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Catalytic Reduction of Nitric Oxide in Oxygen-Rich Exhaust with Methanol
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Abstract : Nitric oxide(NO) reduction by methanol was investigated over La,03 catalysts in the presence and absence
of oxygen. In the absence of O, CH30H reduced NO to both N, and N0, with selectivity to N, formation decreasing
from 81-88% at 623K to 47-71% at 723K. With 1.2% O, in the feed, the rates were 4-8 times higher, but the selectivity
to N, dropped from 50% at 623K to 9% at 723K. The specific activities with La,O3 for this reaction were higher than
those for other reductants; for example, at 773K with hydrogen a specific activity of 34 zmol NO/sec - m® was obtained
whereas that for methanol was 638 xmol NO/sec - m% The Arrhenius plots were linear under differential reaction
conditions, and the apparant activation energy was consistantly near 15 kcal/mol with CH3OH. Linear partial pressure
dependencies based on a power rate law were obtained and showed a near-zero order in CH3OH and a near-first order in
Ho.

Key words : Nitric oxide(24F3}44), NO reduction(NO £-¢1), M ethanol(#] ¥+-2), La,03(At3}ekelE), Excess
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Fig. 1 Arrhenius plots for (a8) NO disappearance, (b) N

formation and (c) N>O formation. Reaction con-
ditions: 1.8% NO, 0.6% CH3OH in He, P = 760 torr
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Table 1 Arrhenius runs for NO reduction by CHOH®

Run NO N, formation

N0 formation Selectivity to N2(%)

Ea Ea Activity(umol/sm®x10°%) Ea Activity(umol/sm®x10%) 623K 723K
(kcal/mol)  (kcal/mol) 623K 723K (kcal/mol) 623K 723K
1 13 9 49 183 21 6.6 74 88 71
2 15 12 31 82 20 7.0 93 81 47
3° 17 8 30 58 21 30.0 607 50 9
3 19 (-6) 28 15 28 10.0 596 74 2
a Reaction conditions: 1.8% NO, 0.6% CH3OH, balance He, Py = 760 torr.
b 0% O,in feed.
¢ 1.2% O, in feed, no correction for homogeneous reaction.
d 1.2% O, in feed, contribution from homogeneous substracted.
Table 2 Comparison of NO reduction over La,03(0% Oy)
Reductant Ea(kcal/mol) Activity at 773K (umol/sm*x10°)
NO N2 N,0 NO N2 N0
CH4* 19 19 - 3.5 1.7 -
H2 - 31 29 34.0 3.5 13.6
co® - 35 19 15.0 0.9 6.6
CH30H" 15 10 21 638 128 191
aTaken from [15]. Reaction conditions: 1.7% NO and 0.45% CH4or 1.7% H,or 1.7% CO in He.
b Reaction conditions: 1.8% NO and 0.6% CH3;OH in He.
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Fig. 2 Product formation during NO reduction by CH3;OH
over La,O3in the absence of O,. (a) N-based products:
(L) N2, (&) N,O, () NO conversion; (b) C-based
products: (<) CO, (L) CO, (O) HCHO, (M)
CH3;OH conversion. Reaction conditions; 1.8% NO,
0.6% CH3O0H inHe, P=760 torr



Catalytic Reduction of Nitric Oxide in Oxygen-Rich Exhaust with M ethanol over La,0; Catalysts

2ol NO<9 FAuk-gAlo] N0} A A4
Fig. 2(a) 2} 2(b) S Wl 3}e] B o] 23 3k
QA 77} ok NO 9| ZHARES Aol o 4=
U A 7] 49H-2-(Homogeneous Gas-Phase Reaction)
1235} 7] Yste] Wkg 7)o ErE A X Lo
glol A H1u-3-7] 4 & (Blank Test)S 3+ Th. Fig. 3
ol Al & 4= &= uhebdo] AbAaTE EA SR &=
-0 = 673K ool A= LA 7173 8kgeI N0 9
ShARk-g-ol] A2 ohnte] & 4 $1aL La,057FNO
o] FAu-golA HCHO 9 TS A3t 2

= & = Ay

o}

e rﬂlo i,

&
o
KN
=
3

S

T AT E Aol ostH 4k
3} Fig. 40l YR B}z

o o} ¥l o] Ak} &
L] — — — Firm
am it
|- |
i - - . ) Y
. - i
b - . i
I | o T3
[T ) -, r 1S
i o
PN i
éu [t [
- Ll e b =
L & o o [ ]
LT ¥ — - Lotas
|
i
| ™
20— —_— - —_—ee— R
B &a 1 E a8
TerrwatsiLl
i . B
L LR =
B .\,

axd i
4 s
e
16 é
-] L1 L]
e e D P ]

(b)
Fig. 3 NO reduction by CH3OH in the absence of O, in empty
reactors. (a) N-based products: (L) N2, (&) N0, (I
NO conversion; (b) C-based products: (<) CO, (L))
CO, (O) HCHO, (IMCH;OH conversion. Reaction
conditions: 1.8% NO, 0.6% CH3;OH in He, P=760
torr

