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NOx emission standards)

Emission standard for the diesel engine

PM [g/km]

-0.8 : 0.2
NOx [g/km]

-----

2002 PM [g/km]

Hackenberg et al., SAE, 2007-01-1239.
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DeNOx technologies.)

Technology Catalysts Features Limitations
- Pt/Ba/Al, O, - Cyclic operation - Periodic regeneration
- Wide temperature window - Sulfur tolerance
LNT - High activity - High noble metal loading
- No infrastructure problem - Low temperature activity
- Ag/AlLO, - Simple engine control - Coking and HC slip
- Pt/zeolite - Continuous operation - Low temperature activity
HCSCR  _ cy/zeolite - HC (fuel) as reductant - Poor durability and sulfur tolerance
- No infrastructure problem - High fuel economy penalty
- Cu,Fe/zeolite - Simple engine control - Onboard urea tank / urea freezing
- V,04/Ti0, - Urea as reductant - Urea infrastructure
Urea/SCR - Mn/TiO, - Wide temperature window - NH;/HC slip
- High activity - Public perception on the use of he

- Mostly non-NM catalysts avy metals including Cu & V as a cat
alytic component
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Superior deNOx performance of Urea/SCR technology)
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Personal Communication with Dr. Se Oh, GM R&D center
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SCR by Urea

® Decomposition of urea Urea Tank

— Thermal decomposition

* H,N-CO-NH,(s) — NH;(g) + HNCO(g)
— Hydrolysis of isocyanic acid

* HNCO(g) + H,0(g) — NH;(g) + CO,(g)

— Overall reaction
« H,N-CO-NH,(s) + H,O(g)

L
/ Mixer SCR-Catalyst
// Source: Bosch

— 2NH;(g) + CO,(g)
® Urea/SCR
— 4NH; (g) +4NO (g) + O, (g) http://www.bimmerfile.com/
— 4N, (g) + 6H,0 (g) - ™~
— 2H,N-CO-NH,(s) + 4NO(g) + O,(g) Engine »m—»m SCR |umg
— 4 Nz(g) + 4H20(g) + 2C02(g) option NH,
Urea injector
N : /
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Part A. Urea/SCR Catalysts

1) Promising Eco-Friendly Urea/SCR catalysts
11) Deactivation of Urea/SCR catalysts

111) Fast SCR reaction
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DeNOx performance over representative Urea/SCR catalysts

Catalyst: CuZSMS, FeZSMS and V,0,-WO,/TiO,,
Feed: 1,000 ppm NO, Variable amounts of NH; (10 ppm NH; slip), 10 % O,, 5 % H,O

and N, balance
Reactor SV: 52,000 h-!

eS| RN
4 I I N
Nves \
“

0

DeNOx (%)

150 250 350 450 550 650 750
Temperature (°C
A CuzZsSMm5 P (°C)

® V,0.-WO,/TiO,
‘ FeZSM5 Krocher et al., Stud. Surf. Sci. Catal., 171 (2007) 261.
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CuCHA for the Urea/SCR technology

Catalysts: CuSSZ13, CuBEA and CuZSMS  (Catalysts: Cu(2.9)SSZ13, Cu(3.8)SSZ16 and Cu(2.9)ZSM5
Feed: 350 ppm NO, 350 ppm NHj3, 14 % O,,  Feed: 500 ppm NO, 500 ppm NH;, 10 % O,, 0 % H,0O

2 % H,0 and N, balance and N, balance
Reactor SV: 30,000 h'! Reactor SV: 42,500 cc/(h gcat) = about 23,000 h-!
100
—1~ 100~ ‘ " x . - .
{a) i.'-d‘-_t . 1 .
AR NN 7] o
80 ‘ 80
— g 70 —
S S 60
S 60 g
° -1 -
& % % 50
g U 40 =
£ Q 30+ - === Cu-ZSM-5 (fresh)
o 401 20 A Cu-S52Z-16 (fresh)
5 — Cu-SSz-13 #1 (fresh)
z 10 =1
20- A cuzsm-s o ! - ' - ; 1
200 250 300 350 400 450 500
O Cu-beta Temperature (°C)
. O cu-ssz-13
100 ' Z(IIO ' 360 ' 460 i 560 ' 600 Fickel et al., Appl. Catal. B, 102 (2011) 441.

Reaction temperature (°C)

Kwak et al., J. Catal., 275 (2010) 187.
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Promising Eco-Friendly Low Temperature Urea/SCR catalyst

® Demand for ECO-friendly catalyst over Urea/SCR
» The most common Urea/SCR catalysts using Heavy Metals

—  CuZSMS5 catalyst
- Best low temperature catalyst
— V,0/TiO, catalyst
- Most common commercial SCR catalyst for stationary source of NOx

v' Public Perception on Heavy Metals

Cu: cause of the disease of copper imbalance (Wilson’s disease, Dioxin .. Etc)
Kim et al., Nat. Chem. Biol., 4 (2008) 176

V,0O¢: toxicity and discharge from tail pipe (low melting point)
Li et al., Chem. Commun., 12 (2008) 1470

® Mn-based SCR catalyst

> Arepresentative low temperature SCR catalyst, especially for the removal of NO
x from stationary sources [Pena et al., J. Catal., 221 (2004) 421]

» Mn is commonly recognized as a less toxic metal compared to Cu, Ni and V
[H. Hasan, Manganese, First ed, The Rosen Publishing Group, New York, 2008, pp. 31]

Mn-based catalyst may be a new ECO-friendly Urea/SCR catalyst.

e —————
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Schematic Flow Diagram of NH;(or Urea)/SCR Reactor System

Urea Injection Pump (1 M Urea Solution)

