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Advances in Mechanistic and Practical Studies on the Selective Catalytic
Reduction of NO, by Oxygenated Hydrocarbons over Ag/Al,O;
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Abstract: The selective catalytic reduction (SCR) of NO, by oxygenated hydrocarbons over Ag/Al,O3 is a promising candidate for NOy
removal from diesel engine exhausts. Ag/Al,Os-ethanol as a catalyst-reductant system with high performance for NOy reduction was set up
based on the characterization of basic properties of Ag/Al,Os, optimization of reductants, improvement of low-temperature activity, and tun-
ing of SO, tolerance. Furthermore, a mechanism of NOy reduction was proposed, which can explain the high efficiency of the
Ag/Al,O3-ethanol system for NOy reduction. The Ag/Al,O; washcoated honeycomb catalyst and catalytic converter were designed and pre-
pared. Diesel engine bench tests showed that the Ag/Al,Os-ethanol NO catalytic converter can satisfy the NOy emission requirements of the
China IV standard for heavy duty diesel when combined with the adjustment of diesel engines.
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Table 1 BET surface area, pore volume, and pore diameter of
Ag/AlLO; catalysts with different Ag loadings!*”!

Catalyst BET surface  Pore volume  Pore diameter
area (m%g) (mlig) (nm)
AIOOH 292.1 0.62 8.4
2%Ag/Al,03 239.8 0.72 12.3
4%Ag/Al,03 222.4 0.71 125
6%Ag/AlO3 211.8 0.70 12.6
8%Ag/Al,O3 209.9 0.65 13.0
4%AgCI/Al,O4 224.9 0.79 14.1
4%Ag,S04/Al,03 238.0 0.77 13.1
4%AgsPOL/AILO4 255.1 0.76 125
TR TR Ag A BRI A AR, R

JHIZ 5 v 2 BBE (TEM) i X ERAT T (XRD) 45T
BEXT AN [H) Ag B 38 & 1) AglALO; fiE L kAT T 3
AED., G55 ), 24 Ag S 4% I, 99K LA
A Ag B35 43 An TR T A7 28 & I,
Ag KX LU R, B4k v )5 30 Ag R R AR
R RS E&EE A I BT X P& mofion
1 45 1 (XANES) F1 g™ e X 95 2 W o8 40 45 14
(EXAFS) [ AE 5 3% £ VF #r 45 3, Shimizu 209 E
82, M AR I I, Ag IR TR R AR 3G K, (]
IS 77 A SR 1) Ag” 55 o S A, IR T LA
%E(HFii?’H%?EWG HC I3 1. b Ag f gk it 11 1%
i%, B AEAR /N, 1l ik 5 34k ALO; A H./EH, Ag-O
%ﬁi%ﬂm Ag UL RUE B AQTAAAE, X IE 2
NO, I J5 Sz 7 (13 P ot B9, af L, Ag/ALLOs IR i 4k
R KR E EHO T Ag 1 8 iE, 2 Ag 112
S OREE A P e B R AT B E R TR AN 4
SLOTI82 g E sz T Ag R R B R 4%. 5 T HE
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Fig. 1. Activity of 4%Ag/Al,O; for the selective catalytic reduction
(SCR) of NOy by various reductants. Reaction conditions: 0.08%
NO-10% 0,-10% H,O-reductants (methanol 0.303%, or ethanol
0.1565%, or propene 0.1714%, or 1-propanol 0.1043%, or isopropanol
(IPA) 0.1043%, or butyl alcohol (BA) 0.0783%, or tert-butyl alcohol
(TBA) 0.0783%), N, balance, total flow = 2000 ml/min, GHSV =
50000 h™.

JEL IR A 2 5 AT 0-HE, 3X O AglALL O, 3E 5 1 IE 5
NO =1 28048 I 7 i FE 4 i T s R R, G 5 He
B Js 1 H5OA SR e L ER 22 53, a-H % NOL 5K
HESINETES AN R = WA B W R
L A 7R 2R T IS R 1 35 A, BITSES 43 AR TR LA
22 RENEHHFR

K FH IR 2R T i S 5 A8 R i AR e 20 A1 il 4R
(DRIFTS) % %¢ 1 AgIALO HEAL I | O E . L.
i, PR, HIRE. AR T REAN NS AN ] Rl
I J5U TR R 43 AR AR I R A R S T SR T A4 T
T 23729 AR R M SR P 2 i & SRR,
T T PR i AR, 0 R AN [ B B 5 5 R TR I 2 4
I R T K B R B A 0 e X W
(RCH=CH-0-M), J5i fi7. DRIFTS i 7 ] 1 633, 1 412
11336 om™ A (1 W L 06 L 2 U5 1% 0B IR R AIE i
By A D AP B A I R R T UL K a-H
AEAT IE 2 WE 230 40 A8 A Jhy O 1 QA0 ol 1D 58 e 4% A2,
P e — AR AT A AT o H AT — AR R
B 23 A I T2 T R B A R TR & (1596 I
1379 cm™), BUT R ELEAE MR R T HOR T LA
B a-H, AR AL ) IR £k, 1 i ) DL 4R

2N (FT-IR) 25 H 1 2 W B 25 445 1 X4
Ty 1P 45 K (C=CH-0) 15 &, 1M 4k 56 % 4 7 115

© N ©
JO.Z [> M
o .0 <too™M
— ﬂgr‘
e g T
PN © !
v S
AR Y
[}
! Y 1

‘

‘

!

