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The deNO, catalytic properties of a new class of open-framework structure materials, Lis[Mn3;(H,0),,V1304(XO4)] - 24H,0
(X = V, S) (l), [Fe3(H20)12V18042(XO4)] . 24H20 (X = V, S) (2), [CO}(H20)12V18042(XO4)] . 24H20 (X = V, S) (3), and
Lig [Ni_';' (H20)12VY61V;’042(SO4)] -24H,0 (4), have been studied. The crystal structures of these novel systems consist of three-
dimensional arrays of vanadium oxide clusters {V;3042(XO4)} , as building block units, interlinked by {-O-M-O-} (M = Mn, 1;
M = Fe, 2, M = Co, 3; M = Ni, 4) bridges. Their open-framework structures contain cavities, similar to those observed in
conventional zeolites, which are occupied by exchangeable cations and/or readily removable water of hydration. The catalysts
derived from these materials were tested for the selective catalytic reduction (SCR) of nitrogen oxides {NO,} into N, using a
hydrocarbon, propylene, as the reducing agent. The catalysts were ineffective under lean burn conditions. However, the new
catalysts, especially the one derived from the cobalt derivative (3), showed intriguing deNO, activity under rich conditions. They
remove up to ~ 99% of the toxic NO, emissions in 1.5% O, with 100% selectivity to N,. The active phase of the catalysts exhibit
good stability, can be readily regenerated, and are selective to the desired product-N,. The catalytic reactions occur at moderately
low temperatures (400-500 °C). The catalysts were characterized by FT-IR, temperature programmed reactions (TPR and TPO),
SEM, BET surface area measurements, elemental analysis, and X-ray diffraction (XRD). Additional advanced techniques were
used to further characterize the catalyst phases that showed most promising deNO, activity and increased tolerance to oxygen.
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1. Introduction

Increased environmental concerns and stricter gov-
ernment regulations require industry and society to
develop high efficiency zero/minimal-waste industrial
processes. Consequently, there is a wide-spread need for
a new generation of efficient catalysts to meet the envi-
ronmental and technological challenges ranging from
the removal of toxic gases from auto exhaust and
industrial flue gas streams to selective oxidation of
hydrocarbons and removal of urea from blood [1-5].
These goals could possibly be achieved by the design
and synthesis of new catalyst grade materials with well-
defined structures whose properties can be readily
modified at the atomic and molecular level.

The deNO, process- the removal of toxic NO,
(mainly NO and NO,) gases from the flue gas streams of
fossil fuel plants, chemical processing factories, and
exhaust of automobile engines is an area of intense
current interest [2]. Although the direct decomposition
of these species into the elemental constituents is both
attractive and thermodynamically favored (reaction 1)
[6], the reaction is kinetically very slow [7], even in the
presence of a variety of catalysts [8].
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NO——1/2N, + 1/20, AH = —21.6 Kcal/mol (1)

In stationery industrial applications such as fossil-fuel
power plants, the widely employed selective catalytic
reduction (SCR) of NO, is carried out on a catalyst
surface (mostly transition metal oxides supported on
porous anatase [5] type titanium dioxide support; e.g.,
V,05/WO0;3/TiO; deNO, catalyst [9]) by a reductant-
most commonly ammonia, introduced to the flue gases
(reaction 2) [2,10].

Catalyst

6NO, +4NH; —— 5N, + 6H,0 (2)

Although it removes 65-80% of NO, gases from the flue
gas streams, the discharge (“slip”) of unreacted ammonia
into the environment is a major drawbacks of the SCR
process [10a,10d]. Ammonia is comparable to NO, in its
toxicity (TLVnp, = 20 mg/m® and TLVyo, = 5 mg/m?;
TLV = Threshold Limit Value). The problem of the
toxic emission in SCR process is exacerbated when
enhanced NO, removal (90-95%) is desired (as required
by the new environmental regulations), as it will be at the
expense of ammonia slip and possible carbon monoxide
(CO) discharge.

Selective catalytic reduction by hydrocarbons
(HC-SCR) is an evolving alternative to ammonia based
SCR process [6] for the removal of NO, gases. It is
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viewed as a more environmentally friendly process [2,5—
8] which uses readily available and environmentally
acceptable hydrocarbons (such as propylene, instead of
ammonia) as the reducing agent. The HC-SCR can also
be easily used in diesel systems to reduce NO, emissions.
The major disadvantage here is the lack of suitable cat-
alysts [8]. The catalysts that have been tested in recent
years suffer either from the deactivation by O,, SO,,
H,O0, inactivity at the desired temperatures or produce
undesirable byproducts (CO, N,O, NO,). The effective-
ness of the catalysts is also diminished by water
(hydrothermal deactivation) because of reversible retar-
dation caused by competitive adsorption between water
and NO or hydrocarbon. Water also causes irreversible
deactivation due to dealumination of zeolite catalysts
and aggregation of metal ions in the zeolite framework.