SO;
Mass Flow Electric Furnac Thermal Decomposition of Urea
i = — H;N-CO-NH,(s) — NH3(g) + HNCO(g)
N &) TC
N2 —><—{} . > Hydrolysis of HNCO
NOXx (NO, NO3) _DQ_D ‘I‘ e HNCO(g) + Hz0(g) — NHs(g) + COz(g)
React
HCs —>J—{ F— sactor ® Oxidation of NH,
NH 4NH3(g) + 302(g) — 2N2(g) + 6H20(g)
3
0O, ::Eﬂxing ) i Reduction of NO
Chamber / 4NO(g) + 4NHy(g) + 30:(g)
N: D F——F3— — 4N:(g) + 6H;0(g)
= /
/ A Electric Furnace
Reactor
1 . agn
Catalyst % IR vent Reaction Condition
Gas composition
: 500 ppm NOx, 500 ppm NH4
Vent (or 250 ppm urea), 5% O.,,
Ures < 10 % H,O and N, balance
Solution * A Reactor SV: 100,000 ~ 400,000 h-"
L1 e
| 1 TC (0) Urea & HNCO i - ~ o
1116~ SS 1/8" SS : 4 Absorbing Trains Reaction temperature : 150 ~ 500 °C
Electric Furnace
» Vent
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Low-temperature SCR catalyst

DeNOx performance & N, selectivity over Mn-Fe catalysts

Catalyst: Mn-Fe/ZSMS5, Mn-Fe/Ti0,, Mn-Fe/Al,O; (impregnation)

Mn-Fe/Ti0, (sol-gel), CuZSMS5 (ion-exchange)
Reaction condition: 500 ppm NO, 500 ppm NH;, 5 % O,, 10 % H,O and N, balance.
Reactor SV: 100,000 hr!

N, selectivity= [(Conversion of NO+NH;)-(formation of N,O+NO,)] / (Conversion of NO+NH,;).

100 - 100 A

80 - 80 -

60 - 60 -

40 - Mn-Fe/ZSM5 (impregnation) 40 1

CuZSM5 (ion-exchange)

Conversion of NO (%)
N, selectivity (%)

20 A 20 -

®

]

A Mn-FelTiO, (sol-gel)

<& Mn-FelTiO, (impregnation)
v

Mn-Fe/Al,O, (impregnation)
0 T T T 0

100 150 260 250 300 350 460 4;0 500 100 150 260 250 360 350 460 450 500
Reaction Temperature (°C) Reaction Temperature (°C)
US Pat. Appl., 12/628,370 (2009. 12.01), Eur. Pat. Appl.,09177610.4-1270 (2009.12.01), Kor. Pat. Appl., 2008-0123578, (2008. 12. 05)
€@ Mn-Fe/ZSMS5 catalyst shows excellent deNOx activity, N, selectivity and wider
operating temperature window, compared to Mn-Fe/T10, and Mn/Al,O; catalysts.
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Low-temperature SCR catalyst

XPS spectra and atomic concentration of Mn

Catalysts: Mn-Fe/ZSM5, Mn-Fe/TiO,, Mn-Fe/Al,O, (impregnation)
Mn-Fe/TiO, (sol-gel), MnO, (reference), Mn,O, (reference)

Atomic surface concentrations obtained by XPS spectra

vin 25 MR, Catalyst Mn | Fe Al Si Ti
Mn-Fe/ZSM5 51 | 29 | 2.7 | 20.7
Mn-Fe/TiOy (o1 gely 6.2 | 3.3 18.5
Mn-Fe/TiO, 35 | 21 24.2
Mn-Fe/Al,O,4 28 | 1.5 32

Mn, O, (reference)

—— Mn-FelTiO, (sol-gel)

i

—— MnO, (reference)

T T T T T T T T T T

658 656 654 652 650 648 646 644 642 640 638 636
Binding Energy (eV)

—— Mn-Fe/TiO, (impregnation)
—— Mn-Fe/Al, O, (impregnation)

—— Mn-Fe/ZSM5 (impregnation)

€ Mn over Mn-Fe based catalysts exists in a form of Mn**, regardless of the catalysts.

€ More Mn** exists on the surface of Mn-Fe/ZSM5 and Mn-Fe/TiO, (sol-gel) catalysts compared to M

n-Fe/TiO, & Al,O, prepared by impregnation method.

PECL
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Low-temperature SCR catalyst

NH;-TPD study over Mn-Fe catalysts

Catalysts: Mn-Fe/ZSM5, Mn-Fe/TiO,, Mn-Fe/Al, O, (impregnation), Mn-Fe/TiO, (sol-gel)

/\_\ Mn-Fe/ZSM5 (impregnation)
T — — Mn-Fe/TiO, (sol-gel)

—— Mn-Fe/TiO, (impregnation)

/\\ Mn-Fe/AlLO, (impregnation)

Intensity (a.u.)

0 100 200 300 400 500 600 700 800

Temperature (°C)

€ Mn-Fe/ZSMS catalyst shows much larger capacity of NH; adsorption, compared to th
e Mn-Fe/TiO, and Mn-Fe/Al, O, catalyst.

e —————
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Low-temperature SCR catalyst

DeNOx performance over potential Urea/SCR Catalysts)

Feed condition: 500 ppm NO, 500 ppm NH;, 5 % O,, 10 % H,O and N, balance

Reactor SV: 100,000 h-!

10 > —o‘w o —
TR ——— —,
g N
®) 5 ®
=2z r _
5% 60 ' e ® Mn-Fe/ZSM5 (impregnation)
c S 0 Mn-Fe/TiO, (sol-gel)
c .C .
@ . B Cu(3.1)ZSM5 (ion-exchange)
a @ A CuCHA (ion-exchange) tion)
g5 oy v Cu(2.3)MOR (ion-exchange) e)
SO 5 A/ O Cu(3.0)SUZ4 (ion-exchange) MY
© v V:O-WO,TIO, (commercial) .
< & Fe(3.0)ZSM5 (ion-exchange) "'
0 : : : : : : ange)
100 150 200 250 300 350 400 450 500

Reaction Temperature (°C)
Reaction Temperature ("C)

US Pat. Appl., 12/628,370 (2009. 12.01)
Eur. Pat. Appl.,09177610.4-1270 (2009.12.01)
Kor. Pat. Appl., 2008-0123578 (2008. 12. 05)

Top. Catal., 30-31 (2004) 37.
Catal. Today, 151 (2010) 244.

