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Method
• Identify a catalyst that is active and selective for the 

oxidation of NO under typical flue-gas conditions, in 
order to improve the SCR kinetics:
- catalyst should exhibit stable operation under flue-gas
conditions

- catalyst should possess low activity for SO2 oxidation
- manufacturing cost should be such that a 25% saving 
in total catalyst costs can be realized

Objective

• Reduce SCR system costs for application on coal-fired 
boilers



Introduction

• Main SCR reaction:
4NH3 + 4NO + O2 → 4N2 + 6H2O (1)

• If equimolar amounts of NO and NO2 are present:
2NH3 + NO + NO2 → 2N2 + 3H2O (2)

• With NO2:
8NH3 + 6NO2 → 7N2 + 12H2O (3)

• Reaction rates: 2 >> 1 >> 3, e.g., k(2) ≥ 10*k(1)

• Under normal combustion conditions NOx comprises ~95% NO and 
hence reaction 1 dominates
⇒ use of an oxidation catalyst upstream of the SCR catalyst (to

convert a fraction of the NO to NO2) can be used to improve the
SCR kinetics

⇒ improved NOx conversion or smaller catalyst volume (for given
NOx conversion)



Application of NO oxidation catalysts

• Promotion of fast SCR reaction in mobile applications, i.e., heavy duty diesel 
vehicles (Pt-based oxidation catalysts); volume of SCR catalyst can typically
be halved when NO oxidation catalyst is applied

• Limited use to date in stationary SCR applications (Pt catalysts)

NOx storage:

BaCO3 + 2NO2 + 0.5O2
Ba(NO3)2 + CO2

• NO oxidation also a key
function in NOx storage
catalysts: conversion of NO to
NO2 for storage as nitrate on
basic metal oxides.  Pt is
catalyst of choice but base
metals also attracting attention
(Co, Mn, etc.) 



Potential for SCR catalyst cost reduction

• Design rules for application of SCR to mobile applications:
- base case: 
let 2V be the required SCR catalyst volume (~2 x engine volume)

- with NO oxidation catalyst: 
req. SCR catalyst volume = V, req. volume of oxidation cat. = 0.3V 

• Comparison of total catalyst system cost:
Assume: SCR catalyst = $9.50/L

NO oxidation catalyst (base metal) = $15/L 
(substrate = $9/L, washcoating = $4/L, washcoat = $2/L)

⇒ System cost w/o NO oxidation catalyst = $19*V 
System cost w/ NO oxidation catalyst = $(9.5 + 0.3(15))*V

= $14*V 
Cost saving = 26%



Project time-line

MonthTask
1 2 3 4 5 6 7 8 9 10 11 12

1. Literature search

2. Catalyst preparation & characterization

3. Catalyst screening

4. Catalyst optimization

5. Durability test

6. Reporting



Literature overview (1)

• Many recent studies focus on supported Pt:  Pt/silica is most active 
catalyst, little or no inhibition in presence of 50 ppm SO2 (Xue et al.)

• Supported 1st row transition metal oxides active:  exact ordering 
depends on support employed, but Mn, Co, Cr generally found to be 
the most active (various Chinese workers).  Few studies concerning 
effect of SO2

• 10%Fe-10%Mn/TiO2 reported to be very active;  only slight inhibition 
in ammonia SCR in presence of 100 ppm SO2 (Qi & Yang)

• Fe-Mn-Ti(/Zr) mixed oxides extremely active, but significant inhibition 
in presence of 10% CO2, 200 ppm SO2 and 2.5% H2O (Huang & 
Yang)

E. Xue, K. Seshan, J.R.H. Ross, Appl. Catal. B, 1996, 11, 65.
G. Qi and R.T. Yang, Appl. Catal. B, 2003, 44, 217.
H.Y. Huang and R.T. Yang, Langmuir, 2001, 17, 4997.



Literature overview (2)

• Metal ion-exchanged zeolites also show promise: Fe-ferrierite, Fe-
ZSM-5, Fe-/H-mordenite, Co-/H-ZSM-5 (Giles et al., Yan et al.);  Fe-
zeolites significantly inhibited by 500 ppm SO2

• One study (Karlsson) reports NO oxidation data measured under 
simulated flue gas conditions (2400-2800 ppm SO2):

- above 500 °F (260 °C), Cu2+-zeolite X, Pt/Al2O3 show significant
activity

- at 200 °F (93 °C), Fe2O3/MnO/ZnO, NiO/Al2O3 and Bi2O3/MoO3-
Al2O3 are very active at a GHSV of 1500 h-1 but deactivate after
~15 h on stream 

R. Giles, N.W. Cant, M. Kögel, T. Turek, D.L. Trimm, Appl. Catal. B, 2000, 25, L75.
J.-Y. Yan, H.H. Kung, W.H.M. Sachtler, M.C. Kung, J. Catal., 1998, 175, 294.
H.T. Karlsson and H.S. Rosenberg, Ind. Eng. Chem. Process Des. Dev., 1984, 23, 808.