Therefore, the search for suitable catalyst materials
for application in HC-SCR deNO, continues. A cleaner
and efficient NO, disposal requires the development of
new catalysts that can selectively catalyze the reduction
of NO, in an environmentally benign and cost-effective
manner. A catalyst that will make defixation/reduction
of NO, commercially viable and environmentally
acceptable will have enormous impact on the environ-
ment and the society.

Since vanadium is the active site in the most com-
monly employed NH3-SCR-deNO, catalyst or plays an
important role in the conversion of NO, [5a,7a], vana-
dium oxide based materials are considered potentially
attractive deNO, catalysts [2,5-8]. These same catalysts
have not been examined for activity using hydrocarbons
as the reductant. They may have advantage over the
transition metal exchanged zeolites (e.g. Cu-ZSM-5)
that have been studied in recent years with limited suc-
cess. One of the major drawbacks of the zeolite catalyst
materials is that their suitability is determined empiri-
cally with practically little or no possibility of
improvements in their performance by introducing
structural changes at the molecular level [10]. The
mechanism of interactions of these catalysts with sub-
strate molecules and the structures of the catalytic sites
are poorly understood, due mainly to the complex nat-
ure of these empirical catalysts that are inaccessible to
many physico-chemical techniques.

On the other hand, the design and synthesis of well
defined catalyst grade materials suitable for industrial
scale applications remain a challenge to the synthetic
chemists. This difficult problem has attracted consider-
able attention in recent years. Recently, a series of a new
class of vanadium oxide based crystalline open-frame-
work materials have been synthesized by molecular
building block or “bottom-up” approach [11]. These new
materials, which are composed of well-defined building
block units, have been characterized by eclemental
analysis, FT-IR spectroscopy, thermogravimetric anal-
ysis, manganometric titration, temperature dependent
magnetic susceptibility measurement, X-ray powder

diffraction, bond valence sum calculations, and com-
plete single crystal XRD structure analysis. Their
structures are resolved to the extent of atomic resolution
by a combination of spectroscopic and physico-chemical
methods and complete single crystal structure analyses.

The crystals of the new materials have open-frame-
work structures containing well-ordered three-dimen-
sional arrays of the building block clusters
{V1504(X0,)} (X =VO; , SO , CI", Br", or H,0)
which are interlinked by {-O-M-O-} (M = Mn, Fe,
Co, Ni, Zn, etc.) bridging groups or linkers. Each cluster
in these structures is connected to six others to generate
the three-dimensional open-framework which contain
cavities and channels, similar to those observed in con-
ventional zeolites (aluminosilicates). The channels are
occupied by exchangeable counter ions and/or readily
removable lattice water molecules. The cavities and
channels in these solids can be varied by changing the
building blocks at the molecular level.

They three-dimensional frameworks in these materi-
als contain reactive metal sites — incorporated in the
building block units — which are exposed to the interior
of the voids present in their structures. The type and
nature of these metal sites (e.g. Mn, Fe, Co, Ni, Zn,
etc.,) can be readily varied by choosing the appropriate
building units and linkers. In essence, these materials
provide a unique opportunity of integrating atomistic
design of active sites and fine-tuning their redox poten-
tials. They also allow us to tailor the size of the cavities
and channels in these solids. This unprecedented level of
control over framework architecture coupled with sys-
tematic variation of chemical composition and accurate
characterization techniques give us unique opportunity
to develop a fundamental understanding of the struc-
ture—property relationships at the molecular level. These
materials thus represent a new class of advanced mate-
rials which may be viewed as combining the reactivity of
transition metals with the salient features of zeolites.

Given the established role of vanadium oxides in
catalysis and catalyst supports [2,5-8] the new mate-
rials are attractive with potential use as deNO, cata-
lysts for the HC-SCR process. Since they contain
monodispersed controllable reactive sites, these sys-
tems provide excellent models of pristine materials
suitable for studies on fundamentals of catalysis
required for tailor-making catalytic surfaces with
desirable and controllable properties and functions.
Therefore, we have started a systematic study focused
on evaluating the potential application of the new
series of materials in the catalytic deNO, process.
Instead of using toxic ammonia, which is used as
reductant in the currently employed industrial scale
SCR process, we have used an environmentally benign
hydrocarbon, propylene, as reductant in our HC-SCR
deNO,, studies.

Here, we report the results of HC-SCR deNO,
catalysis work done on the following representative
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examples of the novel series of vanadium oxide based
open-framework materials (OFM):

Lig[Mn}' (H,0),, Ve VY 045(X04)]-24H,0(X=V04,80;)

(1)
[Fe3(H20),, Vo 5 VY s042(XO04)] - 24H,0(X = VO4, SO4)
(2)
[Co3(H20),,V5 5 Vg s042(XO0y4)] - 24H,0(X = VO4, SO4)
3)
Lig[Ni} (H20), VIIVY 04, (SOy)] - 24H,0 (4)

The deNO, catalytic activities of the new catalysts have
been evaluated under different HC-SCR conditions. The
catalytic properties of the new systems have also been
compared to Cu-ZSM-5 and activated carbon. The cat-
alysts were characterized by FT-IR, TGA, temperature
programmed reactions (TPR and TPO), SEM, BET sur-
face area measurements, elemental analysis, and X-ray
diffraction. The catalyst phases showing the most prom-
ising deNO, activity and increased tolerance to oxygen
were further characterized by advanced techniques.

