per hydrogen molecule produced (W-s/M)
using the following equation;

Specific energy consumption = (P) (60) / (N) (M) 4.7
where p = power( )
N = Avogadro’s number (6.02 x 10. molecules-g-mole')
M = rate of converted carbon in feed or rate of produced
hydrogen molecule (g-mole-min')

4.4 Results and Discussion

To provide a better comprehensive understanding of the plasma reforming
reactions of Co - -containing natural gas under AC non-thermal gliding arc discharge,
both with and without partial oxidation, it is worth briefly describing all the
possibilities of chemical pathways occurring under the studied conditions. In a
plasma environment, high energy electrons generated by gliding arc discharge collice
with the gaseous molecules of hydrocarbons and CO., creating a variety of
chemically active radicals. In the absence of oxygen, the radicals of oxygen-active
species are produced during the collisions between electrons and CO., as shown in
Equations. 4.8 and 4.9. Moreover, the produced CO can ué further dissociated by the
collisions with electrons to form coke and oxygen-active species (Equation 4.10). In
the case of added oxygen, a large amount of oxygen-active species can be produced
from the collisions hetween electrons and oxygen molecules, as described by
Equations 4.11-4.13. Equations 4.14-4.26 show the collisions between electrons and
all hydrocarbons presented in the feed to produce hydrogen and various hydrocarbon
species for subsequent reactions.

Electron-carbon dioxide collisions:
Dissociation reactions ofcarbon dioxide; ¢'+CQO. -* CO+Q0"  (48)
e+C0.-»CO+0+e (49
e+CO0 »c+o+e (410)
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Electron-oxygen collisions:
Dissociation attachment ofoxygen; €'+ 0.—20 +&'—*0'+0(4.11)

Attachment of oxygen; to29 02 (4.12)
Dissociation ofoxygen; Bto, —>,0 te (4.13)
Electron-methane collisions:
+CH. -* CH:+H+ (4.14)
e+CHs -» CH.+H+¢' (4.15)
e +CH. -> CH+H+e (4.16)
e+tCH > C+H+e (4.17)
H+H -> H. (4.18)
Electron-ethane collision:
e+0.6 —2CHs+H+e (4.19)
e+CHs —#EHtH+e (4.20)
e +CH —CH:+H+e (4.21)
e +CH: —=C.H.+H+e (4.22)
+CHs 4 CH:+CH:te (4.23)
Electron-propane collision:
e+CHs  CH.+H+e (4.24)
e +CH —CHe+H+¢" (4.25)
e +CHy = CHs+CH: +e (4.26)

The oxygen-active species derived from C0. and 0. can flirther extract
hydrogen atoms from the molecules of hydrocarbon gases via the oxidative
dehydrogenation reactions (Equations 4.27-4.39), consequently producing several
chemically active radicals and water.

Oxidative dehydrogenation reactions:
chato 4 CHs:+0OH (4.27)
cz:hst0 » CHs + OH (4.28)
c:hsto  C.Hi+OH (4.29)
cz:hato ->C.Hs+OH (4.30)
c:hsto -» CH.+0OH (4.31)
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CHy+O  C.H;+OH (4.32)
CH.+OH 4 CH:+H.0 (4.33)
C:Hs + OH -> C.Hs + H.0 (4.34)
CHs+OH  C:HitH.O (4.35)
CH. + OH -» C.Hs+H.0 (4.36)
CHs+OH  CoH.+H) (4.37)
CHg + OH - C:H, + HD (4.38)
C:H.+ OH = C:Hs + HD (4.39)

The C.Hs, C.Hs, and CsH- radicals can further react to form ethylene,
acetylene, and propene either by electron collision (Equations 4.20-4.22, and 4.25) or
by oxidative dehydrogenation reaction (Equations 4.29-4.31, 4.35-4.37, and 4.39).
The extracted hydrogen atoms immediately form hydrogen gas according to
Equation 4.18. However, no propene was detected in the outlet gas stream. It is
therefore helieved that the propene species was unstable and may probably undergo
further reactions (Equations 4.40 and 4.41).

Propene hydrogenation and cracking reactions:
CsHs +H, = C}g (440)
CsHe -» Csz + CHA (44].)

