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CuO, sitting on titanium silicate (ETS-10): influence of
copper loading on dispersion and redox properties
in relation to de-NO,. activity
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A series of copper-based catalysts prepared by dispersing the CuO phase on a titanium silicate (ETS-10) crystalline matrix were studied
towards their de-NO, activity. The copper concentration ranged from 0.7 to 70 atomc, nm ™2, corresponding to 3—18 wt%. The activity of
NO reduction with ethylene was related to morphological and chemical properties of the catalysts. The crystalline character of the catalysts
possessing high internal surface and microporosity was preserved up to ca.3atome, nm 2. At higher copper concentration, structure
collapse was observed with formation of large aggregates of CuO,. Temperature-programmed reduction experiments showed two
reduction peaks with maximum temperatures at ca.470 and 560 K, for catalysts with copper concentration up to 3.5atome, nm . The
two peaks corresponded to the reduction of highly dispersed and non-interacting CuO, species (470 K) and of crystalline CuO, species
(560 K). Catalysts containing copper at higher concentration had only the high-temperature reduction peak, indicating the presence of
large aggregates of CuO,. All the results collected seem basically consistent with a value of about 2.5-3 atomc, nm > for the maximum
dispersion capacity of CuO on the ETS-10 matrix. The amount of copper deposited on ETS-10 affects the activity of catalysts towards
NO reduction. The turnover frequencies per copper site calculated as a function of copper concentration showed a clear decreasing trend
starting from 0.7 to 3.5 atomg, nm 2. Catalysts with higher copper concentration were completely inactive towards NO reduction.
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1. Introduction

Copper-containing crystalline or amorphous catalysts
have received a great deal of attention in these past years
because of their active role in catalytic reactions, con-
sidered as potential ways for the abatement of major
air pollutants [1-3].

Nitrogen oxide (NO,) emissions from lean exhaust
gas streams originated by stationary and mobile sources
are important pollutants that damage the ecosystem.
Concerning the issue of NO, abatement, catalytic con-
version of pollutant NO, into N, can be pursued
mainly by two methods: NO,. direct decomposition and
NO, seclective catalytic reduction with hydrocarbons
(SCR-HC). The first one should be the best way to
follow, but the high activity of most catalysts in
oxygen-free conditions strongly decreases in high-
oxygen-containing atmospheres, while the catalyst
performance of the second method is enhanced by the
presence of oxygen [4—6].

Currently, CuMFI zeolites are among the most
studied materials since the early work of Iwamoto et al.
showed high turnover rates for the NO decomposition
and NO reduction [7]. Copper-loaded zeolites of
other different structures have been reported to possess
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interesting SCR activity [8,9]. Unfortunately, severe
deactivation in the use of zeolite-based catalysts in real
conditions, due mainly to de-alumination and structural
collapse, limits their use. As with zeolites, SCR by novel
zeolite-like structures loaded with transition metal ions is
a rich field for exploitation [10—12].

A number of new crystalline microporous titano-
silicate materials have been recently synthesized starting
from the discovery of titanium silicalite-1 possessing
high-performance oxidation properties. ETS-10 is
among the best-known of the titanosilicates containing
octahedrally-coordinated Ti(IV) [13]. The six-fold co-
ordination environment renders this titanosilicate
inactive as an oxidation catalyst, but still possessing
interesting acidity, molecular sieving properties, and
high ion-exchange capacity [14]. Aimed at finding new
applications for this microporous material, ETS-10 was
used as a matrix for dispersing copper ions, leading to
a novel catalytic system used in the SCR of NO, as
recently reported in the literature. Among others,
Gervasini and coworkers [15,16] and Bordiga et al. [17]
have comparatively studied the ETS-10 and different
zeolitic structures with deposition of various amounts
of copper by mainly adsorption-calorimetric and spec-
troscopic studies, respectively. The quantity of copper
that may be introduced into the ETS-10 structure at
exchangeable sites is determined by the concentration
of Ti atoms present in the framework. In over-exchanged
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samples, not all the copper is located at exchangeable
sites in the structure channels but a fraction of the
copper can form copper oxide particles (CuO, phase)
upon calcination on the catalyst surface. Therefore,
depending on the loading, different copper species may
be co-present, that is, isolated copper ions, small clusters
of copper oxides, hydroxides or mixed copper oxide—
hydroxide entities, as known on various crystalline
matrixes [18—25]. The exact nature of the copper active
sites for SCR of NO is still unknown. In fact, both
completely exchanged and excessively copper-loaded
catalysts in various zeolite structures are claimed to be
very active in NO conversion to N, [26—29]. Recent
results seems to confirm that SCR activity depends on
dispersion, envisaging a correlation between the NO
reduction rate and the concentration of isolated copper
species [19,28—31]. Copper concentration expressed in
terms of Cu atoms per catalyst surface unit is nowadays
used in the literature as a parameter related to dispersion
of copper [32-34]. Centi et al. [33] found that on
CuO, /Al,03, NO conversion increased with Cu content
up to about 3atomc, nm 2 and for higher Cu content
(up to about 6atomg, nm >) conversion increased to a
lesser extent as CuO particles of increasing size were
formed. On CuO,/ZrO, catalysts, Indovina and co-
workers [32] showed that the rate for activity of NO
reduction with NH; was proportional to Cu content up
to 2.5atome, nm 2. This suggested the uniform spread-
ing of Cu(Il) species on the zirconia surface and, as Cu
content increased, small CuO particles, at first, and
then bulky CuO species were also formed.