YA 7174 -go] Tas 9&e

< & 5 Atk FUHA Aol ATk Aol B
E 2= 9dA vege] Mskgo] A g2t
= Aot AFA7t EA 8 A 9ol = 573K o] A&
NM = mehgo] M3l&o] 40% ) o]=2r B o
methyl nitrite”} A3 H T} o] HH-&-& A2 =
dold 4= A=HINO, 0, 2 CH0H 7} A& A 2
YA 713422 A O A methyl nitriteS A4 A

rl

o

i

2 % ATk Koda 592 N,0,7F methyl nitrite =
FA sk ot dokar Al Fst T
+ 0, > 2 NO; @
2 NO; — N2O4 (5)
11 = - B
i I L
[ o — ol -} Lo
g o R ) L 5
H ea "“x- - = "-\.x ____.':'. .-hE
E 1t L ,.-"' R &
T =, - " B
;u!._" " e [ :
[ :'lT 4 s ;:
a2 1 T ':1'\1 =
:'I ..;——"_'_'_F'_-n
L 3 w
aa | - ., L,  Im
530 177} anm g ama

2 e
[-]
;B
| o
£
|l.=.. i:
| ow [
5 ,i5E
| ==
|
Fy 4 R
n s E 2 [ S } =
o e — e —
W ] 4T an 20

(b)
Fig. 4 NO reduction by CH3sOH in the presence of O, in
empty reactors. (a) N-based products: ([J) N2, (&)
N,O, (I NO conversion; (b) C-based products: (<)
CO, ([J)) COz (©) HCHO, (x) methyl nitrite, ()
CH3OH conversion. Reaction conditions: 1.8% NO,
0.6% CH3OH in He, P=760 torr

Transactions of the Korean Society of Automotive Engineers, Vol. 13, No. 2, 2005 139



N
&
3
3

N20s + CH3OH — CH30ONO + HNO3 (6)

Methyl nitritex= 673K ©] 4] 2 =7b2] A=l
Fo] TAEH N,9F N0 A2 Asl &
T Atk

Fig. 591 NO, CH;0H 2 0,AF0] &) BF-g-ol| A La,0,
o TS ZAISHATE FAA 7]7duE-Eo] st
Al Lo tar 673K o] stol| A = o] ¥h-g-oll Zuj7t F
23 A& sk £33k 700K ©] 3ol A= methyl
nitrite7} @o ool FAHL & 5= 9y 1t
673K o] ol A= La,03= NO 2 Hsh&S F71A
7|2, HCHO 2] A& A ASIH =& &2 C0E
AN E 1T T AATE Fig. 60l ¥H-g-EH =

ol

KN
[
=

i Y st i

EEEEEEREER

1 -,
: i
Ly . | .
in . -
b e oA 3 b - e s - . kL |
Tempmrahan T]
(b

Fig. 5 NO reduction by CH3OH over La;03 in the presence of
0. (a) N-based products: (L) N2, (&) N,O, () NO
conversion; (b) C-hased products: (<) CO, ([J) COy,
(O) HCHO, (x) methyl nitrite, (IM) CH3OH
conversion. Reaction conditions: 1.8% NO, 0.6%
CH30H in He, Py= 760 torr

140 sizx=xizsts/=2% M13A 25, 2005

M

e

SE<R
1 — m— il ¢
! In | ihi
i |
'] E
) i
-}
{oin| i 1
% F : | -
£ ! 4
: ety i q.i!
1 gl:' 1 L.
: 8 I —
i ] i }] i
M o (6 0 Prey [Torm) Wi o 85 Prejaas [Tos
Ll — i -
1 el 1 i}
F | F |
] ! |
? i g [
P oiof [ T owl — _|lr |
4 S—_— a
E o —w il E 4
i A : :
4 A 1 A
al = Ll =
i H 1 i 1] L2

0 o CH0H Feymars [Tt D) o CH0% Prenmers [Toed

Fig. 6 Determination of reaction orders on NO and CH3;OH
partial pressures: (a) 723, (b) 748, (c) 773, and 798K.
Solid lines and points represent CH;OH and dashed
lines and open symbols represent NO

A AP & ol fatel T WLE Pl ua
S WAL RE CHOH of i Wt

o 7178 Gholsl Kool Tl 88 At 71 1°ﬂ
e FYE L 5 Qo Table 3o L= wE
WS A48 fokatel Eole,

Table 3 Reaction order for NO reduction with CHzOH(0% O,)

Temperature Reaction order
(K) (CH30H) (NO)
NO disappearance 723 -0.1 0.9
748 -0.1 0.7
773 -0.1 1.0
798 -0.1 1.0
4 4 E