Moreover, the radicals of hydrocarbons and hydrogen derived from the
earlier reactions react further to combine with one another to form ethane, ethylene,
acetylene, propane, and butane, as shown in Equations 4.42-4.57. In addition, ethane
can be further dehydrogenated to form ethylene, while ethylene can also be
dehydrogenated to form acetylene by either electron collision or oxidative
dehydrogenation (Equations 4.19, 4.20, 4.28, 4.29, 4.34, and 4.35 for ethylene
formation; and, Equations 4.21, 4.22, 4.30, 431, 4.36, and 4.37 for acetylene
formation).

Coupling reactions of active species:
Ethaneformation; CHs+CHs -* C.Hs (4.42)



Ethyleneformation;

Acetyleneformation;

Propaneformation;
Butaneformation:

CHstH  C.Hs

C.Hs + C:Hs -> C.Hs + C.H.
CsH:+ CHs -» C.Hs + C.H.
CH:+CH. C.H.
CH:+CHs  C.H4+H.
C.Hs+H -> C.H. +H:
CsH:+H -* C.H. +CH.
CH+CH  C.H:
CH.+CH. C.H2+H.
CH:+CH  C.H.+H.
C:Hs+H -> CH.+ H. + H:
CsH:+H—+C:H. + CH. + H.
CoHs + CHs -* CiHe
C:Hs+CHs 4 CuH.o
CsH: + CHs -> CiHuw
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Furthermore, a significant amount of CO and a very small amount of water
were produced under the studied conditions, particularly in feed with high oxygen
content. CO may be mainly formed via the partial oxidation reactions of the
hydrocarbon reactants. Equations 4.58-4.62 show the partial oxidative pathways of
methane to form CO and - as the end j.roducts. The formation of water is believed
to occur via the oxidative hydrocarbon reactions (Equations 4.33-4.39). In addition,
water can be formed by the reactions between hydrogen or active hydrogen radical
and active oxygen radical, as shown in Equations 4.63-4.65.

Carbon monoxide formation:

chsto
HCHO + 0
CHO+0 -

CHO+H -

HCHO +H
OH + CHO

OH+CO

CHO+OH 4 CO+H.0

h.+co
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Water formation:
H+0 —Sha (4.63)
H.+o -> hzo (4.64)
H.+ 20 Hd (4.65)

Additionally, hydrocarbon molecules may crack to form carbon and
hydrogen via thermal cracking reactions (Eqs. 4.66-4.68).

CH4 -0 C + 2H, (466)
Czhs - 2C + 3H2 (467)
Cshs -> 3C +4H, (468)

44.1 Effect of Applied Voltage

Typically, the composition and type of gases used as a feed mixture
are of considerable importance to affect the plasma characteristics (i.e., breakdown
voltage, electrical conductivity, and physical appearance) and the plasma stability
owing to the different properties of each gas component. Applied voltage is one of
the most key operating parameters in controlling the non-thermal plasma
performance and the chemical reaction pathways. Inthis study, the effect of applied
voltage was firstly investigated by varying it while the feed flow rate, frequency, and
electrode gap distance were kep. constant at 125 cmVmin, 300 Hz, and « mm,
respectively, which were the optimum conditions obtained from the previous work
28]

Figure 4.2(a) shows the results of reactant conversions and product
yields as a function of applied voltage. As expected, the conversions of all reactants
in the CH./C.H./C.H./CO. feed were obviously enhanced by increasing the applied
voltage from 125 to 215 kv. The yields of H. and C. products were found to be
improved remarkably at higher applied voltages. In this plasma system, the highest
operating applied voltage of 21.5 kv was limited by the formation of a coke filament
between the two electrodes during a relatively short operation period, which caused
instability and thereby permanent extinction in the plasma, whereas the lowest
operating applied voltage of 125 kv was limited by the breakdown voltage, which is



5 < 40
C;Hg
—~ 40 -
§ - 30 §
< °
S C,H
E 30- 2436 §
: =
D
§ - 20 f’
£ 204 > oy .
g sz"?lfj " CH, ;
“ ~
]
i <« FI10C
10 -
0 N . :
2 14 16 18 20 22
Applied voltage (kV)
(c)
80 H_,)/CO % :E‘
20 ©
15 =
é 60 4 8
z H/CH[ 10 3
= H,/C,H; 2 s
I = ey T R
g d C,H,/C,H B
.§, 40 0—9——0———9——9—194‘92 2-0 g
£ 0... & -
_g Q:gl:- o ¢ O H, C)
£ 2- g3 & 4
G-8-.. .. O CH,
CiH,
. xc&._:;x,,_;:::: ’CaHlo
2 14 16 18 20 2

