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Abstract

De-NQ, catalysts for the emission from lean-burn engines must reduce NO, to N, in the presence
of a large excess of O, and H,O. In view of the high space velocity such catalysts must be very
active. They must also be highly selective, since the reductant should react specifically with the
nitrogen oxides rather than with oxygen which is present at much higher concentration. As the
emissions contain much H,0, the performance of the catalysts should not be impeded by H,O.

Catalysts which meet these criteria are Fe/MF], Co/MFI and Pd/MF], where MFI is the zeolite
which 1s ofien called ZSM-5 by its commercial trade name. The lecture focuses on Fe/MFI.
When prepared by traditional ion exchange from aqueous solution, the performance of Fe/MFI is
very poor. Excellent catalysts are prepared, however, by a technique based on the interaction of
FeCl; vapor with the H-form of the zeolite. This technique leads to a much higher Fe loading
than wet ion exchange, without favoring the formation of oxide clusters, which are known to
catalyze the undesired combustion of the reductant with oxygen. Modern characterization
techniques show that dinuclear [HO-Fe-O-Fe-OH]* ions are crucial sites. Studies of the reaction
mechanism show that NO reduction with hydrocarbons includes three major steps:

(1) NO 15 oxidized to adsorbed nitro groups and nitrate ions,
(2) Reaction of these adsorbates with reductant molecules leads to amine-like structures,
(3) Adsorbed amines react with gas phase NO, molecules forming N,.

With ammonia as the reductant, the reaction mechanism is basically the analogue of step 3. The
NOx reduction rate is much higher with ammeonia than with hydrocarbons, because steps (1) and
(2) are short-cut. Ammonia intercepts the oxidation product of NO already in the state of N,O,
so that the consumption ratio of NH;/NO becomes 1/1.

Co/MF1, and Pd/MFT, unlike Fe/MFT or Cu/MF]I, show a remarkable De-NO, performance with
methane as the reductant, presumably because methane is activated by Pd® or Co®




SCR of NO over
ZSM-5 Catalysts
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Experimental

NO = 1000 ppm, C,H, = 250 ppm, O, =2 %
Weight = 0.5 g, Flow Rate = 150 ¢c/min



Conversion of NO to N, (%)
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Preparation of Fe/MFI with Fe/Al =1
by “sublimation method”

FeCl; vapor + H*/yp; = [FeCL ]y + HCL 1
[FeCL]"/yger + 2H,0 — [Fe(OH), |/ vy + 2HCI



N, yield (%)
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SCR of NO with iso-C H10 over Fe/zeolite catalysts

Catalyst 0.20g (- SRR o),
NO 0.2%, iso-C H, o 2% 0, 3%, GHSV 42,000h'1

Temp. 300°C, TOS 30 min
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iso-butane to CO or CO, conversion (%)
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NO, reduction with iso-C ,H,, over Fe/MFI catalyst prepared by sublimation
Feed: NO: 0.1%; iso-C Hy, : 0.1%; O,: 2.0%; GHSV = 3.6—*—}95”}(1‘1‘
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NO, reduction with NH, over Fe/MFI catalyst prepared by sublimation
Feed: NO: 0.1%; NH;: 0.1%; O,: 2.0%; GHSV = 3.6%105-h"!

/5'»§ X ;’0(;,/:/

-



15014
o NN 332 Ty
14 W)
_| 0 N
E 0.5 2
14
A
z 0
145 (15
v
3 NNO |
N 0.4 - <
© &
: .
E S
=~ 03+
= O
0 0
C
) 0
c
= 0.2 ©
© o
c
oy
b o
Qo o
= 0.1
e
©
i
o
AR AR YT T Py T L (T AT i
it e oy i s S
M)

TS INYTEIVIIVIPIVITIPTSTITPINY IR Y INIITIUI Vo IV p PRV STy s S PRI I IS TR BT TR TV SvINRINNT S Sy W LAV S SV

’]fllllllllIIIII]III]II|IIIIlllllllilllllllllllllll

0 10 20 30 40 50 60 70 80 90 100
Re-circulating time (min)

0.0

Reaction of ['SN,0, < ’NO + I5NO,] over Fe/MFI,
covered with adsorbed “NH, at 300 K



Reaction of N,O; (gas) with adsorbed NH,

"N,0; . 12"NH; 4 =>24NBN + 3H,0

3, gas

Result: 4NISN: 100%
BN,: 0%

Considering oxidation states, this means:

N¥ + N¥* ==> N,



Reduction of NO, to N, with ammonia
over three catalysts under identical conditions

\ Catal. | Cu/MFI Fe/MFT (wet | Fe/MFI
Temp. \ ion exch.) (sublim)
200°C | e e 30%
250°C 5% 9% 48%
300°C 20% 27% 80%

Conditions:

Gas composition: 0.1% NO, 2.0% O,, 0.1%NH; He to 1 bar

Space velocity: 360,000 h™'
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Effect of reaction temperature on the selective catalytic reduction
of NO over Fe/ZSM-5(Subl.) in the absence of H-O

NO 0.2%; -C4H1q 0.2%; O 3%: GHSV 42,000h™"

® NOtoN, -C,H,t0CO, A [.C4H10t0 CO
v CH,, @ effectiveness factor




Conversion (%)
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Effect of reaction temperature on the selective catalytic reduction
of NO over La-promoted Fe/ZSM-5(subl.) in the presence of H>O

NO 0.2%; -C4H1g 0.2%; Oy 3%; H,0 20%; GHSV 42,000h""
® NOto N, % iC,H,, to Co, A  i.C4H10to CO
¥ 1-C4H10 ®  cffectiveness factor

Powder catalyst, h/d=2*10°
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N, yield (%)
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Binuclear, oxygen-bridged Fe site
[HO-Fe’*-O-Fe3*-OH|**

Follows from:

)  loading: Fe/Al <1/

lattice

) IPR: I, J/Fe=1/1; CO /}* = 1/2

(,Ol]b COI1IS
) ESR: antiferromagnetic coupling

) EXAFS (Res. Groups of Prins, Zirich

and Koningsberger, Utrecht)




CO TPR of Fe/ZSM-5:
a) calcined
b) calcined and heated in flowing He to

600°C
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Thermal Stability of NO,
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FTIR spectra of NO, on Fe/ZSM-5 at 200°C
under a flow of 0.5% NO + 3% O, + He
after exposure for 30min and purging with 3%0, + He




Relative signal intensity (normalized by Ar®*)
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- MS signal intensity upon circuiating 10torr *NO + 80torr 0,
+10torr Ar over Fe/ZSM-5 covered with C H O,"°N deposit
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Formation of diazonium salt

from amine with NO,:

R-NH, + 2NO,

- [R=N=NJ"[NO,] + H,O

Decomposition of diazonium salt and hydride

transfer from iso-C,:

[R=N=N]"[NO;] + (CH,),CH =

N, + (CH,),C'[NO;] + RH
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Conclusions

1. Active and Selective Fe/MFI Catalysts with
Fe/Al = 1/1 can be prepared by Sublimation.

2. With iso-C, as reductant and GHSYV = 42, 000 h’
these catalysts give high SCR yield at 350°C.

3. Water vapor in the feed increases SCR activity
below 350°C.

4. Reaction mechanism includes oxidation steps
(NO => NQO,) and reduction steps (-NO, => -NH,).

S. Fe/MFI(SUB) Catalysts are even more active with
NH; as the reductant.
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