In this paper we report on the catalytic activity of a
series of CuO,/ETS-10 catalysts with different Cu con-
tent previously prepared by adsorption from copper
acetate aqueous solutions, with or without a second
step of impregnation [15,16]. H,-TPR experiments were
qualitatively and quantitatively performed to control
the redox properties and the dispersion of the CuO,
species as a function of the Cu content. Catalytic
activity of the CuO,/ETS-10 samples in the abatement
of NO with ethylene in the presence of excess oxygen

A. Gervasini, P.Carniti | de-NOy of CuOy on ETS-10

was studied at different temperatures and times in
order to obtain data for a kinetic approach. One of the
aims of this study is to find activity—copper dispersion
relationships.

2. Experimental
2.1. Catalyst preparation

The samples were prepared by loading different
amounts of copper in the 3—18 wt% range on an ETS-
10 (titanium silicate from Engelhard) microcrystalline
matrix. The starting material was the Nat/K™ form of
ETS-10, (Na,K),SisTiO;; [13], which displays an ion-
exchange capacity of 4 meq/g. Details on the preparation
could be found in Ref. [16].

The prepared samples, labeled as Cu(02,03,04,1,2,3)-
ETS-10 depending on the copper loading, are presented
in table 1.

2.2. Physico-chemical analyzes

The copper contents of all the samples were estab-
lished by inductive coupled plasma (ICP) analysis after
dissolution in aqua regia and HF. The presence of Na
was detected in the samples independently of Cu content,
while K was no longer detected in the samples at high Cu
exchange (>50%).

The crystallinity of the materials and the presence
of copper oxide were established by collecting X-ray
diffractions at room temperature on a Philips PW1877
diffractometer using Cu K, radiation filtered by Ni
(A =1.5418 A).

The N, (Tecnogas, Italy; purity >99.999%) adsorp-
tion isotherms were obtained using a Sorptomatic 1900
apparatus (Fisons Instruments), employing a static
volumetric technique. Two additional pressure gauges
working in the ranges 0—130Pa and 0-13kPa were
inserted in order to measure more accurately the low-
pressure values. The analysis was controlled by a

Table 1
Physico-chemical characteristics of the studied copper ETS-10 materials.

Sample Cu loading® Exchange Surface area® Concentration
(%) m’ g™ (atomc, nm™?)
(Wt%) (mmol g,))
ETS-10 - - - 480 -
Cu02-ETS-10 3.1 0.49 24 396 0.742
Cu03-ETS-10 5.8 0.91 46 394 1.395
Cu04-ETS-10 8.4 1.33 66 394 2.021
Cul-ETS-10 11.4 1.79 90 307 3.520
Cu2-ETS-10 15.1 2.38 119 51 28.066
Cu3-ETS-10 17.7 2.79 139 23 70.475

* Determined by ICP analysis.

® Determined by ‘t-plot” approach (Harkins—Jura reference equation).
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Table 2
Experimental parameters used for performing the TPR analyses on the
copper ETS-10 materials.

Sample Loading K? P=Kj3®
) (X)
(mg cat.) (pmolc,)

ETS-10 55.51 - - -
Cu02-ETS-10 55.75 27.199 28.788 4.798
Cu03-ETS-10 54.84 50.059 52.982 8.830
Cu04-ETS-10 53.09 70.185 74.284 12.381
Cul-ETS-10 54.59 97.942 103.663 17.277
Cu2-ETS-10 53.77 127.782 135.245 22.541
Cu3-ETS-10 53.90 150.144 158.916 26.486

# Calculated in accordance with what was reported in Ref. [20].
b Calculated in accordance with what was reported in Ref. [19].

microcomputer processing using MILES-200 and
MILEADP software for computations. Prior to the
analysis, the calcined samples were outgassed at 623 K
(ca. 16 h) under vacuum (102 mbar).