Applied voltage (kV)

Hz2/C2H2 or GHs/C2H:

o4

(mol%)

70
4 <« o
" ’"‘\O—Q\‘\’CH‘ S
T
(=]
50 1 O
9 -
CHe}3 O
40 1 -> o
2> C;Hg Q
E > | S
< 30 1 OCH, } o &
<« 8
CoNC: V=
20 - _ 2 .E
AL sale s
104e @ 8 BH: g
......... ﬂ-.--ag,% S
3 5 8 XA
12 14 16 18 20 22
Applied voltage (kV)
% 8 3
<
W
)
E
'.” -
= 6
= > SR N .2
o . >
5 . current
S 44 X
=
%
£
g £ Ei
=
S 54 H2
5 T
2
@
=
=
0 L) L) L) L] L] 0
12 14 16 18 20 22
Applied voltage (kV)

Figure 4.2 Effect of applied voltage on (a) reactant conversions and product yields,
(b) concentrations of outlet gas, (c) product selectivities and product molar ratios,
and (d) specific energy consumption and current of the simulated CU.-containing
natural gas reforming (feed flow rate, 125 cms/min; frequency, 300 Hz; and,
electrode gap distance, « mm) (Eh.: energy per H. molecule produced; Ec: energy
per reactant molecule converted).



55

the minimum value of voltage required to create the steady plasma environment,
Basically, an increase in voltage applied to the plasma-chemical reactions contributes
directly to a stronger electric field strength across the electrodes. More specifically,
the electric field strength is simply proportional to the mean electron energy and
electron temperature in the plasma. That is, at a higher voltage, the plasma generated
exhibits not only electrons with a higher average energy and temperature but also a
higher electron density, as indicated in terms of a higher current, which will be
discussed later. For this reason, in non-thermal plasma, the opportunity for the
occurrence of elementary chemical reactions with electron impact (mainly ionization,
excitation, and dissociation of gas molecules) is improved, leading to an increasing
number of chemically reactive species being formed to activate the plasma-chemical
reactions. The present results are in agreement with literature [18,34,35].

Figure 4.2(b) shows the main products (C.H., C.U., and H.) under the
studied conditions. In the applied voltage range of 12.5-15.5 kv, the concentrations.
0f Hz, C.H., C.H., C.H.o, and CO appeared only slightly changed, but in the range
of 155-21.5 kv, increasing applied voltage remarkably increased the concentrations
of 2, C.H., and C.Ha, with only small changes in C.H. and CO concentrations. By
considering the applied voltage range of 155-215 kv, the concentration of C.H.
increased more sharply than that of C.H., which in tumn resulted in a higher
concentration of C.H. than C.H. at an applied voltage above 19.5 kv. According to
the earlier explanation fi/f the physical plasma behavior, the influence of stronger
electric field or greater electron number density causes the promotion of inelastic
collisions between reacting gas molecules and energetic electrons (Equations 4.8-
410 and 4.14-4.26), therefore leading directly to the increase in conversions of CH.,
C2Hs, CsHs, and CO:, as well as the product formation. Moreover, the increasing
C.H. and the decreasing C.H. with increasing applied voltage suggest that the
dehydrogenation (Equations 4.21, 4.22, 4.30, 4.31, 4.36, and 4.37) can be enhanced
greatly at a very high applied voltage, especially greater than 20 kv. It is worth
noting that hydrocarbons containing a carbon number greater than C. could not be
detected in the studied range of applied voltage. In addition, from the Raman
analysis, the deposited material on the electrode surface was found to contain only
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pure carbon. These suggest that the studied gliding arc system is not suitable for
producing higher hydrocarbons (> C.) from natural gas.