The preliminary results presented here are part of an
ongoing work. We expect that our continuing investi-
gation will shed more lights to answer some intriguing
observations and questions that arise from this work.
The ongoing studies will enable us to better understand
the potential and properties of the new materials and the
catalysts derived from these systems.

2. Experimental section
2.1. Catalyst preparation

The following novel series of vanadium oxide based
OFM 1-4, were prepared by the methods we have
described elsewhere [11].

Lis[Mnj3 (H20),,V13042 (X04)]-24H,0(X=V,S) (1)[11a]

[Fe3(H,0),,V 15042 (X0y4)] - 24H,0(X = V,S)  (2) [11b]

[Co3(H0),,Vi504:(XO0y4)] - 24H,0(X = V,S)  (3) [11b]

[Lig[Niz(H,0),,V13042(SO4)] - 24H,0 (4) [11c]

Following procedure, used to prepare the cobalt deriv-
ative (3) — which yielded the catalyst with the highest
deNO, activity — illustrates the general synthetic method
used for their preparation [11b,12].

An aqueous solution (3 mL) of LiOH - H,O (5 mmol)
was added slowly with stirring to a slurry of V,Os
(2.5 mmol)in 10 mL of water maintained between 84 and
86 °C. After the resulting light yellow solution was treated
with hydrazine sulfate (2.5 mmol), the reaction mixture

was further heated under continuous stirring for 10 min
and diluted with deionized water to 25 mL (pH 4.6). The
dark colored mixture was subsequently treated with
CoS0O,4-6H,0O (1.25 mmol) and heated for 3-7 h. The
reaction vessel containing the dark solution was stop-
pered and allowed to stay at room temperature for 12 h to
yield crystals of 3. The crystals were isolated from the
mother liquor and dried in air at the room temperature.

The solid state crystal structure of 3 consists of an
open-framework containing three-dimensional arrays of
the constituent clusters {V3504(X04)} (X = VOff7
SO?[) interlinked by {—-O—-Co—O-} bridging groups. The
{V1304,} cage of the cluster is made of 18{VOs} square
pyramids sharing edges. The vanadium atoms of the
cage exhibit mixed valence (V and IV oxidation states).
The cobalt atoms, interlinking the constituent clusters,
are present in the +2 oxidation state and in the octa-
hedral geometry.

The OFMs which led to the most promising deNO,
activity were identified and further characterized.
Commercially available V,05 [Cerac, —200 mesh], V,0;
[Cerac, —200 mesh] and activated charcoal [BIO-RAD],
and 127% exchanged Cu-ZSMS5 catalyst were also tested
for the deNO, activities under similar conditions. The
ammonium form of ZSM-5 with a Si/Al = 25 was
provided by Zeolyst International. To obtain the
H-form, the zeolite was calcined at 550 °C for 4 h in a
static furnace. Cu was ion-exchanged into the zeolite
according to commonly used literature procedures. To
obtain a 60% exchanged Cu-ZSM-5 sample (following
the commonly used nomenclature where 100% exchan-
ged stands for one Cu ion per every two Al sites),
hereafter referred as Cu(60)-ZSM-5, 100mL of a
0.015 M Cu(NO3), - 2.5H,0 (99.99%, Aldrich) solution
were stirred vigorously with 10 g of H-ZSM-5 (Si/
Al = 25) for 2 h before adjusting dropwise the pH to 8
using a 0.8 M NH4OH (30%, AR, Mallinkrodt) solu-
tion while stirring. The slurry was kept under stirring for
an additional 24 h period. The solid was filtered, rinsed
with water and dried at 100 °C. Samples were calcined
for 4 h at 450-500°C. The number of exchange steps
performed and/or the concentration of the metal solu-
tion was modified in order to achieve different metal
loadings. The deNO, activities were compared with the
activities of OFM 1-4.

2.2. Sample treatment

The deNO, activity tests were carried out on as pre-
pared samples of 1-4 and on the catalyst samples
reduced in C3Hg at 400 °C. Catalysts samples were also
reduced in H, at 400 °C in order to deduce the effect of
the type of reductant gas on catalytic performance.

2.3. Catalyst characterization

The materials that exhibited the best deNO, activity
and increased tolerance for oxygen were characterized
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using BET surface area, FT-IR, elemental analysis, tem-
perature programmed reduction (TPR) and oxidation
(TPR & TPO), SEM, and XRD. Five point BET surface
areas were performed on catalyst materials 1-4 using
nitrogen physisorption method on a Micromeritics ASAP
2010 instrument. Infrared spectra (KBr pellets; 400-
4000 cm™! region) were recorded on a Nexus® 470 Spec-
trometer. The IR spectra were analyzed using the Ther-
monicolet OMNIC software. Elemental analysis on all
the compounds was performed using a Perkin Elmer 2400
elemental analyzer and a Perkin Elmer optima 3300DC
DCP Spectrometer. The TPR and TPO reactions were
carried out on Altamira AMI-1 unit equipped witha TCD
detector from Analytical Instruments. The outlet gas
analysis was done by an attached inline GCMS (Stanford
Research OMS200 Residual Gas Analyzer).