PECL

rPOSTECH



Deactivation of Urea/SCR catalysts

Configuration of diesel after-treatment system

Han et al., J. Eng. Gas. Turb. Power.,
180 (2008) 042803-1.

o

: HCs (Engine out) HCs (DOC out)
4 ; C,: 3500~ 7800 ppm C,: 800~1400 ppm
. - — .
Cco, HCs NOx, SO,, soo CO2 . NO,, etc

High temp. exhaust) High temp. exhaust)

S=»

N WL

F

S
ENGINE PARTICULATE REDUCTION NOx REDUCTION

* Hydrothermal stability - Hot exhaust gas stream
- Top. Catal. 30/31 (2004) 37 and J. Catal. 240 (2006) 47.

e Sulfur tolerance - Sulfur contained in fuel
- Catalysis 16 (2002) 236.

* Hydrocarbon poisoning - HC slip from diesel engine
- Micropor. Mesopor. Mater., 141 (2011) 8 and Montreuil et al., SAE, 2008-01-1031.

e —————
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Conversion of NO (%)

Hydrothermal stability

Hydrothermal stability of Urea/SCR catalysts

Catalysts: CuZSMS, FeZSMS and V,0.-WO,/TiO, catalysts

Feed: 500 ppm NO, 500 ppm NH;, 5 % O,, 10 % H,O and N, balance
Reactor SV: 100,000 h-!

Aging condition: aged in air flow with 10% H,O at 700 °C for 5 and 24 h

® Fresh
A 5 haged
m 24 haged

100 + 100 100 A
80 - < 801 'y
) o)
zZ Z
60 - 5 601 %5 601
c c
9] i}
40 - % 40 + g 40 -
> >
c c
o] @]
20 1 0 20 O 5]
0 T T T T T T 0 T T T T T T 0 T T T T T
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450 100 150 200 250 300 350 400
Reaction Temperature (°C) Reaction Temperature (°C) Reaction Temperature (°C)
CuZSM5 FeZSM5 V,05 WO,/TiO,
PECL POSTECH
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Cause for thermal deactivation

Hydrothermal stability

FT Magnitude (arb.)

Dealumination of ZSMS
~ Removal of the tetrahedral AI**- ~ The structural collapse of the zeolite)

. 1/20,
Cu
200=C

2H*/-H,0

:} (u() : (112+

500=C

Transformation of Cu?*ion
Cu?*~ CuO or Cu,0O

By loss of the Cu out of the lattice and its ag
glomeration (over-exchanged CuZSMS)

Under exc
n hanged

(A)

2 3 4 5 6
Radius (A)

FT Magnitude (arb.)

(D)

—

|
f

E

over excha
nged

“J |\’“\v\/L
||'|U1\,._k (d)

e
[+

TN el

NS

|/"\_w_@,]._

CuO

800 °C aged
700 °C aged
600 °C aged

Fresh(CuZSM5)

0

1

2 3 4 5 6

Radius (A)

J. Catal., 240 (2006) 47..)

Cu?t/[A1O;7 |2 + HyO + ALO;

Intensity (arb)

(Inaccessible S|1te)

CuZSM5

= CuO/ALO; + 2H' /[AIOT].

Migration of Cu?"ion

Yan et al., J. Catal. 161 (1996) 43.

By migration of Cu®* species to another location in
ZSMS where they are stabilized and become less
active (under-exchanged CuZSMY)

Main Channel

800 °C aged)

9

A

9//=2.36(A;/=130)

240 260 280 300 320 340 360
B (mT)

Ocd

species a,b
(qy A2 i gyt Arb

accessible S|te/

S5)»

Migration of Cu?*

Square pyramidal

inaccessible site

QO“".

species ¢ (gi1°,A1°)

A
Square planar = Another 2 sites

(inactive site)

(Accessible site)) (Inaccessible site))

J. Catal., 240 (2006) 47.

Tanabe et al., Appl. Catal. B, 6 (1995) 145.
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Hydrothermal stability

Cause for thermal deactivation

FeZSM5

V,0; WO,/TiO,

Reduction of acidity by dealumination

of Fe-ZSM5

~ decrease of Bronsted acidity attributed to
ammonia storage)

NMR

Bronsted

Intensity |a.u|

(a) Fresh

(b) Dry aged (at 650 °C)
(c) Wet aged (at 650 °C)

Intensity (cps)

T
-100 -50

Chemical shift [ppm]

Krocher et al., Appl. Catal. B, 66 (2006) 208.

PECL

Phase transition of TiO,
~ Anatase = Rutile phase of TiO,
Formation of crystalline V,0;

~ Transformation of monomeric vanadyl species in
to crystalline V,0;

|
|
VoSTF .‘.l .’ |
B |
Hﬁ“mm.—m.‘n:.ﬂ"lll | .w..\._h{'.l. H.—l.—u—""l||lkb'_,f’[ Illi'__
i LY I L Y )
V2STAZ4 | .

10 20 30 40 Eﬂ 60
o  Agedat 600 °C for 24h

Catal. Today, 111 (2006) 242.
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Hydrothermal stability

Hydrothermal stability of CUCHA)

Catalysts: Cu(2.9)SSZ13 and Cu(3.8)ZSMS5 catalysts

Feed: 500 ppm NO, 500 ppm NH;, 10 % O, and N, balance

Reactor SV: 42,500 cc/(h gcat) = about 23,000 h-!

Aging condition: aged in N, balance with 5% H,O and 10% O, at 750 °C for 3 or 7 h

CuSSZ13 CuZSM5
(2" R e
90 - *
@ 80— » g
T ¥ :
S 70 B
o g
E 60 5
S —— Cu-SSZ-13 #1 (Fresh) o
= - - -= Cu-8SZ-13 #1 (7 hr hydrothermal treatment) 0 50 — Cu-ZSM-5 (fresh)
=z 50+ > -+« CU-ZSM-5 (3 hr hydrothermal treatment)
A Cu-ZSM-5 (7 hr hydrothermal treatment)
40 40
30— - - : | : I y 80 T T | T | I | [
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)

Fickel et al., Appl. Catal. B, 102 (2011) 441.
Dealumination: extraction of A" [AI(OH), : 5.03 A]
The AI(OH), unit cannot exit the pores of the SSZ13 framework [SSZ: 3.8 A, ZSM5: 5.5 A]

-> Reincorporation of AI(OH), into the SSZ13 framework when the catalyst was cooled down.
L
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Hydrothermal stability

SEM images (before/after hydrothermal aging)

CuZSM5

(a) before aging (b) after aging

CuSSZ13

8 (c) before aging (d) after aging

Fickel et al., Appl. Catal. B, 102 (2011) 441.