Figure 4.2(c) shows the influence of applied voltage on the product
selectivities and molar ratios of products. The selectivities for both H. and C.H.
tended to slightly increase with increasing applied voltage up to 19.5 kv. After that,
in the range of 19.5-21.5 kv, they did not further increase but conversely dropped
sharply. In contrast to the selectivities for . and C.H., those for C.H., CsHuo, and
CO progressively declined with increasing applied voltage from 125 to 215 kV,
particularly noticeable was that for C.H.. The result can be explained in that at
higher applied voltages, more energetic electrons, as well as o active species
dissociated from CO. and CO (Equations 4.8-4.10), essentially participate in the
encouragement of the plasma-chemical dehydrogenation of hydrocarbon species (e.g.
C.H. and C.Hs) for being converted into smaller molecules (e.g. H. and C.H.)
according to Equations 4.19-4.23, 4.28-4.31, and 4.34-4.37, which is more dominant
over their coupling reactions (Equations 4.42-4.57). By considering the applied
voltage range of 19.5-21.5 v, the decreases in the H. and C.H. selectivities against
the applied voltage is mainly caused by a tremendously increasing amount of carbon
formed on the electrode surface, about two times greater at the high applied voltage
of 21.5 kv (15.3% of carbon) as compared to that at 195 kv (7.2% of carbon),
noting that the amount of carbon was given from the calculation of carbon balance.
With increasing applied voltage, the CO selectivity slightly decreased and the molar
ratio of H2/CO increased significantly, suggesting that the increase in the applied
voltage leads to not only more CO. dissociation (Equations 4.8 and 4.9) but also to
more CO dissociation (e- + CO —»C + 0 + e-), as shown in Equation 4.10.
Therefore, the CO formation subsequently decreased. With an increasing of the
applied voltage from 12,5 to 21.5 kv, the apparent increase in the H./CO molar ratio
from approximately 1o t0 .. can be explained in that both the dehydrogenation
reactions (Equations 4.14-4.22, 4.24, 4.25, and 4.27-4.39) and the direct thermal
cracking of hydrocarbons to produce H. and carbon (Equations 4.66-4.68) have a
higher possibility to occur, as compared to the CO. dissociation, since the
dissociation energy of CO: is higher than those of CH., C.Hs, and CsHs.
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Figure 4.2(d) shows that a higher current is generated by increasing
the applied voltage, representing a larger number of energetic electrons produced. It
Is worth noting that a higher current induces higher concentrations of active gaseous
species available to react and form new chemical species. Additionally, Figure 4.2(d)
shows the energy consumption as a function of applied voltage. The consumed
energy for converting a hydrocarbon reactant molecule or producing a hydrogen
molecule drastically decreased at particularly high applied voltages. Clearly, the
minimum energy consumption was found to correspond to the highest applied
voltage of 215 kv in this studied system. These results can be explained by the
increases in the reactant conversions and hydrogen production, when the applied
voltage was increased, thus reducing the specific energy consumption of the system.
As mentioned before, with an applied voltage greater than 21.5 kv, the system was
not able to operate because of a greater amount of carbon deposit on the electrode
surfaces and on the inner reactor glass wall, which results from the dissociation and
the cracking reactions due to high temperatures in the plasma zone, causing
instability of the plasma. From the results, an applied voltage of 175 kv was
selected for further investigation because the plasma feature was found to be
apparently more stable than that at higher applied voltages, and it would give a
relatively good plasma-reaction performance, including high reactant conversions,
high product yields and selectivities, and relatively low energy consumption.

