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Effects of CO, and O, Addition on Methane Dry Reforming Using

Arc-Jet Plasma Reactor
N. K. Hwang, M. S. Cha, and Y.-H. Song.

ABSTRACT

The reaction mechanism of methane dry reforming has been investigated using an
arc-jet reactor. The effects of input power, CO2/CH,; and added O were investigated by
product analysis, including CO, Hg, CeHy and CsHy as well as CHy and COg. In the

process, input electrical power

activated the

reactions between CHs and COq:

significantly. The increased feed ratio of the CO2 to CHy in the dry reforming does not
affect to the CH4 conversion. but we could observe increase in CO selectivity together
with decreasing H> generation. Added oxygen can also increase not only CO selectivity
but also CHs conversion. However, hydrogen selectivity was decreased significantly due

to a increased H2O formation.

Key Words : Dry reforming, Plasma, Arc-jet, Methane, Carbon dioxide.
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Steam reforming : CHs + H,O — 3H; + CO
(AH = 229 kJ/mol) (1-1)
Partial oxidation : CHs + 1/20, — 2H, + CO
(AH= - 38 kJ/mol) (1-2)
Dry reforming : CHs + CO; — 2H; + 2CO
(AH = 247 kJ/mol) (1-3)
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Fig. 2. Calulated conversion of CHs, CO2 and
selectivity of species with temperature.

Fig. 3. Calculated selectivity of CyHy and
CsHy with temperature.
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—¥— CHy == GCHg
= CH, —eo— CgH

10 0.25

| Qu.=201Ipm, CHy=2 lpm

. CO,/CH, =1

= »
S o
= [
= 4020 9
~ <
(@] =
= 6 0.15 E
I, - — 0. =3
O N Je
S 4} Ho10 T
2 p

= O
5 2+ 40.05 “T
2 =]

< —_
o) =

| | | | | | 0.00
500 600 700 800 900 1000

Power of Arc string [W]

Fig. 5. The selectivity of the CoHy and CsHvy
with supplied power.

o) Aol 20 pmAw, ALE 05 - 1
KW 2 ZFedth %, Zehzv g7} v
olxm, B¢ A o3 AUAL FY BT
of FsA AgHty AT W, T EF}
2o mQz Eepxvh FAAHS 15, 500
W o W Efhacl SEwEE o 1000 K A4
wolr, 1 kW o Z$olE 2000 K A% A
A Hm=, o AgituEs dPeUe 24

&3

A2 = Fig. 4, 5 ¢ #Zeo], 05 kW 4
of g COo, o d&ad 247 26
% oo™, Hy ¢ CO o A¥xs= 796 °o <t
692 % = AAsHA At Aol wja A Er"tl

4
A ou] wad e AR} AHEe] 5
G2 ol B ACAE KW = AR



-3} o] w sapF o ® WAy = CHs CHs,

50 FU7 - A0 - 5AE
W e co, o AREe wAAge] F7)

Ao Ele =7 Asks Qo1} B —&- CHcov. —o- H
of &3t ) }; O?_E YER R “:]’, 00074] B COCON. —g— CO -4 G
sl Asho} WAL A et Ag o
e, ol ERVNAL £EIL HobdFE,  § 10000/ 0k=1, Cli=zim G ES)
AA Eehze wgo)h dede] opymz o g Pl 1 &
2o o o] wold AAew sAseur. O X 1® =
ols} A, TFAYF] F7tl= CO 9 Hp 9 5 el lo €
MeERE 2 WELE wolq @i olzRE, F o | " 2
o “«—o o —o—0—0
onl Ay zhdA Weewe T CO o 2 af 1o 3
CHy ¢ #aiur&o gAstE doy|Ant, o] 5 iz e, = = w1 g
T, Qs §Y WSsAe eEd A F A — . 1% g
PFS WA FE 2dd UAS5S AT F U S o . . . . i P
]:],. 1.0 12 14 16 1.8 20

3t CoHy & W53 CoHy, CHy 9 A9, 4 CO,/CH,
o kol qu AHoR we AEEE B
ofa gl=dl, ol & gate] Zeh=wk WSl Fig. 6. The conversion of CHs CO. and

E F1 5 o = 2= 0B L . .
H ghejzop vigbao] wbgol ofgh &aast Wb gglectivity of the species with COz / CHs
[e] .
s o ] CH  ratio.

