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Low-Temperature Selective Catalytic
Reduction (SCR) of NO with NH3 by Using
Mn, Cr, and Cu Oxides Supported on Hombikat
TiO2**
Panagiotis G. Smirniotis,* Donovan A. PenÄ a, and
Balu S. Uphade

Nitrogen oxides are man-made pollutants, emitted from
mobile and stationary sources, that greatly contribute to the
formation of smog, acid rain, and ozone. Automobiles are the
primary mobile sources of NOx emissions, while the stationary
sources consist of oil and coal-fired power stations and nitric
acid production plants. The direct health hazards related to
NOx are bronchitis, pneumonia, viral infections, and hay fever.
Selective catalytic reduction (SCR) of NO with ammonia in
the presence of oxygen [Eq. (1)] is the proven technology for

4NO� 4 NH3�O2 ÿ! 4 N2� 6 H2O (1)

ligands are larger than in 6 a (6 b ; CpcÿCo 1.670 �; CbdcÿCo
1.692 �) and close to those found for the parent system.[13]

The new protocol reported herein for the synthesis of
endohedral metallocenophanes has several advantages: it is
not limited to stable cyclophanes as starting materials, and the
length of the bridges and their substitution pattern on the first
ligand are variable.
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effective removal of NOx from stationary sources.[1] A process
based on V2O5/TiO2

[2±6] catalysts with or without the addition
of either WO3 or MoO3 was developed and successfully
commercialized for NOx removal (catalysts for NOx removal
are known as DeNOx catalysts). The system is successful
because of its high activity and resistance to SO2 poisoning.
However, the main disadvantage of this type of catalyst is that
it does not work at reaction temperatures �250 8C. The other
disadvantages include over-oxidation of NH3 to N2O and NO
and the oxidation of SO2 to SO3. There is an urgent need for
the development of low-temperature SCR methods for the
treatment of flue gas, especially from electric power plants,
shaft furnaces, and waste incinerators. Large quantities of
NOx are generated at such sites, and the flue-gas temperature
at the outlet of the heat-recovery system or smokestack is
normally �150 8C.

Platinum-based catalysts were found to be highly active for
the reaction in Equation (1), however, the scarcity of Pt, the
oxidation of NH3 to NOx at relatively high temperature, high
cost, and rapid poisoning under stack-gas conditions have
prompted worldwide efforts to develop low-cost supported
metal or mixed metal oxide catalysts. Metal oxides, such as
MoO3,[7] CuO, and MnOx,[8, 9] supported on TiO2, Al2O3, or
activated carbon fibers have been reported to be active for the
SCR process at temperatures greater than 300 8C, however,
the high temperature results in poor N2 selectivity. Recently, a
highly active and SO2 resistant activated-carbon-supported
V2O5 catalyst was reported,[10] however, it is active only above
150 8C and also needs specific pretreatment for initial
activation. Additionally, the stability of carbon-containing
catalysts in O2 is low.

Herein we show that transition metal oxides supported on
Hombikat TiO2 display substantial activity for NO reduction
and also a 100 % yield of N2 at much lower reaction
temperatures (�120 8C, Table 1); to our knowledge, these
catalytic results are the best reported so far. Of the catalysts
we studied, the best results were obtained over the Mn on
Hombikat TiO2 catalyst. The catalyst characterization and
activity data obtained at 100 8C and 120 8C for various

transition metal oxides deposited on different supports are
given in Table 1. From X-ray diffraction (XRD) studies only
weak peaks arising from transition metal oxides were
obtained, suggesting that the catalysts are mostly amorphous.
Surprisingly the observed metal dispersion for our best
catalyst was poor even on a high-surface-area support,
indicating that high metal dispersion is not crucial. Note-
worthy is that catalysts containing metals other than Mn, Cr,
and Cu are far less active; the multivalent nature of Mn, Cr,
and Cu oxides may facilitate the redox activity of the catalysts.