Catalyst selection

Selection criteria:

• Proven activity for NO oxidation
• Low activity for SO2 oxidation (if data available)
• Inexpensive component materials

Selected candidate catalysts:

• Known catalysts:
- FeMnOx, FeMnOx/TiO2, supported 1st row transition metal oxides
(Cr2O3, Co3O4, CuO), Fe-ZSM-5, Co-ZSM-5, Cu-ZSM-5

• New catalysts:
- FeCrOx/SiO2, CuO-CeO2, Nb2O5/SiO2, MoO3/SiO2, V2O5-Pt/SiO2



Stability of transition metal sulfates
Metal / Sulfate Decomposition temperature Reference

VO(SO4) 600-650 °C by magn. susc. J. Roch, Compt. Rend. 1959, 249, 56

Nb Does not form sulfate

Cr2(SO4)3 675 °C by TGA J.L.C. Rowsell and L.F. Nazar, J. Mater. 
Chem. 2001, 11, 3228

Mo Does not form sulfate

MnSO4
Mn2(SO4)3

900 °C by TGA
160 °C 

P. Dubois, Compt. Rend. 1934, 198, 1502.
CRC Handbook of Chemistry & Physics

FeSO4
Fe2(SO4)3

500-600 °C by TGA
500-600 °C by TGA 

R.V. Siriwardane et al., Appl. Surf. Sci. 1999, 
152, 219

CoSO4 900-925 °C by TGA C. Malard, Bull. Soc. Chim. Fra. 1961, 2296

NiSO4 700-750 °C by TGA R.V. Siriwardane et al., Appl. Surf. Sci. 1999, 
152, 219

CuSO4 600-675 °C by TGA R.V. Siriwardane et al., Appl. Surf. Sci. 1999, 
152, 219

ZnSO4 700-862 °C by TGA R.V. Siriwardane et al., Appl. Surf. Sci. 1999, 
152, 219

Sb2(SO4)3 Decomposes in hot water CRC Handbook of Chemistry & Physics

Ce2(SO4)3
Ce(SO4)2

600-800 °C by TGA
600-700 °C by TGA

J.A. Poston Jr. et al, Appl. Surf. Sci. 2003, 
214, 83



Experimental details

• Supported metal oxides, Pt, prepared via incipient wetness 
impregnation using appropriate metal salts (e.g., nitrates) and 
commercial SiO2 and TiO2 supports (weakly sulfating)

• Mixed oxides (FeMnOx, CuO-CeO2) prepared by co-precipitation

• Zeolite catalysts prepared by wet impregnation using H-ZSM-5 and 
metal acetates (Co, Cu) and by solid-state ion-exchange (Fe) 

• Characterization using N2 physisorption (BET surface area, pore 
volume), powder XRD, XRF



Summary of catalyst preparation (1):
Supported metal oxides

• Use of silica as support affords metal oxide phases with higher crystallinity
than when supported on titania

Description Metal loading XRD 
(phases detected)

BET SA 
(m2/g)

Pore volume 
(cm3/g)

Silica support - - 320.0 1.15

Titania support - Anatase 163.0 0.411

Co3O4/SiO2 20 wt% Co3O4, d = 8.1 nm 226.6 0.87

Cr2O3/SiO2 20 wt% Cr2O3, d = 12.0 nm 239.8 0.934

Co3O4/TiO2 20 wt% Amorphous 99.0 0.277

Cr2O3/TiO2 20 wt% Amorphous 121.7 0.301

Pt/SiO2 0.5 wt% Pt Amorphous 310.0 1.247

Pt/TiO2 0.5 wt% Pt Amorphous 140.9 0.387

V2O5-Pt/SiO2 0.5% Pt, 4% V Result pending Pending Pending

Nb2O5/SiO2 20 wt% Amorphous 237.6 0.723

MoO3/SiO2 25 wt% MoO3, d = 17.7 nm 186.9 0.753



Summary of catalyst preparation (2): 
Mixed oxides

Description Metal loading XRD (phases 
detected)

BET SA 
(m2/g)

Pore volume 
(cm3/g)