The surface of CuZSMS catalyst becomes rough upon the hydrothermal treatment, whereas
the structural and morphological changes were hardly observed over CuSSZ13.

PECL rPOsSTECH



Hydrothermal stability
Hydrothermal stability of the Mn-Fe/ZSM5 based and CuCHA catalysts

Catalysts: Mn-Fe/ZSMS5, Mn-Fe-REM/ZSMS5 and CuCHA catalysts
Feed: 500 ppm NO, 500 ppm NH;, 5 % O,, 10 % H,O and N, balance
Reactor SV: 100,000 h-!

Aging condition: aged in air flow with 10% H,O at 650 °C for 24 h

100 A
L 80 A
©
=
‘S 60 A
S
g 40 - & Mn-Fe-REM/ZSM5
> ® Mn-Fe/ZSM5
o A CuCHA
© 20 A CuCHA (650 °C 24 h aged

& Mn-Fe-REM/ZSMS5 (650 °C|24 h aged)
. O  Mn-Fe/ZSM5 (650 °C 24 h aged)

100 150 200 250 300 350 400 450 500

Reaction Temperature (°C)

US Pat. Appl., 12/628,370 (2009. 12.01), Eur. Pat. Appl.,09177610.4-1270 (2009.12.01), Kor. Pat. Appl., 2008-0123578, (2008. 12. 05)

e —————
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Hydrothermal stability

XRD patterns of the Mn-Fe/ZSMS5 based catalysts

XRD patterns

Mn-Fe/ZSM5 @® MnO, Mn-Fe-REM/ZSM5 ® MnO,
° @ MnO;4 @ Mn,0O,
A Fe04 A Fe, 0O
5 * ZSM5 S B REM
© ©
= > Y ZSM5
g g (]
2 [ * *
C
—= = a® | me o o bt agid
A o ° Fresh
10 20 30 40 >0 60 70 1|o 26 36 4|0 sb 6l0 70
20 20

The peaks attributed to the Mn,0; over the aged Mn-Fe-REM/ZSMS catalyst are much weaker
compared to the aged Mn-Fe/ZSMS catalyst

= The transformation of MnO, to Mn,0; may be moderated upon the addition of REM.
]
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SO, poisoning

Sulfur poisoning over Urea/SCR catalysts

Mechanism |
SO, + 0, — SO,

NH, + SO, — (NH,),SO, or NH,HSO,
ALO, + SO, — AL(SO,),

TGA

100

(NH,),S0,

.
——— =

"“\‘ \-\ (1)
-~ T \‘ T ——
® . —(2)
= ~

water \ T
Eﬂ 80 + ater Tr——3)
z
Catalyst sulfur content
(wt %}
(1) CuHM (fresh)

(2) SO, 20,000 ppm 400°C 178
(3) SO, 20,000 ppm 250°C  2.88
(4) CuHM-+(NH,),S0, 7.34

60

K @

60 140 220 300 380

460 540 620 700 780

Temperature (°C)

Surface area (m > /)

Mechanism II

S0, + 0, — SO,

M + SO, — MSO, (metal sulfate)
Decomposed in higher temp. range (>700 °C)

BET Surface area

Sulfur content (wt%)

Catal. Today 11 (1992) 611.
v Decomposition Temp: NH,HSO, (400 °C), (NH,),SO, (230 °C) and Al,(SO,), (770 °C)
v' Surface area was decreased as sulfur content increased
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SO, poisoning

Sulfur tolerance of Urea/SCR catalysts

Catalyst: Mn-Fe/ZSMS5, Mn-Fe-REM/ZSMS, CuCHA and CuZSM5

Feed: 500 ppm NO, 500 ppm NHj;, 5 % O,, 10 % H,O, 1 or 20ppm SO, and N, balance
Reactor SV: 100,000 h!; Reaction Temperature: 200 °C TG
100 t ‘ <> <> 100 1 <~ ———- Fresh
S \ R
O N <¥> Y o] \\ 2MnO, > Mn,0,+0.50,
;\3 80 A A 2 -
O T :aS; 44 | -
=
S o0 o T = .l
c SO, on SO D ition of MnSO
S R , off o | Decomposition of MnSO,
5, ® A A A | MnFezsms
g ] 6] 100 200 300 400 500 600 700 800 900
§ Temperature (°C)
“] L z Y — 100 1 ———- Fresh
A Sulfated
‘ ¢ £ : ® ¢ ¢ | ufate
O 1 1 1 1 1 T T -: T T ;\3 96 N .
0 2 4 6 8 10 12 14 +16 18 20 = | N -
. : -5" 94 A
Time (h) 2
post-treatment o |
& Mn-Fe-REM/ZSMS (1ppm SO,) at 500 °C for 2h « | Decomposition of MnSO,
& Mn-Fe-REM/ZSMS5 (20ppm SO,) Mn.Fo.-Re/ZSM5
® Mn-Fe/ZSM5 (20ppm SO,) MnSO, is decomposed ov | = ————————————————
h 750 OC 6] 100 200 300 400 500 600 700 800 900
m CuZSM5 (20ppm SO,) er than Tem o
perature ("C)
A CuCHA (20ppm SO,)
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C,;H; inhibition

Retardation of NH,/SCR performance by C;H,

Catalysts: CuZSMS, FeZSMS and V,0,-WO,/TiO,

Feed composition: 500 ppm NO, 500 ppm NH;, 500 or 2,000 ppm C;H,, 5 % O,, 10 % H,O
and N, balance
GHSV: 100,000 h-!