4.4.2 Effect of Input Frequency

For the investigation of the effect of input frequency on the reforming
reactions of the simulated natural gas, the frequency parameter was experimentally
varied in the range of 250 to 700 Hz. In operating the AC gliding arc discharge
system in this study, the highest operating frequency (700 Hz) was limited by the
unstable gliding arc discharge, observed from the discharge appearance and its
behavior (e.g. an extremely small number of arcs produced with unsmooth arc
patterns along the knife-shaped electrode pairs), whereas the lowest operating
frequency (250 Hz) was limited by the coke formation on the electrodes, causing a
disturbance of the gliding arc discharge path and a sharp increase in current.
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The effects of frequency on the CH., C.Hs, C.H:, and CO.
conversions, as well as the H. and C. yields, are presented in Figure 4.3(a). The
results show that the increase in the frequency led to the decrease in the reactant
conversions and product yields, which is in contrast to the effect of applied voltage.
Sreethawong et al. [18] also reported that hoth the CH. and Q. conversions
decreased as the frequency increased in the investigation of the partial oxidation of
methane using the multistage gliding arc discharge system. The conversions for all
reactants were in the following order: CsHe > C:Hs > CH. > CO., resulting from
their bond dissociation energies, which are 4.33, 4.35, 455, and 552 eV,
respectively, as mentioned in our previous work [28]. The concentrations of products
(C, -, and CO) also gradually declined with increasing frequency, as illustrated in
Figure 4.3(b). In an alternating current discharge system, due to the reversal in
polarity of the electric field, each electrode acts alternately as an anode and cathode,
and the current periodically reverses in direction. A faster reversal in electric field at
a higher frequency causes a slower decay rate of space charges (electrons and ions)
[18,37,38]. For this reason, at a constant applied voltage and a fixed electrode gap
distance, the electric current needed to initiate and maintain the discharge plasma is
reduced with increasing frequency. Consequently, at a higher frequency, the lower
the current or numbers of electrons, the lower the number of reactive species to
activate the plasma-chemical reactions. Based on the basic concept of the frequency
effect as ,,|j>ed, the space charge characteristic of the alternating current discharge is
the influential factor of frequency in changing the behaviors of discharge and the
reaction performance. Again, increasing frequency adversely brings about the
reduction in the number of electrons generated for initiating the chemically reactive
species via the elementary processes with electron impact and for activating the
subsequent chemical reactions, resulting in lower conversions and product yields.
Additionally, with increasing the frequency, the fewer number of electrons generated
in the discharge zone can certainly be confirmed by the decrease in the measured
current against the frequency (which will be discussed later).

Figure 4.3(c) shows the product selectivities as a function of
frequency. Within the low frequency range of 250-500 Hz, both H. and C.H.
selectivities moderately dropped when the frequency increased, and then approached
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Figure 4.3 Effect of input frequency on (a) reactant conversions and product yields,
(b) concentrations of outlet gas, (c) product selectivities and product molar ratios,
and (d) specific energy consumption and current of the simulated CCE-containing
natural gas reforming (feed flow rate, 125 cms/min; applied voltage, 17.5 kV; and,
electrode gap distance, s mm) (Ere: energy per . molecule produced; Ec: energy
per reactant molecule converted).
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the minimum values at a frequency of 500 Hz. This result indicates that the electron
collisions (Equations 4.14-4.22, 4.24, and 4.25) and oxidative dehydrogenation
reactions (Equations 4.27-4.39) become significantly dominant at low frequency.
Afterwards, within the higher frequency range of 500-700 Hz, the two selectivities
increased slightly with increasing frequency. Beyond 500 Hz, the coupling reactions
of radicals (Equations 4.50-4.54) to form the C.H. product is more favorable. The
C:H:, CiHuw, and CO selectivities correspondingly increased with increasing
frequency within the whole studied range, suggesting that the promotion of coupling
reactions (Equations 4.42-4.57) can be attained by increasing the frequency. The CO
selectivity increased with increasing frequency, while the CO concentration in the
produced gas slightly decreased, typically due to a smaller amount of electrons being
available to interact with CO for further reactions.

Figure 43(d) shows decreasing current with increasing frequency.
Moreover, Figure 4.3(d) also shows the effect of frequency on the specific energy
consumption based on both reactants converted and hydrogen produced. Contrary to
the results of increasing applied voltage (Figure 4.2(d)), at a higher frequency, the
system required higher energy for converting the reactants and producing the
hydrogen. This is possibly due to the decrease in quantities of converted reactants
and produced hydrogen when the frequency increases. It should also be noted that,
with increasing frequency, the intensity of the arc generated between the electrodes

» observed to be reduced. This is presumably because the larger number of sine-
waveform cycles per second (higher frequency) may require higher input energy to
sufficiently sustain the gliding arc discharge, thereby reducing the intensity of the
produced arc.