SEM images were obtained using a JEOL JSM-
5900LV Scanning Electron Microscope. The XRD pat-
terns of the best performing catalyst were recorded on a
Siemens D5000 powder XRD at room temperature
between 5 and 80° 26 at 3 s count for every 0.02°.

2.4. Catalyst testing

DeNO, activities were measured at a space velocity of
10,000 h™" at a flow rate of 100 cc/min. The deNO,
activity tests were carried out under both lean and rich
conditions using both as prepared and reduced catalyst
samples. Unless otherwise specified, 1000 ppm of each
NO, and C3;Hg were used for all the deNO, activity
tests. The composition of the flue gas stream comprised
of He, NO/He, C3H¢/He, O,/He for lean condition and
He, NO/He, CsH¢/He for rich condition having the set
gas flow rates and concentrations shown in table 1. Data
on the product gases was collected on a micro GC
equipped with a TCD detector from Analytical Instru-
ments and the nitrogen oxides (NO and NO,) were
measured with a NOVA 300 CLD Chemiluminescent
NO and NO,, analyzer.

3. Results and discussion
3.1. Catalytic DeNO, activity tests-lean conditions

OFMs 1-4 were initially tested for deNO, activity
under lean conditions (2% O,) and rich conditions (O,

Table 1
Gas compositions for deNO, activity tests under lean and rich
conditions
Gas Concentration Lean condition Rich condition
of gases (%) set flow rate set flow rate
(cc/min) (cc/min)
He 54.3 94.7
0O,/He 5.02 39.4 0.0
NO/He 5.02 2 2.0
C3;Hg/He 3.33 33 33

free). The best performing catalyst materials (highest
deNO, activity under all desirable conditions and
selectivities towards N> and CO,) were further charac-
terized. All catalysts were tested using several oxygen
and propylene concentrations to optimize the catalytic
reaction conditions and determine the effect of the feed
concentration on catalyst performance. The highest
deNO, activities were observed after the catalyst mate-
rials were pre-reduced using propylene. In order to
determine the effect of reductant, the use of H, was also
examined.

Table 1 lists the conditions utilized for deNO, activ-
ity measurements for OFMs 1-4 under lean deNO,
conditions. Under all temperatures examined (200—
600 °C) all materials exhibited either no or marginal
deNO, activity. The catalysts showed high selectivity to
CO and CO,. Nitrogen selectivity was to the less desir-
able NO, product.

3.2. Catalytic DeNO, activity tests-rich conditions

Since the catalysts performed poorly under lean
conditions, a study was conducted to determine catalyst
activity under rich conditions using the gas composition
and flow rates described in table 1. The deNO, activities
of 1-4 were then compared with the NO, conversion
rates of activated charcoal and Cu-ZSM-5 under similar
experimental conditions.

Figure 1 shows the deNO, activity of 1-4 under rich
conditions. The highest deNO, activity was obtained
from 3 (the cobalt derivative of the OFM composed of
{V1804X} clusters linked by -O-Co—-O- groups). 3
showed a maximum deNO, activity at 500 °C with
100% selectivity to N,.

The deNO, activities of 1, 2, and 4 are significantly
lower than 3 and their activities increase with increasing
temperature. 1, 2 and 4 showed maximum activities at
the highest tested temperature (600 °C). 1 had the least
deNO, activity of 22.9% at 600 °C with 21.3% selec-
tivity towards N,. 2 and 4 had a maximum deNO,
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Figure 1. NO conversions over temperature for catalyst materials 1-4
under rich conditions.
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Figure 2. (a) NO conversion and its selectivity to N, and NO, over
temperature for catalyst material 3 under rich conditions. (b) C3Hg
conversion and its selectivity to CO and CO, over temperature for
catalyst material 3 under rich conditions.

activity of 33.6% at 600 °C with selectivities of 31.5%
and 31.2%, respectively, towards N,.

Figure 2(a, b) show NO, and propylene conversions
and selectivities for 3 under rich conditions. The deNO,
activity of 3 was less than 3.5% at temperatures below
300 °C (figure 2(a)). The activity slowly increases
reaching a maximum of 74.9% at 500 °C and then drops
as the temperature is further increased. Between 475 and
500 °C, NO, conversion is 100% selective to N,. At
other temperatures small amounts of N,O (less than
10%) are also observed.

As shown in figure 2(b), maximum propylene con-
version (74.0%) was achieved at 600 °C with 37.0% and
26.7% selectivity towards CO; and CO, respectively. At
maximum deNO, activity (500 °C), the propylene con-
version was only 37.3% with selectivities to CO, and CO
of 12.6% and 10.6% respectively. As before, this
material undergoes significant coking. The maximum
amount of coking was observed at 400 °C with 58%
selectivity to coke.
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Figure 3. NO conversion and its selectivity to N, over temperature for
catalyst materials Activated Charcoal (AC) and Cu-ZSM-5 under rich
conditions.