NO conversion (%)

® Wwl/oCH,
A w/500 ppm C H,
m W/2,000 ppm C;H,
0w/ 2,000 ppm C,H, (NH, conversion)
100 - 100 100 1
S 80 :\: 80
80 < 80 - ~ 80 -
5 5
2 G
60 - S 60 g 60
< c
s S 40
40 Q 40 2]
20 20 - 20
0 T T T T 0 . . . . 0 T T T T
100 200 300 400 500 100 200 300 400 500 0 200 300 400 500
Reaction temperature (°C) Reaction temperature (°C) Reaction temperature (“C)
CuZSM5 FeZSM5 V,0: WO,/TiO,

Micropor. Mesopor. Mater., 141 (2011) 8.
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C,;H; inhibition

Cause for retardation of NH,;/SCR by C;H,

TPD FT-IR (gas) .C=N) — V,0; WO,/TiO,),
. 35 500 °C
. : = ;
NH, Fera— s u 5070
— O 0,
:;,é S NH.3+C3H6 £ 330 °C
S ] 5 270 °C
g Cu-ZSM-5 3 210 °C
N <C | w/2000ppmC3H6 150 °C
o
= % 500 °C
k) WIoC3H6 150 °C
"6 T T T T T
@ 674 672 670 668 666
s -1
3 FT-IR Wavenumber/cm
[e)
z (surface) ——— CgHg*NH3+NO+O2 330 °C
— C3He*NH3+NO 1590 (carboxylate))
. ——— C3aHg+NH3
f = —— CgHe
0 100 200 300 400 500 600 S
Temperature (°C) S 2240 (-C=N))
S
1. By competitive adsorption of NH; and 2 M”\
C;H¢, deNOx activity decreases. =
. . CuZSM5
2. NH; is uselessly consumed by side rea , , , St
ctions. 3000 2700 2400 2100 1800 1500

Wavenumber/cm™]

< Ammoxidation reaction>:
. CH,=CHCH; + NH; + 3/20, — CH,=CHCN + 3H,0
Micropor. Mesopor. Mater., 141 (2011) 8. (acrylonitrile)
Nanba et al., J. Mol. Catal. A-Gen., 276 (2007) 130. @~ CH,=CHCN+0,—COx+HCN
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Conversion of NO (%)

Retardation of SCR activity by C;H; over C;Hs inhibition
Mn-Fe/ZSM5 based catalysts and CuCHA

Catalysts: Mn-Fe/ZSMS, Mn-Fe-REM/ZSMS and CuCHA

Feed composition: 500 ppm NO, 500 ppm NH;, 500 or 2,000 ppm C;H, 5 % O,, 10 % H,O
and N, balance
GHSV: 100,000 h-!

e w/o C,H,
A w/ 500ppm C,H,
m W 2,000ppm C,H,

100 100 100
80 1 L 801 < 80 \
) 0
z z
60 1 ‘5 601 5 60 1
c c
i) o
40 A % 40 1 g 40
g g
o] o
20 - O ] O 4]
0 T T T T T T T 0 T T T T T T T 0 T T T T T T T
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Reaction Temperature (°C) Reaction Temperature (°C) Reaction Temperature (°C)
Mn-Fe/ZSM5 Mn-Fe-REM/ZSM5 CuCHA
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Conversion of NO or NO, (%)

Conversion of NOx (%)

Fast SCR reaction

Effect of NO,/NOx ratio on deNOx performance

CuZSM5

FeZSM5

V,0, WO,/TiO,

100 i 8 o 2 __9>300°C 100 - 450°C 100 450°C
>300°Ce= &= < 400°C Q
= (NO) . = 400°C
0,
80 1 250 250°C| ' g0 BOC 1 5" o
< 450 °C 300°C z
60 8 60 8 60 s0%c
1 1 0 1 NO
e 400°C 250°C e ss0°c . (NO)
5 5 400 °C
407 200°c § 404 35°C (NO,) S 401 350 °C
(NO) (NO,) 200 °C % 200 °C g 300°C 300°C
20 £ 20 30%C TR e
o 250°C O . (NO,) ~ 200°c
200°C 200°C
0 : : : : : 0 ‘ : : : : 0 : : : : :
0.00 0.25 om 1.00 0.00 0.25 oﬂs 1.00 0.00 0.25 0.50 0.75 1.00
100 >300°C 100 450°C 100 - 450°C
400°C
—_ 350 °C —_ 400°C
80 | 250°C| R o X 80
X X
(o) 300 °C (@)
350°C
60 .f_) 60 - % 60 -
c 250°C c
ke il
40 g 40 g 40 -
: 200°C| 2 : 200°C g 300°C
Maximum 3 Maximum 3
20 O 20 O 204 250 °C
Maximum 200°C
0 : : : : : 0 ‘ : : : : 0 : : : : :
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

Feed Ratio (NO,/NOX)

4NH,; + 4NO + O,— 4N, + 6H,0
4NH; + 2NO + 2NO, — 4N, + 6H,0 (Fast SCR reaction)
4NH, + 3NO, — 3.5N, + 6H,0 (NO, SCR reaction)

Feed Ratio (NO,/NOx)

Feed Ratio (NO,/NOx)

(Standard SCR reaction) Feed: 500 ppm NOX, 500 ppm NH,, 5 % 0,,10 % H,0

and N, balance; Reactor SV: 500,000 h-1

Stud. Sur. Sci. Catal., 159 (2006) 441.
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Fast SCR reaction

SCR of NOx by NH,NO, for enhancing low-temperature SCR activity

Catalysts: V,05-WO,/TiO, and FeZSMS catalysts
Feed: 1,000 ppm NO or 500 ppm NO + 500ppm NO, (for Fast SCR), 1,000 ppm NH;, 2 % O,,
1 % H,0O and N, balance

. -1 v T ' T T T T T
Reactor SV: 33,000 h ool T T
100 e e Fast SCR |
v v veumE o -
% o © 80 | /p: -
FastSCR = 5l
> +390 ppm NH,NO < //'// = —"Nox ,”f’ ! 1
g 70 Al X{_\‘ E. 80 - +340 ppm |'\]H"|\,|‘:|3 1’.: ’fl'\(_‘}( .
‘ (=] A
g 60 [ +300 ppm NH,NO, P [ NHS‘ .
s ” 4 5 “I FeZSM - .
o rd S e 5 &
z s L T ]
. ' 20 Standard SCR 27
Standard SCR & o - .7 .
2 V,0.-WO,/TiO e
2Ys 3 2) _ J—
10
0 L i L [ " i I 1
1 M 1 M 1 N [ M 1 L ]
T 200 250 300 350 400 200 250 300 350
Temperature/°C Temperature, °C
Forzatti et al., Angew. Chem. Int. Ed., 48 (2009) 8366. Forzatti et al., Ind. Eng. Chem. Res., 49 (2010) 10386..)