Ethanol + O,
TBA+ 0,

Absorbance

Propene + O,

Methanol + O, !
| IR AR Loy Loy Loy Lo oy 1y

2200 2000 1800 1600 1400 1200
Wavenumber (cm™)

B 2 Ag/AlLO; EEZTEEF S E KA EA DRIFTS

&

Fig. 2. In situ DRIFTS of adsorbed species in the steady state over
Ag/Al,O; in the flow of reductant + O, at 300 °C. Reaction conditions:
10% O,-reductants (ethanol 0.1565%, or TBA 0.0783%, or propene
0.1714%, or methanol 0.303%), N balance, total flow = 200 ml/min.
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i, T A5 21— F A 06 L 25 2R i 2k (PIE). @ik
M PIE 25 1A 859 A5, LA % 5 A [R) 45 48 0 A2 [R) 43 57
FA P 3% e o ) A, 5 SR L3R 2 AN 3. WY B,
$oh 44 (143 1 17 PIE &% v 478 WA 3 05, UE W 42
% N Tk R R A7 AE PR TR D 44 b ] fk F
BifE N 10.21eV M L FE AT HL B HEN 9.33 eV [ LM
0L oy b AP AIE S AR 2% R SR R, AglALO, fi:

& 2 SR-MBMS #&ill 2] &9 Ag/AlLO; 1L ZEZART 5> F L 1T
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Table 2 The reaction intermediates identified by synchrotron radia-
tion molecular beam mass spectrometry (SR-MBMS) during the par-
tial oxidation of ethanol over Ag/AlL,05""!

Measured PIE lon intensity

m/z Formula Species  Ref. PIE (eV)
(£0.05 eV) (%)
28  CyH, 10.52 22.46 ethylene 10.50+0.02
42 CH,O 9.62 7.49 ketene 9.614+0.008
44 C,H,0 10.21 67.37 acetaldehyde 10.21+0.01
9.33 0.90 ethenol 9.33+0.01
56 C3H.O 10.11 0.45 propenal 10.10+0.01
58 CsHsO 9.70 0.45 acetone 9.71+0.01
60 C,H,0, — — acetic acid ~ 10.66+0.05
70 C4H¢O 9.74 0.90 2-butenal 9.73+0.01
74 C4H;0 — — ethyl ether ~ 9.53+0.02

Reaction conditions: 25% 0,-24% H,0-2.4% ethanol, Ar balance.
PIE: photoionization efficiency.

m/z = 44 (C,H,0) j
e XA
Acetaldehyde ) h
10.21 eV &
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= A
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5 Ao 7 l |
= x 30
Ethenol Q j \
b
l by
i
1

Photon energy (eV)

3 Ag/ALO: L Z B > E AL iF 2 o C,H,O BY PIE &
Fig. 3. PIE spectra for C,H,O during partial oxidation of ethanol
over Ag/Al,O; at 330 °C.% Reaction conditions: 25%0,-24%H,0-
2.4% ethanol, Ar balance.
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Oxidation
C,HsOH
Ag/Al,053

Aldol condensation

,H+
CH3CHO == CH,=CH-OH—— (CH,=CH-0")-M*

CH3CH=CHCHO == CH,=CHCH=CH-OH— > (CH,=CHCH=CH-0")-M*

M = Al, Ag

B 1 Ag/ALO; R H L IEE: 4 # EY B

Scheme 1. The formation of adsorbed enolic species on the surface of Ag/Al,Os.
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Scheme 2. The proposed mechanism of the SCR of NO, by different oxygenated hydrocarbons over Ag/Al,Os.
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TFAER A BB AK, TE RS 358 4 T 407 L IR 7% (Agn’™),
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RE 7, X — I FE R Ak 2 A s W EAT IR DG . 3R
AT 3 (R P 5 2 T 14, 2 AQIALL O Ak £ T i %
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$E AR J5 B 1 L AR AR AQ T, SR R TR
AQ/ALLO, i 4k £ T 3 F 1 38 J NOy I Tt v 1. &
AT B, &S A7 70 1 B8 KR 2 42 =7 Ag/ALO, i1k
B (LT 1-INBERT 2-INRE) Bt (LB R H)
A 45 T A e B R T IO FR) I 0 3 1 12049481 1
W1 3 iR, S 506) 2- A RE TR e 1A T J5c 4 W 4, 1%
H, 1B Tso (NOL B4k 2 50% 5% B L ) B AR 24
150 °C, Tgo (NO %% 4k 2 24 900% X Y. (1) it &) FEAK &Y
100°C; T A7 Ha 51 T L BEIE It NOy A il 7% 7 d;
i, 163 °C If NOy 1 1+ 4. 2% 2 B T 34 1) 50%. 1 I, %
T Ag/ALO; fiE 4 HC FI 5 40 HC i F 1438 Jit NO ok
Wi, Ho S AIG I 776 e 10 02 ik 5 A 0 ks e, o™ 8 T R