Consistent with the literature data,[11] our Cr/TiO2 catalyst
also produced undesired N2O which indicates the possible
presence of CrO2, however, this phase was not detected in our
XRD analysis. Ni on Hombikat TiO2 shows no activity, which
is attributed to the confined monovalent oxidation state of
nickel and also the low surface concentration of nickel
observed from X-ray photoemission spectroscopy (XPS).
Our XPS data confirmed that the Mn/Hombikat TiO2 system
has the greatest metal oxide surface concentration (Table 1).
This result suggests that more MnOx species are available to
participate in the reaction, which may explain the excellent
performance of the Mn/Hombikat TiO2 catalyst. Deconvo-
luted XPS spectra for Mn 2p3/2 indicate the presence of MnO2

(642.2 eV) as the major phase and Mn2O3 (641.2 eV) as a
minor phase along with a third phase, possibly partially
undecomposed manganese nitrate (643.8 eV) resulting from
the relatively low calcination temperature. The binding-
energy values match well with the literature values.[12] The
results suggest the possibility of redox behavior during the
catalytic reaction.

A Fourier Transform infrared (FT-IR) spectroscopy study
of NH3 shows that the Brùnsted:Lewis acid site ratio for the
Mn/Hombikat TiO2 system is lower than that of the other
catalysts (see Table 1). In contrast, V/Hombikat TiO2, which
resembles a typical medium-temperature DeNOx catalyst,
shows a large number of Brùnsted (1421 cmÿ1) rather than
Lewis (1607 cmÿ1) acid sites. These results clearly indicate
that Lewis acidity is more important than Brùnsted acidity for
low-temperature SCR catalysts. The NH3 FT-IR results are

Table 1. Catalyst characterization, activity data, and comparison with literature results involving commercial catalysts.

Support Transition
metal

Surface area
[m2 gÿ1]

Metal
dispersion [%]

M2p/M'2p[l] Crystal
phases[m]

Total acidity
[mmol gÿ1]

[n] NO conversion
(%) at

support catalyst 100 8C 120 8C

TiO2
[a] V 309 51 12.2 0.4 V2O5, V2O4 9.8 6.09 10 19

TiO2
[a] Cr 309 143 10.4 0.6 CrO2, Cr2O3 55.8 0.11 80 91

TiO2
[a] Mn 309 204 8.9 6.0 MnO2, Mn2O3 23.2 0.07 82 100

TiO2
[a] Ni 309 163 40.4 0.1 NiO 42.7 0.11 0 4

TiO2
[a] Cu 309 140 47.2 ± CuO, Cu2O 12.5 0.21 56 95

TiO2
[b] Mn 53 52 7.3 0.2 MnO2, Mn2O3 15.2 0.59 67 96

TiO2
[c] Mn 9 14 7.0 0.5 MnO2, Mn2O3 1.1 0.76 38 64

SiO2
[d] Mn 559 421 7.0 0.8 MnO2, Mn2O3 5.9 0.24 57 93

g-Al2O3
[e] Mn 205 180 6.8 3.4 MnO2, Mn2O3 31.0 0.40 56 89

1.4% w/w V2O5, 9.0% w/w WO3/TiO2
[f] (a catalyst similar to a commercial DeNOx catalyst)[f][14] ± 12[g] 98[h]

NOxCAT920LT (a Pt based commercial catalyst)[i] [15] ± ± 63[j] 91[k]

[a] Hombikat, [b] Degussa P25, [c], [d] Aldrich, [e] Puralox, M�V, Cr, Mn, Ni, Cu; M'�Ti, Si, Al, [f] experimental conditions: catalyst weight 160 mg, p�
1 atm, flow rate 60 cm3 minÿ1 ; feed He with 800 ppm each of NH3 and NO and 1 vol% O2, [g] at 150 8C and 98 % N2 selectivity, [h] at 300 8C and 98 % N2

selectivity, [i] experimental conditions: N2 with 500 ppm NO, 400 ppm NH3, and 4 vol% O2, GHSV� 24000 hÿ1, [j] at 180 8C and 45 % N2 selectivity, [k] at
240 8C and 35 % N2 selectivity, [l] emission intensity ratios from XPS measurements of surface elemental composition, [m] from XRD and XPS
measurements, [n] ratio of Brùnsted to Lewis acid centers.
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consistent with those reported by Busca and co-workers.[13]