<

=9 A5 Al 9 CHy, CHy 2
A AU Fe] Boh @43 ® o dAukdEc

3.2 CO2 / CHq

A2MAANA COy & 2(3-3) o e g3}
kg2 3 o] F2 dEE (5L HAd 93
2af)oll ¢ate] CO 9 O 2 Eg A At 01
Wl CO, 29 AAFgHt w2 ¥kgQl weke] #
Ao O grzdo] AREHo CHOE AAA
I FARHeR FAE TANIA HY, QA
3 #AS e CO 7F ARAEoR FA dr

)

o

)

CO; — CO + O (3-3)
 AfeA = CO, o FE uke
st7] $1a CO: / CHy & ]l
AR COz0 THFE ©
| dojupr] A3 CO. / CHy
ekl Fa H oA gl

=
N
)

o Jomy — I A E T

1o kX o gt Y > oo T\

LN =]
oo 9 o i

o

== Co, =2HH aeld O @
F 5= ekl CO. / CHy = 2 Q1

o O

24 o sy 2 X o
Me o jo 2o o
-z
i)

o
4t
> @, ol
B’J.u
[o
o 8
=2
=2
(e
1o
:(o
0$i
rlo
Do
g
3

g
N
M
9,

o m

. 6
m &3 COs <] de&%% Z Aol o
ol "3, CO 9 %
Atk ol& 27}31 ﬁlﬂ CO. 7
Huzs AAAZIA HH, A4 O &
gl Faf el sk T8

)
°
&'1-4

r1r
1y
X
S olN
N
%

o

oS

fo o
= O
oot 2 Ty

M o
oy

—7— CHg —e— CiH
= CH, —©— GHg

10 0.20

—_ _ n
5 | Pn=1kW i ®

o gl.CO: CHy=1, CH=2lpm @
I | =3

X 015 2
O I =

<t i <
T 6f =4
S | —-0.10 0
S a4t ]
2 | E i
2 s o T Jdoos »
o 2F T
Q J ©
° L —
2 0 1 1 1 1 1 1 0.00 ‘2\0‘

10 12 14 16 18 20

CO,/CH,

Fig. 7. The selectivity of the CoHy and CsHvy
with CO2 / CHj4 ratio.

e 7ol X9 AR Roin

wetA CO o F7kek A, 3 AP E7E
o AjtHgor APHE CHy & 4% 2o
2 FgadEy o] Fig. 6 3} Fig. 7 oA H5o]
CoHy ¢ CsHs & AE%=7F COp o #H7bell uhe}
FoEH, T wE CO 9 de=rl dA3] &
FE ATREEE o F Uk v E 2o E
CHs ¢ CiHs 2HH AAd a9 dee =
g F7tE Aoz 7y HAA|RE o] A=
FAR AZHE AREU HO0 = Ay 4
27 A% Aoz AdAy yEwon, o]
wEl e MEEE o Aads d & 9