Producing a key intermediate (HNO,)
2NH,; +2NO 3N, +5H,0 in the Fast SCR reaction
The optimal concentration of NO, for the Fast SCR reaction may not be guaranteed at low tempera
ture region (<200 °C), due to the low NO oxidation activity of DOC.

= Injection of NH,NO; solution to feed-stream may be an alternative strategy to resolve this issue.
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Fast SCR reaction

Reaction mechanism of fast SCR

Vyi

1400 —r T T T T
NHg = 1000 ppm

—7/7 T T b T

NHg = 1000 ppm

1200 | 7

NO = 1000 ppm

_
o
o
o
T

800

600

400

Concentration, ppm

200

NO {

Catalyst: V,0.-WO,/TiO,

Feed: 1,000 ppm NH;, 1,000 ppm NO, or 1000 ppm N
O (when used), 1 % H,O in balance He

Reactor SV: 100,000 h-!; Reaction Temperature: 170 °C

NH,NO,+NO - NO, + N, +2H,0
NO, +NH, > 1/2NH,NO, + 1/2N, + 1/2H,0

Py | " 1 " 1

1 i 1

0 2000 4000 8000 9000 10000
«—> «—>
. Time,s .
Accumulation Reaction of NH,NO,
of NH,NO;, with NO and NH,
T T
[N Qe >R | |~ =~ 2NO: + 2NHs = NH:NOs + N2 + H:0
| NH:‘nd.‘ l
v =
|2NOz o N0 <% Hono 4 HyowNHT % NHaNO, ,
\
v
HONO + NO: 2 NHs + NO: + — 2 N2+ 3 H.0O
+ NH,’J"’S
>
[NHsNO2] — N2 + 2H:0
NHsNO3 + — N2 + NO:z + 2H,0

Nova et al., Catal. Today, 114 (2006) 3.
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Part B. Reaction Kinetics for Urea/SCR

1) Urea decomposition kinetics
11) Urea/SCR kinetics for CuZSMS5
ii1) Monolith reactor model for CuZSM5

1v) Transient model
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Reaction Kinetics & Model prediction (Urea thermal decomposition)

® Urca (H,N-CO-NH, — NH, + HNCO)

dCUrea — _k C

Urea
dt
® HNCO

dCHN Cco k C

Urea
dt
® NI,
dCNH 3 _ k C
d'l' - M™Urea
250 —— model prediction
® 423K
o 523K
200 A m 573K
° O 623K
A 673K
150 1 \ A 723K

o \.

100 +

50

Concentration of Urea (ppm)

0.02 0.04 0.06 0.08

Residence Time (s)

Feed: 250 ppm urea, S % O,, 2 % H,O and N, balance

SV: 45,000 ~ 200,000 h-! (flow rate/volume of glass bead)

Concentration of NH, (ppm)

Concentration of HNCO (ppm)

350

300 -

250 A

200 4

150 -

100 -

50 4

250

200 4

150 -

100 -

50 +

—— model prediction
423 K
523 K
573 K
623 K
673 K
723K

>pr»OmOe

/

0.02 0.04 0.06 0.08

Residence Time (s)

—— model prediction
423 K
523 K
573 K
o 623 K

673 K
]
]
n o
0
o
°

>pCOmOeO

0.02 0.04 0.06 0.08
Residence Time (s)

Ind. Eng. Chem. Res. 43 (2004) 4856.
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Reaction Kinetics & Model prediction
Urea thermal decomposition & hydrolysis of HNCO

® Urea (H,N-CO-NH, — NH, + HNCO) ® HNCO (HNCO + H,0 > NH, + CO,)
dC dC
— L = leU - k2CHNCOCH20

Urea __ _
- kl CU rea

rea

dt 2k

® NH, JC,,,
dr = leUrea + kZCHNCOCHZO - NH, oxidation

Feed: 250 ppm urea, S % O,, 2 % H,O and N, balance; Thermal decomposition: 250 °C
Catalyst: CuZSMS5; After thermal decomposition: 250 ppm urea = 115 ppm urea, 110 ppm HNCO
and 125 ppm NH,

350 350

Model
300 v ® Urea 300

250 250 4

200 - 200 A

150 1 150 - v

100 - 100 A

N O\O\—‘O\O\O\Q
OA

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500

Concentration (ppm)
Concentration (ppm)

50 -

0 1

Temperature (°C) Temperature (°C)
T therm = 250 °C, SV: 99,000 h-! Trperm = 250 °C, SV: 990,000 h-!

Ind. Eng. Chem. Res. 43 (2004) 4856.
N
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Reaction Kinetics (NH;/SCR over CuZSM5)

NH,-TPD

—— m/e=17 (NH,)
m/e=16 (NH,)

Dual Site Catalysis based upon LHHW mechanism

m/e=15 (NH)

® NO Reduction s
+ : Z
NO + S, <> NOS, K.
NH3 + Sz > NH3.82 K]\/*]{3 . . ‘ ‘ . .
NO . S] + NH3 . S2 + 02 N N2 . S] + H20 . S2 kNO 0 100 200 ] 300 t aoo(nc) 500 600 700
emperature
. . NO-TPD —— m/e=30 (NO)
® NH, Oxidation —me2(0)
NH; + S2 <> NH,-S2 K N, — mie=t5 (NO,)

Intensity (a. u.)