The NO conversion improved with increased Mn loading of
the Hombikat TiO2, and can be attributed to the increased
surface concentration of Mn (determined by XPS; Table 1).
20 wt% Mn/Hombikat TiO2 tested over a broad temperature
range (80 ± 180 8C) showed only trace amounts of N2O (<5 %)
at 180 8C. In addition this catalyst showed no decrease in
activity after 50 h on stream at 120 8C.

The activity of Mn-, Cr-, and Cu-loaded Hombikat TiO2

catalysts was compared with the commercial V2O5/TiO2
[14] and

noble metal[15] based catalysts (Table 1). Although the results
on the commercial catalysts were not collected under identical
experimental conditions, they do demonstrate the superior
performance of our catalysts over both the commercial
catalysts. High catalytic activity of our catalysts at low
temperature is attributed to the redox behavior of the metal
oxides, the high surface concentration of transition metal
oxides, and Lewis acidity.

Any SCR catalyst intended for commercial application
should be tested in the presence of water and at space
velocities close to industrial scale. Our best catalyst, 20 wt%
Mn/Hombikat TiO2, showed excellent results (Figure 1) at

Figure 1. Influence of inlet water concentration on NO conversion in the
SCR reaction over 20 wt % Mn/Hombikat TiO2 at different temperatures,
feed: NO�NH3� 2000 ppm, O2� 2 vol%, He carrier gas, H2O� 1.7 ±
10 vol%, catalyst� 0.1 g, total flow� 17.3 mL minÿ1. ~� 1.7 vol% H2O,
*� 160 8C.

120 ± 180 8C with inlet water concentrations as high as
10 vol %, indicating very good hydrothermal stability. Less
than 3 % N2O formation was detected at 180 8C. These results
are superior to those in the literature. The same catalyst was
also tested in a wide gas hourly space velocity (GHSV) range
(4000 hÿ1 to 64 000 hÿ1). The results (Figure 2) show an
approximate 50 % decrease in NO conversion at higher
GHSV. However, it should be noted that we have used higher
levels of NO (2000 ppm) in the feed than that found in coal-
fired power plants (400 ± 500 ppm).

Figure 2. Influence of GHSV on NO conversion in the SCR reaction at
different temperatures over 20 wt % Mn/Hombikat TiO2 feed: NO�
NH3� 2000 ppm, O2� 2 vol%, He carrier gas, catalyst� 0.1 g, total
flow� 17.3 mL minÿ1, *� 120 8C, *� 140 8C, ~� 64000 hÿ1.

In conclusion, a new highly active, time-stable, and water
resistant catalyst operating at low temperature (80 ± 180 8C)
has been developed for the SCR of NO with NH3 in excess O2.
Further studies are in progress to better understand the
mechanistic aspects of our catalytic system.