%3 SRHMI Ag/ALO; EXEESITR NOLE IS
Table 3 Effect of H, on the Tso and Tg for SCR of NOy over
Ag/AlLO; catalyst

T50/°C Tgo/cc
Reductant - - - -
Without H,  With H,  WithoutH,  With H;
C,HsOH 259 163 321 218
1-C3H;0H 250 225 339 321
2- C3H,OH 335 178 372 268

Reaction conditions: 0.08% NO-10% 0,-10% H,0-0 or 1%
H,-reductants (0.1565% ethanol, or 0.1043% 1-propanol, or 0.1043%
IPA), N, balance, total flow = 2000 ml/min, GHSV = 50000 h™%. Tep:
temperature for 50% conversion; Tgo: temperature for 90% conversion.
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Scheme 3. The mechanism of H, effect on the SCR of NOy by alcohols over Ag/Al,Os.
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Fig. 4. Sulfur tolerance of different Ag/Al,O;-reductant systems for
the SCR of NO, at 400 °C (a) and 450 °C (b).**! Reaction conditions:
0.08% NO-10% 0,-10% H,O-reductants (0.1516% ethanol, or
0.1516% acetaldehyde, or 0.1714% propene, or 0.1043% IPA, or
0.1043% acetone, or 0.1043% 1-propanol, or 0.0783% 1-butanol, or
0.303% methanol, or 0.303% dimethyl ether (DME)), N, balance, total
flow = 2000 ml/min, GHSV = 50000 h™*.
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Fig. 5. Changes of NOy (a) and CO (b) conversions with reaction
temperature during the SCR of NO, with ethanol on different cata-
lysts.’) Reaction conditions: 0.08% NO-0.1565% C,HsOH-10%
0,-0.06% CO-10% H0, N, balance, total flow = 2000 ml/min, GHSV
(Ag/Al,O3) = 50000 h™*, GHSV (oxidation catalysts) = 150000 h.
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Fig. 6. NOy conversion for the SCR of NO, by C,HsOH over various
Al,O; supported Ag compound catalysts."? Reaction conditions:
0.08% NO-0.1565% C,HsOH-10% O,, N, balance, total flow = 2000
ml/min, GHSV = ~50000 h™.
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Fig. 7. NOy conversion for the SCR of NO, by C,HsOH over the
Ag/Al, O3 powder catalyst (1), AgsPO/Al,O; washcoated honeycomb
catalyst (2), AgCI/Al,O; washcoated honeycomb catalyst (3), and
AgCI/Al,O; washcoated honeycomb catalyst bench tested on a diesel
engine (Sofim 8140-43C) (4).°% Reaction conditions: 0.08% NO-
0.1565% C,Hs0H-10% O,, N, balance, GHSV = ~50000 h™* or GHSV
=~30000 h™* (bench tests).
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Fig. 8. Setup for the bench test for the SCR of NOy (diesel engine:
Sofim 8140-43C).[!
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Table 4 Exhaust gas conditions of EURO III ESC test results®

Engine Load Exhaust

Mode number

speed (r/min)  percent (%) temperature (°C)
1 ldle — 187
2 2350 100 413
3 2900 50 297
4 2900 75 353
5 2350 50 278
6 2350 75 347
7 2350 25 219
8 2900 100 427
9 2900 25 225
10 3450 100 489
11 3450 25 306
12 3450 75 428
13 3450 50 364

IV ARAE. AT UL, 455 Sl HLAL Y IR 22, Ag/ALOs- £ 17
(1) SCR 44 3 BE % It AL e [ F 7L S 7 [ IV HE 8Os
HERTL VS A AR AL RS, AR A 1 77 22 Bk NO s
A7 BT T B, AHRT K S AR CO AR HE T, 3 A2 3 [ 3
700 256 38 4 T 1T b 0L,

%5 BXRIIESC &R
Table5 EURO III ESC test results™" !

Working condition

NOy emission (g/(kW-h))

NOy conversion

Initial outlet ~ Catalytic converter outlet Limit of Euro III Limit of Euro [V (%)
SCR (steady state) 5.82 1.74 5.0 35 70.1
SCR (transient state) 6.92 2.67 5.0 35 61.4
SCR + Oxi. (transient state) 6.92 3.65 5.0 35 47.3

Diesel engine: Sofim 8140-43C; SCR catalyst volume: 2.4 L; C,HsOH/NO, = 3:1 on a mass ratio.
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