From the experimental results, the highest reactant conversions, the
good selectivities, and the lowest power consumption were achieved at a frequency
0f 250 Hz. Even though at 250 Hz there was comparatively somewhat better reaction
performance, the system was found to be unstable as a result of the coke deposit.
Hence, 300 Hz was selected as the optimum frequency for the further investigation
of the effects of adding oxygen on the reforming of the simulated CC>-containing
natural gas.
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443 Effect of Oxygen Addition

For the combined plasma reforming and partial oxidation of the
simulated natural gas, the effect of hydrocarbons-to-oxygen (HCslo-) feed molar
ratio was investigated to determine whether or not the addition of oxygen to the
natural gas feed improved the system performance by using two different oxygen
sources: pure oxygen and air. In addition, the results of Co - -containing natural gas
reforming with and without partial oxidation were compared in order to obtain better
clarification of the effects of oxygen on the plasma reforming reactions of natural
gas. To observe the effects of adding oxygen, the studied plasma system was
operated at different HCs,o. feed molar ratios, a feed flow rate of 125 cm./min, an
applied voltage of 17.5 kv, a frequency of 300 Flz, and an electrode gap distance of ¢
mm. The results of the combined plasma reforming and partial oxidation under
different HCs, 0. feed molar ratios are presented in Figures 4.4-4.s. The molar ratios
0f HCs/o- In the feed were varied from 2/1 to 20/1, using either pure oxygen or air,
whereas the HCs,.. molar ratio of 1/0 represents the condition of no oxygen in feed.
In this study, a HCs,o. molar ratio lower than ... was not investigated since it is
close to the upper explosion limit,

As shown in Figures 4.4 and 4.5, the conversions of all reactants,
except CO., as well as the product yields, increase substantially with decreasing
HCs/o. molar ratio when either air or pure oxygen is added over the whole studied
range of HCs/o. ratios. In comparisons between these two oxygen sources, air
provided a higher process performance in terms of both reactant conversion and
product yield. The results reveal that the addition of air in the feed, even a very small
amount, potentially contributes the positive effect to the activation of reactant gases
for the Co . -containing natural gas reforming. For the case of pure oxygen addition,
the improvement of reaction performance is attained when the feed molar ratio of
HCso. Was kept below 15/1. From Figures 4.6 and 4.7, the comparisons of the
results of product selectivity and molar ratio reveal that the selectivities for CO and
H. of the feed with adding oxygen (both air and pure oxygen) were higher than the
ones of the feed without adding oxygen, particularly at a low HCs,. ratio with a
high O. content, indicating that the synthesis gas production is likely to increase with
adding oxygen to natural gas. Regarding the comparative results of energy
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Figure 44 Effect of HCS/C.. feed molar ratio on reactant conversions of the
simulated C . -containing natural gas reforming using feeds with pure oxygen (solid
lings) and air (dotted lines) added, and feed in the absence of oxygen (feed flow rate,
125 cma/min; applied voltage, 175 KV; frequency, 300 Hz; and, electrode gap
distance, s mm).

consumption shown in Figure 4.8, much less energy was consumed for converting
reactants and producing hydrogen in the case of the feed with air and pure oxygen
added as compared to the feed without adding oxygen. Moreover, the amount of coke
formed during the operation was outstandingly minimized when some oxygen was
added into the natural gas feed. Again, the results suggest that the addition of oxygen
can provide benefits in the reduction of both energy consumption and coke
deposition. From these comparative results, it can be concluded that the addition of
oxygen into the feed provides synergistic effects on the CCVcontaining natural gas
reforming with not only higher reactant conversions, product yields, and selectivities,
but also lower energy consumption.
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Figure 4.5 Effect of HCs/C.. feed molar ratio on product yields of the simulated
Co . -containing natural gas reforming using feeds with pure oxygen (solid lines) and
air (dotted lines) added, and feed in the absence of oxygen (feed flow rate, 125
cm./min; applied voltage, 17.5 kV; frequency, 300 Hz; and, electrode gap distance, «
mm).

Apart from the significant process improvement by the addition of
oxygen as mentioned above, the effects of HCs,o- feed molar ratio on v overall
performance of plasma reactions are further discussed here. As can be seen from
Figures 4.4 and 4.5, for hoth cases of feeds, pure oxygen and air, increasing the feed
molar ratio of HCs/. resulted in significant decreases of all reactant conversions
and product yields. The reduction of conversions and yields at high HCs,o. molar
ratios is certainly due to the fact that a decrease of Q. content at higher HCs,o.
molar ratios results in less probability of extracting H atoms from the hydrocarbon
molecules by the o active species primarily generated from the electron collision
(Equations 4.11-4.13), leading to the decreases in CH., C.Hs, and CsHs conversions
according to Equations 4.27-4.39. In the presence of oxygen, oxygen molecules are
activated by plasma and subsequently provide a source of chemically oxygen-active
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species formed via the three possible pathways, as stated in Equations 4.11-4.13
[18,36,37],