Temperature-programmed reduction (TPR) experi-
ments were carried out with a TPDRO-1100 (CE Instru-
ments) equipped with a quartz glass reactor with a
porous septum (ca.8mmi.d.) and a filter filled with
soda lime for trapping acid gases and water. Prior to
the TPR runs, the samples were heated in a stream of
0,/N, (20% v/v, flowing at 14 cm®/min) ramping the
temperature at 10 K/min from room temperature to
673 K and maintaining it for 90 min, and then cooling
at 313K in static atmosphere of O,/N,. TPR measure-
ments were carried out using 4.98 vol% hydrogen in
argon as a reducing gas. The gas flow rate was adjusted
by mass flow controllers to 14 cm?/min with a thermal
conductivity detector (TCD) for measuring the amount
of H, uptake. A heating rate of 10 K/min from 313 to
800K was used for all the measurements. Peak areas
were calibrated employing CuO bulk standard per analy-
sis as reference material or pure H, (Sapio, Italy; purity
>99.9999%) injections. Typical sample size used was
about 55mg of sample corresponding to amounts of
CuO in the range from 27 to 150 umol depending on
the Cu loading (table 2).

2.3. Catalytic tests

The catalytic activity in the reduction of NO by C,H,
in oxygen-rich atmosphere was determined in a fixed-bed
quartz reactor. Experimental details have been presented
in Ref. [35]. A typical gas feed consisted of 4000 ppm of
both NO and C,H, and of 40000 ppm of O, in helium.
Reaction was investigated at different temperatures
(423-773K) and space velocities (7500—15000h~").
The reactor outflow was analyzed using a gas chromato-
graph (Chrompack, CP-9000) equipped with a TCD
detector and a 60/80 Carboxen-1000 column (Supelchem
3.2mm x 4.6 m stainless steel) for the separation of O,
Nz, NO, Nzo, CO, COz, and C2H4.

3. Results and discussion
3.1. Catalyst characterization

It is known that the support crystalline matrix chosen
for this study has microporous characteristics: higher
internal than external surface (480 and 43 m?/g, respec-
tively) and monomodal distribution in the range of
micropores (4—5A of pore radius) [16]. The ETS-10
matrix was loaded with copper amounts deposited by
ion-exchange procedure for samples containing from 3
to 11 wt% Cu and by ion exchange plus impregnation
of copper salt precursor procedures for samples con-
taining from 15 to 18 wt% Cu (see table 1). The first
series of samples are underexchanged materials with
copper concentration from 0.7 to 3.5 Cu-atoms per sur-
face unity (table 1). The second series of samples are
overexchanged materials with Cu concentration from
30 to 70atomc,nm 2. The tremendous increase of
copper concentration is due to the increase of Cu loading
and mainly to the abrupt drop of surface area observed
for samples loaded with more than 11wt% Cu. The
high Cu loading led to structure collapse of the support
matrix with formation of CuO agglomerates of 250—
350 nm size, calculated on the basis of the broadening
of the CuO X-ray peaks (20 values in the 36-39°
region). On the other hand, the low-copper-containing
catalysts showed XRD patterns indistinguishable from
that of the parent matrix. The crystalline structures
remained practically unperturbed by the copper
exchange procedure and no peak related to bulky CuO
was found, suggesting that copper species in the ETS-
10 matrix can be atomically dispersed.

The contribution of the internal surface area to the
total surface area of ETS-10 was about 90% with
0.15cm?/g of micropore volume. The deposition of
increasing amounts of copper (from 3 to 8wt%) on
ETS-10 caused a slight decrease (about 20%) of the inter-
nal surface area (350 m?/g and 0.125 cm?/g), whereas the
external surface area was only slightly affected. A more
important loss of internal surface area (about 40%)
was observed for the catalyst containing 11 wt% Cu
(240 m?/g with 0.08 cm®/g) with a slight increase of the
external surface (60m?®/g). For higher Cu deposition,
the samples did not have any internal surface area. Struc-
ture collapse of the matrix was observed and it was
responsible for the complete loss of microporous surface
area. The ETS-10 matrix cannot admit such a high
amount of copper. The high proportion of voids in
ETS-10 makes it a weak point of the structure from a
mechanical point of view, so it is unable to sustain high
amounts of copper. The trend of the total surface area
of copper catalysts as a function of copper concentration
is reported in figure 1. A well-defined plateau can be
observed up to about 2.5atomc, nm . At increasing
copper concentration, an abrupt decrease of surface
area is observed. Due to the low copper loading and
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Figure 1. Surface area of the catalysts as a function of copper concentration.

the wide surface disposable, the series of catalysts at low
copper content (up to 2.5atomc, nm ) should contain
highly dispersed copper species.