Figure 3 is shows NO, conversion and selectivity of
N, for activated charcoal and Cu-ZSM-5 under rich
conditions. The activated charcoal shows a maximum
deNO, activity of 8.5% at 600 °C with selectivities of
100% for N, and CO. The amount of CO and CO,
obtained from C;Hg conversion in case of activated
charcoal was much different than the other materials.
The high yields of CO and CO, indicate that the acti-
vated charcoal was limiting coke formation. Cu-ZSM-5
gave a maximum NO, conversion of 45.7% with 93.9%
selectivity to N5 at 550 °C. However, under rich condi-
tions, the deNO, activity by Cu-ZSM-5 decreased rap-
idly to 10.0% within 30 min. The high level of coking on
the sample is the most probable reason for the decrease
in the catalyst activity [7a,8].

Longevity tests at highest deNO, activity conditions
(i.e. 500 °C) showed a gradual decrease in activity for all
of the catalyst samples (1-4). This decrease in the deNO,,
activity of the catalyst materials 1-4 over time under
rich condition may be attributed to the possible oxida-
tion of the vanadium oxide based materials. Therefore,
we pre-reduced the catalyst materials (1-4) with CsHg
for an hour. The reduced materials were then tested
under rich conditions specified in table 1. Pre-reduced 2,
3, 4 showed a very high deNO, activity (>99%) with
100% selectivity to N, and a very high selectivity
towards CO, at 500 °C.

Figure 4(a) shows NO, conversions and N, selectiv-
ities for pre-reduced 1 and 3. Initially, the increase in
temperature leads to increased NO, conversion up to
500 °C. The selectivity to N, runs almost parallel to
conversion which is 100%, between 475 and 500 °C.
Above 500 °C there is a drop in deNO,, activity while N,
selectivity remains 100%. The conversion and selectivity
trend with materials 2 and 4 was similar to that of 3. The
NO, conversion and selectivity pattern of 1 is much
different than 2—4. It showed lowest deNO, activity of
~25.0% with 12.5% selectivity for N, at 600 °C.
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for C3Hg reduced catalyst material 3 under rich conditions over time.

Figure 4(b) shows the C;3;Hg conversion and its
selectivity to CO and CO,. At 600 °C C3Hg conversion
was around 96.5% with 55.8% and 10.0% selectivity for
CO, and CO respectively. At 500 °C, when the deNO,
activity is at its peak, the C3H¢ conversion is 75% with a
selectivity of 53.0% and 7.0% towards CO, and CO,
respectively.

C;Hg supplied was not accounted for by the total
carbonaceous products obtained. The hydrocarbon
recovery was less than 100% as the C;Hg conversion
was not consistent with its selectivity to CO or CO,. The
absence of any other carbonaceous byproduct indicated
the retention of unaccounted hydrocarbon on the cata-
lyst, either in the form of coke, hydrocarbon, or some
other polymeric carbon form. This was confirmed by
elemental analysis.

The C3Hg conversion is highly selective towards CO,
rather than CO, the opposite to the trend observed
under the lean conditions. As indicated in figure 4(b), an
increase in temperature increases the selectivity for CO,,
from ~1% at 300 °C to 53% at 500 °C.

Further testing of catalysts 2-4 to see theirperfor-
mance over longer periods of time established 3 as the-
most stable catalyst for activity maintainance over an

extendedperiod of time. Figure 4c shows how the
deNO, activity of3 is accompanied by the consistent
selectivity to N, andCO,. All of the NO, converted
(>99%) is selectivelyconverted (100%) to N,. The for-
mation of N, by reductionof NO, remained at 100%
level throughout the 18 h testperiod. Catalyst sample 3
was tested further beyond 18 h(after 1- 4-, and 6 weeks).
In this duration the reactortube with the sample of 3 was
covered with Para film and leftin air at room tempera-
ture). These longevity tests showed thatcatalyst 3
maintains its high deNO, activity, withoutneed for any
further reduction, for a prolonged time (beyond
6 weeks).

Once reduced, catalyst 3 is not affected by exposure
to atmospheric oxygen during sample handling. How-
ever, prolonged exposure to air does decreases its
deNO, activity to some extent (<5%). The deNO,
activity is restored to the 99% NO, conversion level by
heating the partially deactivated catalyst in the presence
of CsHg at 400 °C for 5-10 min. The conversion of
C3;Hg at 500 °C starts at a high (75.0%) level and
reduces to 36% after 18 h with high selectivity to CO».
Initially, there were low selectivities to CO (~7%). The
CO formation dropped after 20 min on stream, reaching
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the 0% level within 90 min and maintained this level
throughout the experiment. About 53.0% CO, formed
in the beginning of the experiment increased to 85.0%
within the first half hour. The CO, selectivity then
slowly decreased to ~33% within 2 h and remained
relatively constant throughout the test period.