o,

rir

i



olAAE Fet=utE o] &3 WA gl X CO8t 0 H7He] 4 51

3.3 O, / Dry reforming o Chconv. o H,
-m QO,conv. —4— CO —— GCH
AAALNA €O, o #z AHE O )
Zro] WS Ao M A QS mA F 9= & 100 W2/ CH4=1, CHy=2Ipm 100 ¢,
A2 g AL Fadd weh 0 Fud o [ = 12
o Az ARoE 0, o F7b FFEL ;s % 1° =
Ak olE 3 APelNE W ousEr F g lo 3
o AojFS CHy 3 COp o W7k 111 & 2de 5 L | _—
2 nAsm, FhR ke FJFS z-ske] g af {o 3
0/CO; HIE 0 - 0.8 744 WakAA 74 48 2 | "o ——w—=—a | ¢
s o w0, o F7F Tl wet FEA= oz ¥ RS
o dgaol WA HEm AA ¥tz S [, b ] T
dgs AR A 8t YA ulE A N, 00 02 04 06 08
o e zddnt o8 T3 §U Te= /€0
o BQdEe] e Egvlae exe gd A
d=7 %%13}3}1 g Utk Fig. 8. The conversion of CHs CO2 and
E el wol wE APdAAE=, Fig. 8 9 selectivity of the species with O, / CO» ratio.
Fig. 9 ol EPP vkl 2ot Oy o F7HAERl F
woll whef, vigke] dg&S 485 % A 665
% 7k F7HAZ S A, o] W CO, ¢ A G e ok
&2 7o) 33 % oA 28 % FEoz Wolxl s B G T SR
olF A9 WA FS As =& & Urh =F T | CO/CHi=1, Gy=2lpm | @
CO o MeEEt 4as A7 GE AE 0 p g BT {08 T
% FFAA 0y CO» = 04 9 ASel= 95 % & e o e 1 §
A FAhEE ¢ S itk oM, O & A4 T s — 106 3
@& & 9 CO, ¢ CHy d@kgel zhzte] go] O 1 o
0y COp = 04 744 7e] Watsa oke Aor 5 2f 1 F
Mol wwetw, CO o dEms AdE e F g 1, ©
sbzse] Aobel Wt F7he CH o Aggel 7] 8 <;><f\i—¢:.\,i_—>j x
918 Zlo] ehel, F7bH<el O bl 23} CH, & [ . e —s=rs Joo

I Lo

Eaukgol A AAE CxHy ¥ Azhdkgo] 0.0 02 04 0.6 08
A CxHy & AE3IE AAAAM(HE & 0,/CO,

Fi 9] CoHs) F7F= CO 9o AAlo] &g

:jl . L}ELL ﬁﬂi A o= <ls, OCH;; Fig. 9. The selectivity of the CoHy and CsHvy
5 o an aﬂ] E]—T’— Lq’ﬂ'ﬁ CHX 77]1—"/]*] =2 with 02 / C02 ratio.

Fabg-o] AHEQD CxHy (2] 3-3, 2] 3-4)2 A

How o wrEoAA HEBER CH, & ¥

FR g 40 % Ak o AHEYH 0, o F7t
CiHy of AF= Fig. 8 Fig. 9 o 20 42 zg00 wa Asse F5HAAW, Fie
g Ao Uehdth SAC, Hy = HEsH & g6 gasigdonz 0, 2 271 R A
#9 0 suzd Agsted we AfEe AA o) co, g 3o ¥RE ASRD F2 S8 2
Hom o gol %01‘%74] Hu, oldl WE mo g wpg A wEol ojde o = 9t o
Hy dfj=c gad 5102 dadd. b Abae] A ARl odhe] H& WA
A, AAALAA FAHR]D 001 FHF gy amEn 20 ®= O, OH oz A8
st wE @‘é@i}ﬂ F7HARD CO8l 5% ) gug ojabslelad Ao A O #uz
o] Wl wE AdANel Fig 8 9% Fig. 6, 72 o] gz AAdE= Ay vwse] o7 9o
Aol 25 CO/CHy HIZF 191 232 7120 o o1 o)9} 7re] 2k 2 ojalglgtas 327}
2L 4 O BE CO & HA ZT7HAZ A 2 Zasle] WA= ﬂ.q;ﬂ-/] kS nwy|Eo
golun g, M2 Hlart oju=AE Thsdth A o osgw Co/CH = 18 9 Zﬂ% 0,/CO; -
el A%, 0/C0 - 08 A ZHAME 34 % 40 399} 1Lo}°%°1t Bge 5w glon o
ofliL, F7hE FHF O o 22 FF CO: pog) 2xo 2go] 39% =% 1011\1 CO»/CH,
7F EE 2491 COYCHy = 1.8 olM= 49 - g o Aol 9 Fo|7} 91oS oF & 9r)