NH;-S2 + 0, — N,-S2 + H,0-S2 ky,,

SO

T T T T T T
0 100 200 300 400 500 600 700

dX NO k1C1?fH3 (1 -X NO)(I -X NH, ) remperatire (€)
dr {1+ K,,Ch(1- X, )} {1+ K, Chy (1= X))

dXNH3 _ klcl(\)fo(l_XNO)(l_XNH3) i kz(l_XNH3)
dr {1+ Ky oCro (1= Xy M1+ K, Coy (1= X )b 14Ky, €8, (1= X))

Ind. Eng. Chem. Res.,45 (2006) 5260..>
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Model Prediction (NH,/SCR over CuZSM5)

[Gas composition: 500 ppm NO, 500 ppm NH,, 5

Conversion of NO (%)

Conversion of NO (%)

100 - |
80 -
60 -

S.V.=100,000h™
40 -

—— Model

® Exp-NO
20 A  Exp-NH; | -
0 A A A L
100 150 200 250 300 350 400 450 500

Reaction Temperature (°C)

100 - |
80 -
60 -

S.V.=300,000h™
40 -
—— Model
® Exp-NO
20 A A Exp-NH; | t
0 - A A L
100 150 200 250 300 350 400 450 500

Reaction Temperature (°C)

% 0,, 10 % H,0 and N, balance; SV: 100,000 ~ 400,000 h-]

500

400

300

200

100

500

400

300

200

100

NH, Slip (ppm)

NH, Slip (ppm)

Conversion of NO (%)

Conversion of NO (%)

100 -

80 - I
60 | I

S.V.=200,000h™

40 A —— Model

® Exp-NO
A Exp-NH, |

20 P,
A A A L

0 ; ; ; ; ; ; ;
100 150 200 250 300 350 400 450 500
Reaction Temperature (°C)

100 - H
80 - H
60 | H

S.V.=400,000h™
40
—— Model
® EXP-NO
20 A EXP-NH, ||
0 A A A |
100 150 200 250 300 350 400 450 500

Reaction Temperature (°C)

Ind. Eng. Chem. Res.,45 (2006) 5260..
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Reaction Kinetics (Urea/SCR over CuZSM5)

® Urea

d‘XUrea — k3 (1 _ XU )
dt

rea

® HNCO
dx kC) (1-X
HNCO - — 3 Urea(o Urea) + k4CH20(1 _ XHNC())
dT CHNCO
® NO
dXNO _ klc](\)lH3(1_XN0)(1_XNH3)

dr {1+ KNOC]%O(I - X o) {1+ KNH3C]?’H3 (1= Xyy3)}

® NH,
dXNHS — klcz(sfo(l_XNo)(l_XNm)
dr {1+KN0C](\)/O(1_XNO)}{1+KNH3CI(\)/H3(1_XNH3)}
kz (1 -X NH3) _ k3C3rea (1 - X Urea) _ k4CH20CHNCO (1 -X HNCO)
1+K NH3 C]?/HS (1 -X NH3) C](\)/H3 C]?JH3
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Model Prediction (Urea/SCR over CuZSM5)

Effect of thermal decomposition reactor temperature
[Gas composition: 500 ppm NO, 250 ppm Urea, 5 % O,, 10 % H,O and N, balance; SV: 100,000 h-"]

100 - - 500

(a)

oo
o
L
N
o
o

3

o

>

S 8

® £

Z 60 - 300 ©
Y

o S
C

o ®

RS ® -

9 40 Exp-NO 200 £

g 0 Exp-NH, =]

g A  Exp-Urea anl

O 5] vV Exp-HNCO | | 4990 £

—— Model ©

Q.

0 \} & & o @

100 150 200 250 300 350 400 450 500

Temperature of Catalytic Reactor (°C)

100

[0}
o

(o2}
o

N
o

Conversion of NO (%)

N
o

O  Exp.
—— Model

0

100 150 200 250 300 350 400 450 500

Temperature of Catalytic Reactor (°C)

Trperm = 350 °C
Urea: 0 ppm, HNCO: 216 ppm, NH;: 284 ppm

Trperm = 150 °C
Urea: 143 ppm, HNCO: 107 ppm, NH;: 107 ppm

Ind. Eng. Chem. Res.,45 (2006) 5260..
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Monolith reactor fabrication)

CuZSMS5 powder Washcoated honeycomb reactor
Metal (Cu) content 2.9 wt.% Porosity 2 0.71
Si/Al 14 Washcoats thickness 27 pm
Ion exchange level 97 % Catalyst weight 2 19.7 wt. %
BET surface area 337 m?/g CPSI 200
2 Washcoats (CuZSMS5 + alumina binder, without cordierite)
SEM image
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Monolith Reactor Model

® Mole balance of the gas phase reactants in channel

b
_a 9SG k A(C'-C) at Dx=0 C’=C"°
dx ) 1 1
® Mole balance over the catalyst layer of thickness dy
d>C ac,
p &% __,. ath y=0 e
e, dy2 i

at)y =R C =C
® Mole balance at axial position x of the honeycomb reactor over the external gas film

). Sh=B(1+ 0.095%1%)“5 _ Kty

D

km,i (Czb - Czs) = De,i(

dC,
dy

Gas flow Washcoated Assumption
M catalyst » Steady state
* [sothermal conditions
Codierite * No axial dispersion of mass in the channel

* Fully developed laminar velocity profile in the channel
* Identical conditions within each monolith channel

Ind. Eng. Chem. Res.,45 (2006) 5260..
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Conversion of NO (%)

100
80 1
60 A
40 -
20 A

0 4

100 150 200 250 300 350 400 450 500

Model Prediction (NH;/SCR over Monolith reactor)

Effect of Reactor SV

SV =5,000h"

Model
® Exp-NO
A Exp-NH,

Reaction Temperature (°C)

PECL

r 500

r 400

r 300

S
o
NH, Slip (ppm)

Conversion of NO (%)

r 100

o

100

80 4

60

40 -
20 1

04

100 150 200 250 300 350 400 450 500

SV =10,000 h''

—— Model
® Exp-NO
A Exp-NH,

Reaction Temperature (°C)

F 500

F 400

r 300

NH, Slip (ppm)

Conversion of NO (%)

r 100

o

100

80 1

60

40

20

0

[Gas composition: 500 ppm NO, 500 ppm NH;, 5 % O,, 10 % H,O and N, balance
Catalyst: monolith reactor washcoated by CuZSM5; SV: 5,000 ~ 15,000 h-"]

SV = 15,000 h™

—— Model

® Exp-NO
A Exp-NH,

T

T

T

T

T T

100 150 200 250 300 350 400 450 500

Reaction Temperature (°C)

Ind. Eng. Chem. Res.,45 (2006) 5260..
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Model Prediction (Urea/SCR over Monolith reactor)

Effect of Thermal Decomposition Reactor Temperature

[Gas composition: 500 ppm NO, 500 ppm NH;, 5 % O,, 10 % H,O and N, balance
Catalyst: monolith reactor washcoated by CuZSM5; SV: 10,000 h-"]