2b7F EAEA] S wjef EAT wjol| La,0,
Zwj|/doll Al CH;0H & ©] 83 N0 2] Sl of tf3to
2 Bkt Abavt EAEHA] &g A F-olE N,
Agol tigk G2 o2 AR CHy, H, E CO
S AT Aeng AR F8 4 5 Ik 2y
CH30H = CH,oll Bl3ke] NoIN,0 2] Hlof thgh vk

ml
4>



HEIZZ SRIXZ AL8sh= nfelaita B27]o|M La,0; Z0iE 0|85t N0 2|

MY EE Yelf o] o] & F7IA 7= A7) Z
Sl H, 2 COSF Ml dheE 9ol = vl
Ho] FRATh N0 2] F-dik-g-ol A CH;0H ol
A 5ol 4 2] = 15 keal/mol & JERA L 3L CH
A NOol| & vh-&-2k= ZH2F-0.1 R 1.0
AATH A&7} 2T 7 ol =N0 Q) St
300K ol A CH30H 7} 30% ©] 7+ methyl nitrite &
St TAA 717300l of3fe] w9 E33)
& 4 ATk o] H T W32 623K ]Sl A T
WA o] 2o A& AP AL 4kt ot A E
?1 CO, B H,07F A= At 53] 623-823K <l A
ENOSIN2 BIN,0 2] 82 4hAar} EA3HA|
%S HET o}F 2 s Hof FUT Wk
of 2Jgk N0 9] Y-S ThE Fufjof v
e 2Tl 43 24 JehY
?:51_ [e)

)
% o fo

0

w
T

U

e o et rlo o

e A o

™ ofel) =G U T

References

1) M. Shelef, “Selective Catalytic Reduction of
NOx with N-free Reductants,” Chem. Rev.,
Vol.95, p.209, 1995.

2) K. C. Taylor and J. C. Schlatter, “Selective
Reduction of Nitric Oxide over Noble M etals,”
J. Catal., Vol.63, p.53, 1980.

3) K. C. Taylor, “Automobile Catalytic Convert-
ters,” Catal. Rev. Sci. Eng., Vol.35, p.457,
1993.

4) K. Masuda, K. Tsujimura, K. Shinoda and T.
Kato, “Silver-Promoted Catalysts for Removal
of Nitrogen Oxides from Emission of Diesel
Engines,” Appl. Catal. B, Vol.8, p.33, 1996.

5) M.lwamoto, H. Furakawa, Y. Mine, F. Ue-
mura, S. Mikuyira and S. Kagawa, J. Chem.

10)

11)

12)

13)

14)

15)

16)

2ol

oct
e

ol

ot

Soc. Chem. Commun., p.1272. 1986.

J.N. Armor, “Environmental Catalysts,” Appl.
Catal. B, Vol.1, p.221, 1992.

F. J. Jenssen, Handbook of Heterogeneous
Catalysis, Wiley-VCH, FRG, 1997.

K. C. C. Kharas, H. J. Robota and D. J. Liu,
“Deactivation in Cu-ZSM-5 Lean-Burn Cata-
lysts,” Appl. Catal.B, Vol.2, p.225, 1993.
H.Hamada, Y. Kintaichi, M. Sadaki, T. I[to and
T. Yoshinari, “High Efficiency of Alumina and
H-Zeolite Catalysts for Selective Reduction of
Nitrogen Monoxide by Methanol in the
Presence of Oxygen and W ater Vapor,” Appl.
Catal.A, Vol.88,p.L 1, 1992

T. Yamamoto, A. Noda, T. Sakamoto and Y,
Sato, Soc. Aotumot. Eng., Soec. Publ,
Vol.1140,p.113, 1996.

M. Tabata, H. Tsuchida, K. Miyamoto, T.
Yoshinari, H. Yamazaki, H. Hamada, Y.
Kintaichi, M. Sasaki and T. Ito, “Reduction of
NOx in Diesel Exhaust with M ethanol over
Alumina Catalysts,” Appl. Catal.B, Vol.6,
p.169, 1995,

S. G. Masters and D. Chadwick, “Selective
Catalytic Reduction of Nitric Oxide from
Stationary Diesel Sources by M ethanol over
Promoted Alumina Catalysts,” Catal. Today,
Vol.42,p.137, 1998,

M. Tabata, H. Hamada, F. Suganuma, Y.
Y oshinari, H. Tsuchida, Y. Kintachi, M . Sasaki
and T. Ito, Catal. Lett., Vol.25, p.55, 1994,

S.J. Huang, A. B. Waltersand M. A. Vannice,
“NO Reduction with H, or CO over La,03 and
Sr-Promoted La,03," J. Catal., Vol.173, p.229,
1998.

S. H. Kim and J.-K. Park, “Catalytic Removal
of Nitric Oxide in Oxygen-Rich Exhaust with
M ethane over Metal lon-Exchanged Zeolites,”
Transactions of KSAE, Vol.10, p.32, 2002.
S.Koda, K. Yoshikawa, J. Okada and K. Akita,
“Reaction Kinetics of Nitrogen Dioxide with
M ethanol in the Gas Phase," Environ. Sci.
Technol., Vol.19, p.262, 1985.

Transactions of the Korean Society of Automotive Engineers, Vol. 13, No. 2, 2005 141