=



P

[o)]
o
Ol

_ rs
AN - FIE

g, g AAe 28-S uYeA FHH=
Foot dabstetaw oozl Atz 7+
ety e 98E ARSEo A F glen,

A<l o7} Fischer-Tropsh(F-T) &4 &
colEd 23 g T A= Hy/CO
23 QAT HY, d3bS gstea
et F-T sAodA= Fdstas she
Aol webA HyCOol W97 2 - 3 A&7} 5
A g =g dgs 9 odege S 9
ol ol&Ael Egm7t dast
A5 st =AE S
= 12l "l &o] Hast

| o 2 ARl AdR Ao A TEAe

CO»/CHy = 1 ¥, Fig. 8 oA 0/CO; = 0
A A =9l HyCO vl &= 0.72 ©lgler, CO; ¢
THFs 72 COY/CHy = 18 ¢
H»CO = 055, OyCHs; = 08 ¢l
Hy/CO = 041 vrERRLL)

o] G2 RY AAH F7tAE &85t
Aoz t& FIELAS Fdste BT
Hy/CO > 191 x=4u]7F Hads o]
A@ o] F7HAQ CO; Y O 9

r
_IE 1
ol
n
o
i)
&
julss
il
o
a
s
o
%0,
S

4. 2 B

olAANE Zgp=ul WSS o] &3 AXNZ
oA FolyAe &gyl LS %, &8
A MEAFAE ol&etr] S8, e 1A 25
e dolr7] 9% AFgS FYslT) o] E 9
g, Hkgeo Fo  HIAA FFAYHH
COy/CHy 4], Z18]al AAMAFTAN F7t=2 F
FHAZ Or 7} Wgol WA= FEFS A
o, D2REH Yy e HES =E2T &

AT

(D) ARARANA FgAFS FAAe] w
g WE CO, o AFHES FHAD F AN

&2
o, o] A%}E 2o wE dE§ o

dejetael AdAd wus 23

ol g A Wol T A o] Wl ¥
e S UEIL #A8 & 9 @9, F
QA el FANE CO o Hy o d¥ms 2
WElE Wold eghidl, oRE Folzl L%
Wal w7le] fa, QWSS G4 W 713
of 2 Gue FA 2= WAL AbsAel gon
2, 0e Wee 2EgY % ey ddE
Aol AP BE HAelo] Way Aow pod
o

(2) CO/CH; wlel Was Ba A4
CO, &

w2 A e o] wkgrldel A
A 9Fs & + 9= A

A 7 ik oleh Ze Avk= AA7 A
FrHHem FHE 09
Auell = vhAl Fd = Al

(3) 3, A7 CO/CHy HI7F 1
oREY FR FHF /A7 COp ?
O 1 -9 B89 F47t=e F&5
owA, F7tR FHee CO B 0 9
Foll olsf ks A= COM: M7t 5%
= 244 5 9v 7heAdE dletdl

4) 18 CO; B Oy o F7h2 flate] A4
O R AistEne] gl Faef F&d v
HowEdAl golx= 54 wAshy] waw
Hy/CO Hl= A4 #epx= Aas 42 5 3

o}

7

ot

HESA ALY

ik}

i

o
r

[1] M Okumoto, S Rajanikanth, S Katsura, and
A Mizuno., " Nonthermal plasma approach in
direct methanol synthesis fromCH4 ", IEEE
Trans. Ind. Appl, Vol. 34, No.5, 1998, pp.
940-944.

[2] S. L. Suib and R. P. Zerger, "A direct,
continuous, low-power catalytic conversion of
methane to higher hydrocarbons via microwave
plasmas”, J. Catal, Vol139, No.2, 1993,
pp.383-391.

[3] C. Liu, LL. Lobban, R.G. Mallinson and
Liu, C.; 1998, "Experimental investigations on
the interaction between plasmas and catalyst



JAAE FehzrE o g7 MeA)

d Wrgol A COx9t O H7he] 3 53

for plasma catalytic methane conversion over
zeolites ” Studies in surface & catal., Vol.119,
1998, pp.361-364.