FeCrOx/SiO2 Fe = Cr = 10 wt% Amorphous 257.7 0.824

FeCrOx/TiO2 Fe = Cr = 10 wt% Amorphous 120.5 0.298

FeMnOx/SiO2 Fe = Mn = 10 wt% Amorphous 226.3 0.709

FeMnOx/TiO2 Fe = Mn = 10 wt% Amorphous 113.3 0.255

FeMnOx/SiO2 Fe = 20 wt%, Mn = 2 wt% Amorphous 241.1 0.786

FeMnOx/TiO2 Fe = 20 wt%, Mn = 2 wt% Amorphous 97.7 0.237

FeMnOx Fe: Mn = 1:1 (mole ratio) FeMnO3, d = 7.6 nm 64.7 0.345

CuO-CeO2 Cu:Ce = 1:6 (mole ratio) CeO2, d = 5.6 nm 84.2 0.155



Summary of catalyst preparation (3):
Metal ion-exchanged zeolites

Description Metal loading XRD (phases 
detected)

BET SA 
(m2/g)

Pore volume 
(cm3/g)

H-ZSM-5 - ZSM-5 Pending Pending

Co-ZSM-5 2.2 wt% (Co/Al = 0.7) ZSM-5 372.4 0.299

Cu-ZSM-5 3.7 wt% (Cu/Al = 1) ZSM-5 353.9 0.280

Fe-ZSM-5 Result pending Result pending Pending Pending



Catalyst screening

• Fixed bed reactor, using 3 g of catalyst (0.55-1.0 mm sieve fraction 
diluted with glass beads)

• Gas flow rate of 1667 ml min-1:  W/F = 0.03 g h dm-3

(GHSV ~ 20,000 h-1)

• Feed gas composition (representative of flue gas from coal-fired 
utility boilers):

NO : 250 ppm
SO2 : 0 or 2800 ppm
O2 : 3.5%
CO2 : 12%
H2O : 7%
N2 : balance



Equilibrium conversion in the oxidation of NO to 
NO2 at various partial pressures of oxygen:

NO + ½O2 ↔ NO2
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NO oxidation in the absence of SO2 (1): 
Supported metal/metal oxide catalysts

Equilibrium
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NO oxidation in the absence of SO2 (2): 
Mixed oxide catalysts
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NO oxidation in the presence of SO2:
Supported metal/metal oxide catalysts
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• Steep initial decline in NO oxidation activity suggests inhibition by SO2
due to competitive adsorption (⇒ surface sulfation)

• Form of SO2 breakthrough curve indicative of progressive catalyst
sulfation and/or deactivation with respect to SO2 oxidation
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Catalyst deactivation vs. inhibition for Co3O4/SiO2
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Analysis of spent catalysts

XRD BET surface 
area (m2/g)

Fresh Spent Fresh Spent
Co3O4/SiO2 1.5 0.14 : 1 Co3O4, d = 8.1 nm Co3O4, d = 12.8 nm 227 217

Cr2O3/SiO2 0.24 0.02 : 1 Cr2O3, d = 12.0 nm Cr2O3, d = 26.8 nm 240 241

FeMnOx/SiO2 3.49 0.37 : 1 Amorphous Amorphous 226 189

FeMnOx/TiO2 4.7 0.41 : 1 Amorphous Amorphous 113 54

Catalyst Sulfur 
(wt%)

S : metal
mole 
ratio



Summary

• A number of base metal catalysts have been identified which are 
highly active for NO oxidation in the absence of SO2: these include 
Co3O4/SiO2, FeMnO3, Cr2O3/TiO2, FeCrOx/SiO2

• In the presence of 2800 ppm SO2, all of the catalysts possessing 
appreciable NO oxidation activity are severely deactivated

• Of the catalysts tested to date, Co3O4/SiO2 retains the highest 
activity upon SO2 exposure: at 350 °C, 7% NO conversion is 
obtained

• Two phenomena appear responsible for the deactivation of 
Co3O4/SiO2: sulfation of the catalyst, which is irreversible, and 
inhibition by SO2 (competitive adsorption), which is reversible



Next steps

• Completion of screening studies (zeolites, V2O5-Pt/SiO2)

• Optimization of most promising catalyst, e.g., for Co3O4/SiO2:
- incorporation of Co in silica matrix (e.g., sol-gel synthesis)
- addition of acidic metal oxides via impregnation to reduce 
SO2 adsorption, e.g., V2O5, Sb2O3

- used of mixed metal oxides incorporating acidic metal, 
e.g., CoNbOx

• Study kinetics of NO oxidation (particularly inhibition by SO2)
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