Experimental Section

Transition metal oxides were deposited on various supports (Table 1) using
aqueous solutions of metal nitrates. In a typical synthesis, distilled water
(50 mL) was added to a 100 mL beaker containing the support (1.0 g). The
mixture was heated to 70 8C under continuous stirring. A measured
quantity of metal nitrate was added, and the mixture was evaporated to
dryness. The paste obtained was further dried overnight at 110 8C, ground
and sieved (80 mesh). Prior to the catalytic experiments, the catalysts were
activated in situ by passing oxygen (4.18 % in He) for 2 h at 400 8C. The
SCR of NO at atmospheric pressure was carried out in a fixed-bed ceramic
aluminum oxide reactor (internal diameter 6 mm) containing catalyst
(0.1 g; 80 mesh). Oxygen (Wright Bros., 4.18 % in He), ammonia (Math-
eson, 3.89 % in He) and nitric oxide (Air Products, 2.0% in He) were used
as received. The inlet concentrations of NO and NH3 were 2000 ppm,
whereas the O2 concentration was 20 000 ppm. The total flow of inlet gases
was set at 17.3 mL minÿ1 to achieve a GHSV of 8000 hÿ1. The reaction
temperature was measured by a type K thermocouple inserted directly into
the catalyst bed. The reactants and products were analyzed on-line using a
mass spectrometer. Catalysts calcined at 400 8C for 2 h were used for XRD,
NH3 FT-IR, XPS and NH3 temperature-programmed desorption (TPD).
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Total Synthesis of Colombiasin A**
K. C. Nicolaou,* Georgios Vassilikogiannakis,
Wolfgang Mägerlein, and Remo Kranich

Colombiasin A (1) is a novel diterpene recently isolated
from a biologically active (against Mycobacterium tuberculo-
sis H37Rv) extract obtained from the gorgonian octocoral,

Pseudopterogorgia elisabethae, col-
lected off San Andres Island, Co-
lombia.[1] Its structure is character-
ized by a tetracyclic carbon frame-
work whose periphery is decorated
with four methyl groups, two car-
bonyl functions, two double bonds,
and one hydroxy group. In addition,

this unprecedented molecular architecture includes six stereo-
genic centers, two of which are adjacent quaternary carbon
atoms. Despite the elegant spectroscopic studies that led to
the structural elucidation of the colombiane skeleton, the
absolute stereochemistry of colombiasin A (1) remains unas-
signed. The intrigue surrounding this natural product is
heightened by a proposal suggesting elisabethin A (which
was also found in Pseudopterogorgia elisabethae[2]) as a
biogenetic precursor of 1.[1] Here we report the total synthesis
of colombiasin A (1) by a strategy which also delivered its C7
epimer as well as several other analogues.

A brief retrosynthetic analysis of colombiasin A (1) is
presented in Scheme 1. Inspection of the target�s architecture
suggested quinone A as the cornerstone of its construction.

Scheme 1. Retrosynthetic analysis of colombiasin A (1).

Two Diels ± Alder reactions, first with diene B (intermolecu-
lar) and then with diene D (intramolecular), along the
sequence of elaboration, were expected to complete the
polycyclic skeleton of the molecule. According to this plan,
the elaboration sequence between the two cycloadditions
would require both tethering of domains B and D as well as
reoxidation of ring A to a new quinone moiety after fusion of
ring B. To facilitate tethering of segments B and D (i.e.
forming the C6ÿC7 bond), an oxygen-based functional group
(R2O) was temporarily incorporated into diene B as shown in
Scheme 1. As described below, two runs of the derived
strategy were necessary to reach colombiasin A (1).

The construction of the first key intermediate, ketone 6,
starting with the first of the projected Diels ± Alder reactions
is summarized in Scheme 2. Thus, reaction of diene 2 with
quinone 3[3] (obtained by ortho-methylation of 1,2,4-tri-
methoxybenzene[4] followed by oxidative demethylation[5]

Me

TBSO

O

O

OMe

Me

Me

TBSO
O

O
OMe

Me

Me

TBSO
OMe

OMe
OMe

Me

Me

O
OMe

OMe
OMe

Me

AB

a) EtOH

b) K2CO3,
    MeI

c) TFA

2 3 4

56

Scheme 2. Construction of AB ring system 6. a) EtOH, 25 8C, 2 h, 83%;
b) K2CO3 (5.0 equiv), MeI (20 equiv), acetone, reflux, 48 h, 83%; c) 2%
TFA in CH2Cl2, 25 8C, 2 h, 91%. TFA� trifluoroacetic acid; TBS� tert-
butyldimethylsilyl.
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