The NO, conversion was not affected and selectivity
to N, remained the same (i.e. 100%) as long as the
temperature and propylene concentration were main-
tained. Since the maximum propylene conversion for the
2-4 was around 75% even during maximum conversion
at 500 °C, deNO, activity tests examined at varying
concentrations of propylene to determine the optimum
propylene concentration needed to maintain high
deNO, activity. The total flow rate of 100 cc/min was
maintained throughout the experiment by adjusting the
flow rate of He diluent. The results of the experiments
performed on OFM 3 under rich condition are shown in
figure 5 in the form of a plot of percentage NO, con-
version versus C3Hg concentration. It shows the effect of
propylene concentration on NO, conversion.

The highest NO, conversion was observed at a pro-
pylene concentration level of 600 ppm. Although
somewhat lower concentrations of propylene also give
excellent NO, conversions (e.g. 99.2% at 450 ppm C;Hg
and 98.8% at 300 ppm C;Hg) for a short time, the level
of deNO, activity dropped to 72.5% within 2 h and
continue to drop rapidly thereafter. Thus the optimum
concentration of propylene needed for achieving a sus-
tainable high level of deNO, activity is 600 ppm. The
rapid decrease in NO, conversion can be attributed to
several factors. It is possible that the lower C3Hg con-
centration leads to oxidation of the active metal sites of
the catalyst. These sites are not brought back into the
catalytic cycle owing to the presence of insufficient
amount of propylene needed for rapid reduction of the
oxidized metal centers. Furthermore, the propylene
would also be needed for the continuous deposition of
carbonaceous material which appears to be a dynamic
process. Finally, as indicated by the plot in figure 5, 3 is
not a NO, decomposition catalyst since propylene is
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Figure 5. Percentage NO, conversion for Cs;Hg reduced catalyst
material 3 under rich conditions at 500 °C over different concentra-
tions of propylene.

required for NO, conversion. If C3Hg is not supplied the
deNO, activity (or NO, conversion) drops rapidly to
zero.

To determine the oxygen tolerance of the catalysts,
we introduced oxygen in varying concentrations (2—
0.5%) into the reaction system while maintaining a
constant total flow rate of 100 cc/min through the
reactor. The data in figure 6 show that catalyst 3, which
was pre-reduced in C3;Hg, was more tolerant to the
presence of excess oxygen. It maintained its high NO,
conversion level in the presence of up to 1% of oxygen.
In the presence of 1.5% oxygen (lean condition) the
deNO, activity of the C3Hg reduced catalyst 3 starts
slowly dropping after 1.5 h. The catalyst was regener-
ated (i.e. re-reduced) when the NO, conversion dropped
below the desired level (80%).

To explore the effect of reductant type on catalyst
activity, deNO, activity tests were also performed under
rich conditions (as specified in table 1) on catalysts 1
and 3 after their pre-reduction in H, at 400°C for 3 h.
Initially, 3 showed a low deNO, activity (28.5%). After
an induction period of 45 min the deNO, activity
reached a maximum of >99% and remained at this level
throughout the test period indicating that both reduced
metal and propylene are necessary for maintaining high
deNO, activity. As long as the temperature is main-
tained at 500 °C and the experimental conditions are
unchanged, the NO, conversion is not affected and its
selectivity towards N, remains same (~100%).

Under rich conditions, materiall behaves differently
from the other catalyst materials (2—4). Initially the
deNO, activity of 1 (pre-reduced in H,) is very low
(~3%). Over a period of 1h the NO, conversion
increased to 32.1% with selectivities of 25.0% for N,
and 6.6% for N,O. A maximum 51.1% NO, conversion
with selectivities of 47.5% for N, and 12.3% for N,O
was seen after 1.3 h. The NO conversion drops to 45.1%
within 1.4 h and remains at this level for 3.2 h. The NO

80

:\e‘ ~—a— NOXx Conversion(OFM-2) * N
\:— kN
% 60 - —o— NOXx Conversion (OFM-4) “
a .
g -A- - NOx Conversion (OFM-3)
3 40
20 A
g
0 T T T
0 0.5 1 1.5 2

Concentration Of Oxygen (%)

Figure 6. NO conversions over different oxygen concentrations for
C3Hg reduced catalyst material 2, 3 and 4 under rich conditions.
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conversion decreases to 16% within 4 h with selectivity
of 10.5% for N>,O and 5.9% for N,.

Thus 1 and 3 show different deNO, activity pattern
when pre-reduced with H, instead of C3Hg . The deNO,
activity of 3 remains at 99% after an initial 45 min
induction period indicating that C3Hg is needed for the
high NO conversion rates. For the 1 a maximum of 51%
NO, conversion is reached in 1.25 h dropping to 16%
within 4 h.

The catalyst material 3 has the presence of the het-
erometal cobalt in —V-O—-Co—-O-V- environment. In
order to establish whether just the presence of cobalt as
heterometal in vanadium oxide framework would bring
about the high deNO, activity or cobalt needs to be
present in specific chemical environment. We tested
different cobalt containing vanadium oxide based
materials for deNO, catalytic activity. The results
revealed that only the materials containing —V-O—Co-—
O-V-— moieties showed high deNO, activity.