It should be noted that, in Figure 4.4, the result of CO. conversion is
not included for the case of adding pure oxygen to the feed at the lowest HCs/C-.
molar ratio of ... due to the minus sign of the CO. conversion. The negative CO.
conversion can be explained in that the formation rate of CO. by the hydrocarbon
oxidation is higher than the CO. consumption rate by the reforming reactions [33].
Both - and C. yields increase substantially with a decreasing HCs,0. molar ratio
when the HCs,. molar ratio is lower than 5/1 for both cases of pure oxygen and air,
as shown in Figure 4.5, The H. yield was found to be higher than the C. yield in the
HCs/o> range of 2/1-5/1; conversely the C. yield hecame higher than the H. yield
beyond the HCs, .- ratio of 51 for hoth cases, pure oxygen and air. Therefore, the
HCs/o. molar ratio at 51 is regarded as a turning point, indicating that H.
production via the dehydrogenation reactions (Equations 4.14-4.39) more favorably
occurs than C. production via the coupling reactions (Equations 4.42-4.54) under
high 0. content conditions (HCs.- ntolar ratio < 5/1), while the coupling reactions
for producing C. hydrocarbons are more favorable under low Q. content conditions
(HCso- molar ratio > 5/1). In a comparison between pure oxygen and air, at any
given HCsls -, all hydrocarbon conversions and product yields when adding air were
higher than those when adding pure oxygen, while the CO. and Q. conversions, as
well as the CO yield, were relatively similar. These results may "Ogest that the
presence of nitrogen, the major gas component in air, is probably responsible for
promoting the plasma-chemical reactions by acting as a third body in the reaction to
receive the excessive energy of the products and making them stable, although the
concentration of gas components in simulated natural gas is diluted when using air
instead of pure oxygen. The present results are in good agreement with previous
work reporting that using nitrogen as an additive gas provides a positive effect on
methane conversion by the excitation of the nitrogen molecule into a higher
vibrational level and meta-stable state [16].
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Figure 4.6 Effect of HCs/o. feed molar ratio on product selectivities of the
simulated C. - -containing natural gas reforming using feeds with pure oxygen (solid
lings) and air (dotted lines) added, and feed.in the absence of oxygen (feed flow rate,
125 cmVmin; applied voltage, 175 KV; frequency, 300 Hz; and" electrode gap
distance, ¢ mm).

Figure 4.6 shows the effect of the HCs,0. feed molar ratio on the
product selectivities. For both cases, i.e. pure oxygen and idvf the selectivities for
CzH. and C.H.o remarkably increased with increasing HCs,». molar ratio from 2/1
to 20/1, whereas the selectivities for H. and C.H. slightly decreased. Interestingly,
the CO selectivity abruptly decreased as the HCs,0. molar ratio increased. At a high
HCs. molar ratio, less availability of o active species is responsible for less
opportunity for dehydrogenation reactions (Equations 4.14-4.39) to produce H. and
small hydrocarbon molecules (C.H.), as well as CO formation via the reactions in
Equations 4.58-4.62. Conversely, the opportunity for coupling reactions to form
larger hydrocarbon molecules (C.H. and C.H.o) is more favorable at higher HCs, .
molar ratios (Equations 4.46-4.49, 4.56, and 4.57). This explanation is also
confirmed from the results of the increasing H./CO and C.H./C.H. molar ratios
together with decreasing H./C.H. molar ratio, as shown in Figure 4.7. AtaHCs.
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Figure 4.7 Effect of HCs/.. feed molar ratio on product molar ratios of the
simulated CCb-containing natural gas reforming using feeds with pure oxygen (solid
lings) and air (dotted lines) added, and feed in the absence of oxygen (feed flowrate,
125 cm/min; applied voltage, 175 KV; frequency, 300 Hz; and, electrode gap
distance, s mm).