100 L 500 100 -
< 80 1 - 400 g 80 -
O c e,
Z 60 - 300 & 4 60
c o 5
e w N7
@40 200 o E 40 -
()] I >
?:' = c
(o]
S8 O
20 1 L 100 20 - o Ew.
Model
D 1 T T T T T ‘ T 1‘ I O 0 T T T T T T T
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Feed to SCR reactor Feed to SCR reactor
at TTherm =350 °C at TThem =150 °C

: 56 ppm Urea, 189 ppm HNCO, 199 ppm NH, : 191 ppm Urea, 59 ppm HNCO, 59 ppm NH,

Ind. Eng. Chem. Res.,45 (2006) 5260..
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Transient Model (NH,/SCR over CuZSM5 catalyst)

® Governing equation for the gas species w: molar flow rate (mol/s)
A, front area of the monolith (m?)
W 0 - x, : mole fraction of i
Wi _ ) Cog Xl gas species
A 0 kiniS(Xg — Xsi) = Z“f it L. 5. 0) x,: mole fraction of gas species at surface
=1 k_: mass-transfer coeff. (mol/m?/s)
® Coverage of component k S: geometric surface area per reactor volume (m
_1)
3 a: active density (mol-site/m?3)

s: stoichiometric coeff.
r: reaction rate (mol/mol-site/s)

® Reactions rate expressions for NH; adsorption/desorption, NH; oxidation and NO oxidation

Reaction number Reaction Reaction rate

I NH, adsorption/desorption NH; + S1<"-NH; — SI ry = ky $CNH, 051 —vacant — K1pONH, 51
2 NH,; oxidation ONH; — S1+30;, 2N, + 3H,0 + 281 ry = kaCo, Onms -1

3 NO OXidation r3 = k:;‘f('(l';‘;z('N() - kl"('NUz

® Reactlons rate expressmns for Standard SCR Fast SCR NO SCR and N,O formation)
“ The im: t be displayed. Your computer may not have enough memory to open the or the image been corrupted. Restart your computer, and then open the file If the till appears, you may delete the ert i

Standard SCR
Fast SCR
NO, SCR
N,O formation
Olsson et al., Appl. Catal. B: Environ., 81 (2008) 203.
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Conc. (ppm); Temp. (°C)

Model Prediction (NH;/SCR over CuZSMS5 catalyst)

Variation: Temperature Variation: NH; concentration

Feed: 250 ppm NO, 250 ppm NO,, 200~800 ppm NH,
Feed: 500 ppm NO, 500 ppm NH;, 8 % O,,

M
5 % H,0 and Ar balance 8 % O,, 5 % H,O and Ar balance
2> 2
Reactor SV: 18,400 h-!; Flow rate: 3,500cc/min Reactor SV: 18,400 h-!; Flow rate: 3,500cc/min
Reaction Temperature: 175 °C
LIS B B L S By B B B B N B S N N B B P T S R B S o e e o o e
2 J— NH,exp.
g ] NQ exp.
600 = — NO, exp.
E F N,O exp.
ozt = I
ENO ! AT 3--- NO'sim
400F = m.
! 1--- NO,sim.
Y 3--- N,Osim.
: 1- - Temp.(C
200 f- 3 (%)
/=== 3
3 f = E
0 1 — = ,—-|-:-|—-r—|-—l-—l—-|—_-
0

Olsson et al., Appl. Catal. B: Environ., 81 (2008) 203.
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Transient Model (other catalysts)

Fe/Zeolite catalyst

1. Eley-Rideal model: site 1 (surface acidic site)
Ind. Eng. Chem. Res., 50 (2011) 2850.
Predicting the conversion of NOx and NH; with respect to NO,/NOx feed ratio.

2. Dual site model: site 1 (surface acidic site), site 2 (for the physisorbed NH; and NH,NO,)
Sjovall et al., Ind. Eng. Chem. Res. 49 (2010) 39.
Describing a variety of transient behaviors as a function of reaction temperature and concen

tration of feed gas compositions.

V,0,-WO,/TiO, catalyst

Redox kinetic model: site 1 (vanadyl species), site 2 (surface acidic site)
Nova et al., AIChE J., 55 (2009) 1515, Tronconi et al., Ind. Eng. Chem. Res., 49 (2010) 10374.
Unifying the Standard and Fast SCR reaction by redox mechanism

Describing the inhibition of deNOx performance by NH;, which could be hardly predicted b
y the previous model (Eley-Rideal based)

Modeling the transient behavior with respect to the feed gas composition including NOx and
NH;.
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Summary

Urea/SCR technology is one of the most promising technologies to meet the ever-tig
htening worldwide environmental regulations including EURO V and SULEYV for r
educing NO emissions from diesel engine.

CuZSMS5, FeZSMS and V,0./TiO, catalysts have been recognized as a commercial
catalyst for the Urea/SCR technology and the eco-friendly Mn-based catalyst devel
oped and the CuSSZ13 catalyst recently reported may overcome the drawback of t
he conventional catalysts.

The deactivation of Urea/SCR catalyst including hydrothermal stability and Sulfur
and HC tolerances should be resolved to directly apply to diesel after-treatment sys
tem.

The reaction kinetics developed well predict the reactor performance of urea deco
mposition, NH;/SCR as well as Urea/SCR over the wide range of experimental cond
itions.

A variety of transient kinetic models well describes the dynamic behavior over CuZ
SMS, Fe/Zeolite and V,0.-WO,/TiO, catalysts with respect to temperature, concent
ration of feed gas compositions, etc.
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Prospective Issues for urea/SCR technology)

® Modification of the urea decomposition process to lower the urea deco
mposition temperature for guaranteeing the low-temperature activity o
f SCR catalysts.

® Combination of SCR technology with LNT or TWC catalytic system in
cluding passive NH,/SCR technology to remove NOx emitted from lean
-burn engine.

® Application of Urea/SCR system to next-generation engine employing
alternative fuel including biodiesel and diesel with alcohol, similar to E
-85 for gasoline.

® Development of deactivation kinetic model for predicting the change of
deNOx performance with respect to catalyst mileage.

Urea/SCR system for next-generation vehicle with high fuel
efficiency under ever-tightening emission regulations
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