[4] H. lesueur, A. czernichowski, and J.
chapelle, "Electrically assisted partial oxidation
of methane” Int. J. of hydrogen E., Vol.19,
1994, pp.139-144.

[5] D. W. Larkin, T. A. Caldwell, L. L.
Lobban, and Richard G. Mallinson, "Oxygen
Pathways and Carbon Dioxide Utilization in
Methane  Partial Oxidation in  Ambient
Temperature Electric  Discharges”, Energy
Fuels , Vol. 12, No. 4, 1998, pp. 740-744.

[6] A. E. Lutz , R. W. Bradshaw , L.
Bromberg and A. Rabinovich,
"Thermodynamic analysis of hydrogen
production by partial oxidation reforming”, Int.
J. Hydrogen E., Vol.29, 2003, pp.809-816.

[7] L. Bromberg, D. R. Cohna, A. Rabinovicha
and N. Alexeevb, "Plasma catalytic reforming
of methane”, Int. J. of Hydrogen E. Vol.24,
1999, pp. 1131-1137.

[8] D.-G. Chenga, X. Zhua, Y. Bena, F. Hea,
L. Cuib and C-J. Liu, "Carbon dioxide
reforming of methane over Ni/AlOs; treated
with glow discharge plasma”, Catalysis Today,
Vol.115, No.1, 2006, pp.205-210.

9] S. L. Yao, F. Ouyang, A. Nakayama, E.
Suzuki, M. Okumoto, and A. Mizuno,
"Oxidative Coupling and Reforming of Methane
with Carbon Dioxide Using a High-Frequency
Pulsed Plasma”, Energy Fuels, Vol. 14, No. 4,
2000, pp. 910-914.

[10] J. Guo, H. Lou, H. Zhao, D. Chai, X.
Zheng, "Dry reforming of methane over nickel
catalysts supported on magnesium aluminate
spinels” |, Applied Catalysis, Vol. 273, 2004, pp.
75 - 82.

[11] Y. Li, Y. Wang, X. Zhang, and Z. Mi,
"Thermodynamic analysis of autothermal steam
and COy reforming of methane”, Int. J.
Hydrogen E., Vol.33, 2008, pp.2507-2514.

[12] V. R. Choudhary and K. C. Mondal, "CO2
reforming of methane combined with steam
reforming or partial oxidation of methane to
syngas over NdCoOs perovskite-type mixed
metal-oxide catalyst”, Applied Energy, Vol.83,
2006, pp. 1024-1032.

[13] A. Huang, G. Xia, J. Wang, S. L. Suib, Y.
Hayashi, and H. Matsunoto, "CO: reforming of
CHy by atmospheric pressure ac discharge

plasmas”, Journal of catalysis, Vol. 189, 2000,
pp.349-359.

[14] X. S. Li, A. M. Zhu, K. J. Wang, Y. Xu,
and Z. M. Song, "Methane conversion to Ca
hydrocarbons and hydrogen in atmospheric
non-thermal plasmas generated by different
electric discharge techniques”, Catalysis Today,
Vol.98, No.4, 2004, pp.617-624.

[15] X. Zhang, B. Dai, A. Zhu, W. Gong, and
C. Liu, "The simultaneous activation of
methane and carbon dioxide to C2
hydrocarbons under pulse corona plasma over
LaxOs/~v-AlOs catalyst”, Catalysis Today, vol.
72, 2002, pp. 223-227.

[16] T. Oberreuther, C. Wolff, and A. Behr,
"Volumetric plasma chemistry with carbon
dioxide in an atmospheric pressure plasma
using a technical scale reactor”, IEEE Trans.,
Vol.31, No. 1, 2003, pp. 74-78.

[17] 1. Istadi and N.A.S. Amin, "Co-generation
of synthesis gas and Cs. hydrocarbons from
methane and carbon dioxide in a hybrid
catalytic—plasma reactor A review”, Fuel,
Vol. 85, 2006, pp.577-592.