feed molar ratio of 2/1 using either pure oxygen or air, the ratio of H./Co was
observed to be nearly -, corresponding to the theoreticd «  ichiometric ratio for the
partial oxidation of methane, which is the primary gas component in the simulated
natural gas feed. As also reported by Supat et al. [38], the H./CO ratio was found to
be 2.2 at a CH./O: ratio of .. for the partial oxidation of methane with air using
corona discharge. By increasing the HCS/C... ratio from 2/1 to 20/1, the H./CO ratio
increased to about 5 at the maximum HCs .- ratio of 20/1 since the CO formation
abruptly dropped (see Figure 4.6). As shown in Figure 4.6, the H. and C.H.
selectivities seem to be higher in the case of adding air throughout the  died range
0f HCs/0. ratios, while the higher CH. and CH.o selectivities can be clearly seen in
the case of adding pure oxygen at high HCs, .- ratios of above 7/1. However, the CO
selectivity in both cases was nearly the same. These results imply that a higher
probability of the dehydrogenation of hydrocarbons (Equations 4.14-4.39) is
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obtained in the case of adding air, but a higher probability of coupling reactions
(Equations 4.42-4.57) is preferentially obtained in the case of adding pure oxygen.
As confirmed by the product molar ratios in Figure 4.7, the H/C2Hzratio in the case
of adding air is lower than that when adding pure oxygen. Oppositely, however, the
H2C2Haratio when adding air was higher than when adding pure oxygen, suggesting
that the dehydrogenation of CHato C2H2 (Equations 4.21,4.22, 4.30, 4.31,4.36, and
4.37) in the case of adding air is much more favorable than in the case of adding
oxygen. This also resulted in the lower C2H4CHzratio when adding air.

with O,

W-s/molecule)

18 «

Energy consumption (x10
N

U 3L 41 5171101 151 00 Jlg
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Figure 4.8 Effect of HCsi02 feed molar ratio on energy consumption of the
simulated Co2-containing natural gas reforming using feeds with pure oxygen (solid
lings) and air (dotted lines) acded, and feed in the absence of oxygen (feed flow rate,
125 cmdmin; applied voltage, 175 kV; frequency, 300 Hz; and, electrode gap

distance, & mm) (EHx energy per H2 molecule produced; Ec: energy per reactant
molecule converted).

Figure 4.8 shows the energy consumption for converting reactants and
for producing hydrogen at different HCs/o2 feed molar ratios. At HCs/02 molar
ratios between 2/1 and 5/1, very low energy consumption was attained in both cases,
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L.e. using pure oxygen and air, and there was no significant difference in the energy
consumption in this range of molar ratios. Beyond a HCS/Cs2 molar ratio of 5/1, the
energy consumption increased sharply with further increasing HCsio2 molar ratio
from 51 to 20/1, particularly in the case of using pure oxygen, mainly due to the
decreases in both converted reactant and produced hydrogen. These results suggest
that the energy consumption in the plasma reforming of simulated natural gas with
partial oxidation can be significantly reduced by adding oxygen. Moreover, a
decreased tendency for coke deposition on the electrode surface and inner reactor
glass wall can be obtained at lower feed molar ratios (with a high O2 content).
Energy consumption was also experimentally found to be lower in the case of adding
air as compared to adding pure oxygen, especially in the HCs/o2 molar ratio range of
10/1-20/1. The present results suggest that the addition of oxygen in the form of air
can provide a reduction of both energy consumption and coke deposition.

45 Conclusions

In the AC gliding arc discharge system used in this study, both applied
voltage and input frequency were found to be very important electrical parameters,
affecting the stabilization of the gliding arc discharge phenomena and the plasma-
chemical activation of natural gas reforming. The effects of both applied voltage and
frequency significantly affected the reactant Conversions, product selectivities, and
product yields for the reforming 05f the simulated natural gas containing a high CO2
content, largely due to the alteration of electric field characteristics within the
discharge zone. A high applied voltage and a low input frequency are required to
attain high Hz2 and hydrocarbon yields. However, under an intensive current
condition in the reforming of natural gas, coke formation on the surface of the
electrodes appeared and caused a plasma disturbance in the gliding arc system. The
introduction of a small amount of oxygen to the simulated natural gas was found to
be a very effective means to minimize the carbon deposit on the electrode surface
and inner reactor wall, as well as to improve the performance of Co2-containing
natural gas reforming in terms of reactant conversion, product ield, product
selectivity, and energy consumption. Using air in the combined Co2-containing
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natural gas reforming with partial oxidation provides better process performance than
using pure oxygen because the nitrogen in the air enhances the plasma reforming
reactions.
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