Table 2 lists the turnover frequency (TOF) per gram
of metal for the four new catalysts along with the
Cu-ZSM-5 catalyst. Catalyst material 3 is still the most
active per gram of vanadium of the four new materials.
It is an order of magnitude less active than the Cu in
Cu-ZSM-5. The low activity can be partly explained by
the increased surface area of the zeolite based system
(45 m?/g for 3 versus 398 m?/g for Cu-ZSM-5). The low
activity might also be due to the relatively low activity of
vanadium for reduction of NO,. Under lean conditions,
Cu-ZSM-5 shows very high activity [13] where these V
materials are inactive. Vanadium catalysts are better
known for their oxidation activity and less for their
ability to promote reduction of molecules such as NO,.
It is only when the V is in the presence of the Co in
sample 3 that reasonable deNO, activities are observed.
This activity may have more to do with the Co than the
V phase of the catalyst. Future work will further
investigate the effect of the Co phase of the catalyst.

3.3. Characterization of active catalysts phases

3.3.1. Surface area measurements
Surface areas were measured for 1-4 for as prepared,
after reduction and after catalysis (table 3). As prepared

Table 2
Activity comparisons

400 °C 500 °C

Conversion TOF g NO/g Conversion TOF g NO/g

(%) V metal Hr (%) V metal Hr
OFM-1 1 271 10 2706
OFM-2 22 6012 30 8198
OFM-3 30 8227 75 20,568
OFM-4 22 6276 30 8559
AC 4 n/a 7 n/a
Cu-ZSM-5 22 80787 35 12,8524

Table 3
Surface areas of materials OFM 1-4

Sample 5-point BET surface area (m?/g)

As prepared C3;Hg reduced Hj reduced  After catalysis
OFM-1 4 4 4 _
OFM-2 4 29 4 _
OFM-3 4 45 4 44
OFM-4 4 23 - 39

materials have low surface areas possibly due to the
presence of water of crystallization and coordinated
water in their channels. The removal of water during the
degassing step could lead to modifications in the
framework structure. The surface areas increased sig-
nificantly after the samples were reduced in C3;Hg (in
case of 3 there was a 10-fold increase in the surface area)
showing an overall increase in the porosity of the active
catalyst phase.

3.3.2. FT-IR analysis

The FT-IR spectrum of the as prepared sample, C3Hg
reduced and after catalysis samples of 3 is shown in
figure 7. The spectrum of the active catalyst after
reduction in C3Hg is shown as figure 7(b). The spectrum
of freshly prepared 3 (figure 7(a)) gives bands centered
at 3419 and 1604 cm™' due to absorbed water. A strong
peak at 974 cm™' was attributed to terminal v(V=0) .
Weak bands at 839 and 705 cm™' and a broad band
centered at 591 cm™" are due to the bridging vanadium
oxygen groups.

The spectrum of active catalyst phase obtained after
the C3Hg reduction of 3 shows noticeable changes in the

% Transmitance
o
_2

Hﬂ/“’
c __,_.—o-'"'/
..4—-"_"""_"'_'_
3500 000 20 000 1500 1000 )
Wamnumiben {omel)

Figure 7. Infrared spectra (a) As synthesized catalyst material 3; (b)
Catalyst material 3 reduced in CsHg indicating structural changes
during reduction; (c) Catalyst material 3 after NO, reduction
indicating significant changes in 600-400 cm™" region.
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1000-450 cm™" region. Besides the appearance of addi-
tional bands, the feature due to the terminal v(V=0)
groups is absent indicating the loss of terminal (V=0)
groups of the {V,304,X} clusters during reduction. Also
the bands due to lattice water are missing, as expected.
The spectrum of C3Hg reduced 3 (figure 2(c)) also shows
the absence of bands due to the terminal v(V=0) groups
and lattice water.

3.3.3. Elemental analysis

The elemental analysis for C, H and N was done on
a sample of C3;Hg reduced 3. The elemental results
indicated absence of H and N but were high in carbon
content. The absence of N and H indicates that the
carbon present is not a hydrocarbon or a cyanide
phase. Different crystals of C3Hg reduced 3 of the same
batch gave different percentage of carbon content
indicating that the carbon deposition is not homoge-
neous.

3.3.4. Temperature programmed reduction

The TPR of 3 was initially carried out in H, in a
temperature range of 30-600 °C. The results indicated a
small reduction at 234 °C and an additional reduction
peak starting at ~583 °C. Little information could be
obtained from mass spectra data of the off-gases. The
TPR was repeated in C3;Hg and C3Hg to see the effect of
different reductant gases on the catalyst 3. The behavior
of C3Hg reduced catalyst was completely different from
the H, reduced catalyst. The TCD signal shows reduc-
tion over a range of temperature starting from 458 to
658 °C.

From the mass spectra data of the off-gases for the
TPR of 3 in C3Hg (figure 8(a)) it is noted that CO,
formation begins at 332 °C. The rate of CO, formation
decreases at intermediate temperatures increasing again
above 680 °C. C3Hg¢ also undergoes cracking yielding
CHy as cracking by-product. A large amount of H, is
formed starting at 411 °C. The H, formation decreased
a little at 674 °C but increases again at 730 °C. CO
formation could not be established by mass spectra
(since CO and N, have the same m/e and the C;Hg gas
had N, balance).

The TPR of 3 in propane is much different from the
TPR data of propylene (figure 8(b)). A very high
amount of H, is formed starting at 484 °C. The TCD
signal indicates that catalyst reduces between 129 and
135 °C and 400 and 500 °C. There is CO, formation
starting at 486 °C, C,H, formation at 847 °C, and H,O
formation at 532 °C. Thus there was a vast change in
reduction pattern of 3 when different reductants were
used.

3.3.5. Temperature programmed oxidation (TPO)

TPO of 3 was done initially on a H, reduced sample
in temperature range of 30-600 °C. The TCD signal
showed oxidation beginning at 187 °C which completed

by 472 °C. Once again (like in case of TPR by H,), any
useful mass spectral data could be obtained from the
mass spectra of exit gases.

As the reduction process and the materials formed
after the reduction by H, and CsHg are different, the
catalyst sample 3, reduced in C3Hg was taken and a TPO
reaction was carried out (figure 8(c)). The TCD signal
indicated oxidation at 303-435 °C, 488 and 649 °C. The
oxygen consumption peaks correspond to this. The
interesting information that could be obtained from
mass spectra data is that there is a CO, loss starting at
285 °C and then again at 385 °C.

The XRD patterns of 3 as prepared, after reduction
in C3Hg and after deNO, catalysis are shown in fig-
ure 9. The XRD pattern of as prepared 3 (Figure 9a)
shows it to be a porous crystalline material. While the
XRD patterns of the Cs;Hg reduced catalyst 3 (fig-
ure 9(b)) and the C3;Hg reduced catalyst 3 after catal-
ysis (figure 9(c)) indicates significant reduction in
crystallinity of 3.

3.3.6. Scanning electron microscopy (SEM)

SEM pictures were obtained on as prepared 3 (fig-
ure 10(a)), C3Hg reduced 3 and C3;Hg reduced 3 after
catalysis. The surface of reduced materials and the ones
after catalysis were found to be identical but very dif-
ferent from as prepared catalyst material 3. Figure 10(a)
gives a view of as prepared crystal of OFM 3. The SEM
pictures indicate presence of globular material in
between the crystals of C3Hg reduced 3 rather than on
the surface (figure 10(b)). A close look at the SEM
pictures revealed the formation of the fibrous carbona-
ceous material in between the crystals of 3 (fig-
ure 10(c,d)). This amorphous material is a fibrous
polymeric carbon phase bunched together and non-
uniformaly distributed.

4. Conclusion

The results of this ongoing work indicate the
potential application of the vanadium oxide based
materials in the development of a new generation of
HC-SCR deNO., catalysts. The new series of the OFM,
1-4, exhibit some interesting catalytic deNO, proper-
ties. Of the four materials studied so far, 3 (the cobalt
derivative) was found to be most promising for deNO,
catalysis work. The catalyst derived from 3 was easily
regenerated, was more tolerant towards oxygen, and
remained unaffected by sample handling in air. The
presence of propylene as reductant is necessary for
the high deNO, activity of 3. The active phase of the
catalyst is generated during the reduction process.
The very high activity associated with 3 can possibly be
attributed to the cobalt centers incorporated in the
vanadium oxide framework. The heterometal (cobalt)
centers can play an important role in modifying the
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Figure 8. (a) TPR of 3 in the presence of C3Hs. (b) Temperature programmed reduction of 3 in the presence of C;Hg. (c) TPO of C3Hg reduced 3.

electronic properties and redox chemistry of vanadium/
oxo/cobalt system, making it active in the desired range
for catalysis and suitable for deNO, activity. We plan
to do in situ TPR and EXAFS studies on the catalysts
to throw some light on the oxidation state and coor-
dination sphere of working catalysts under realistic
conditions (temperature, pressure, and reacting gases)
and to develop a better understanding of the role of the
heterometals centers and vanadium atoms in the
deNO, catalysis.

The loss in crystallinity is a major problem with the
long term activity of these materials. Future work will
concentrate on stabilizing these catalysts towards steam
deactivation. In addition, the high coking tendencies of

the current catalysts imply that the use of propylene as
the reductant may not be the optimal choice. Future
studies will concentrate on this problem and whether
these V based catalysts should be considered for HC
based deNO, at all.

Finally, the work underlines the significance of the
design and synthesis of new catalyst grade materials
with well-defined structures containing monodispersed
active sites whose properties (for example, redox prop-
erty) could be fine-tuned and correlated with their
structures at the molecular level. Such well-defined
materials may allow fundamental studies in catalysis
leading to the development of new generation of efficient
catalysts.
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Figure 9. XRD patterns of 3 (a) As prepared. (b) After reduction in C3Hg at 400 °C. (c) After catalysis experiment at 500 °C.

Figure 10. (a) A view of the crystal of 3 as prepared. (b) 3 after reduction with C;Hg indicating presence of white globular material between
crystals. (c) A perspective of the white carbonaceous material present on C3Hg reduced 3. (d) The carbonaceous material present between crystals
of C3Hg reduced 3 at magnification, indicating it to be fibrous material bunched together.
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