3.1.1. Reduction behavior

The reduction behavior of CuO, in the Cu-ETS-10
catalysts was studied by temperature-programmed
reduction (TPR). The experimental operating conditions
have been selected in order to obtain unperturbed
reduction profiles [36,37]. The characteristic value K
(K = Sy/VCy, where S| is the initial amount of reducible
CuO, in mol, V is the total flow rate, in cm3/min, and C,
is the initial hydrogen concentration in the feed, in mol/
cm’) ranges from 55 to 150s [38,39]. The sensitivity
becomes too low when working with excessively low K
values; however, loss of linear concentration profile can
result for too high values of K. Moreover, the P param-
eter, defined as BK with § the increasing temperature
rate, should be suitably chosen [40]. As the amount of
CuO (Sj) in the studied catalysts was in a wide range,
it was not possible to perform the reductions with
unique K and P values. Experiments were done main-
taining constant the mass of the different samples, lead-
ing to K values ranging from about 50 to 160s and P
values from about 5 to 30K (table 2). This choice was
made because a five-times higher amount of the sample
with the lowest copper concentration than the amount
of that with the highest copper concentration would
have been necessary to obtain the same value of
K=150. On the other hand, an excessive amount of
powder in the TPR reactor leads to problems of pressure
drop that influence the response of the TCD detector
too much.

As shown in figure 2, the areas of the TPR peaks
increased from Cu02-ETS-10 to Cu3-ETS-10 due to the

increasing copper amount per unit mass. Besides the
peak area, the increasing of Cu amount influences
the shape of the TPR peak. Two reduction peaks with
maximum temperatures at ca.470K (7,;) and at
ca. 560K (T, ,) were clearly observed (table 3) for cata-
lysts with copper concentration up to 3.5atomg, nm 2.
Catalysts containing copper at higher concentration
had only the high-temperature reduction peak.

Bulk CuO has the reduction peak at temperature
higher (ca.700 K) than all the tested samples. The two
reduction peaks could be explained by stepwise reduc-
tions of the CuO, phase, from Cu(Ill) to Cu(l) and
then to Cu(0), or by single-stage reduction, from Cu(II)
to Cu(0), of two different types of Cu(Il) species [41].
The former hypothesis cannot hold, because the areas
of the two peaks were too different, while the co-presence
of copper oxide species at different nuclearity can be
responsible for the complex reduction profile observed.
The most significant feature of the TPR profiles of cata-
lysts is the presence of the low-temperature reduction
peak for the catalysts with low copper concentration
(up to 2atomg, nmfz) as compared with those highly
loaded. These catalysts display only one well-resolved
peak at higher temperature, and only the occurrence of
a shoulder at the position of the low-temperature
reduction peak was observed for Cul-ETS-10. Large
particles of CuQ, at high nuclearity may be expected
to reduce in a similar manner to unsupported oxide,
the matrix acting merely as a dispersing agent [42,43].
Under these conditions the reduction kinetics observed
for the highly loaded copper catalysts resembles that
found for bulk CuO.

It can be concluded that the interaction of small
aggregates of CuQ, species with the ETS-10 matrix has
an effect in the lowering of the reduction temperatures
of the dispersed copper species. Referring to the
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Figure 2. TPR profiles for the reduction of CuO, on ETS-10-based catalysts. Reduction of bulk CuO has been used as reference.

literature [19,23,42,43], it seems reasonable to suggest
that the low- and high-temperature peaks correspond
to the reduction of highly dispersed and non-interacting
CuO, species and of crystalline CuO, species, respec-
tively. To verify this argument, the areas of the two
reduction peaks have been calculated, as percentages of

total hydrogen uptake, and reported in table 3. A
better visualization of H, consumed for the two peaks
distinctly against the copper concentration of the
catalysts is displayed in figure 3. The low-temperature
peak area, which is supposed to be proportional to the
amount of highly dispersed CuO, species, increases

Table 3
TPR experimental results of the studied copper ETS-10 materials.

Sample Peak maximum temperature Peak area Reduction
()
T, (K) Ty (K) Ay (%)* A; (%)*
ETS-10 - - - - -
Cu02-ETS-10 462 572 71.53 28.47 97°
Cu03-ETS-10 479 582 78.77 21.23 96°
Cu04-ETS-10 502 608 83.90 16.10 115°¢
Cul-ETS-10 455 555 11.14 88.86 90 5¢
Cu2-ETS-10 - 547 - 100 108°¢
Cu3-ETS-10 - 556 - 100 115°

# Areas of peaks 1 and 2 as percentage of total uptake.
® Determined employing CuO bulk standard per analysis as reference material.
¢ Determined employing H, injection in H,/Ar 5% v/v carrier as reference (from 0.01 to 0.3 ml).
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Figure 3. Contribution of the low-temperature (7, ;) and of the high-temperature (7,,,) reduction peaks to the total hydrogen consumption for each
catalyst as a function of copper concentration.

rapidly, attaining a maximum (at 2atomg, nm %), and
then rapidly falls down. The high-temperature reduction
peak has a pronounced sigmoidal shape. The two curves
intersect at about 2.5-3 atomc, nm . This is basically
consistent with the maximum dispersion capacity of
CuO, on the ETS-10 matrix, in accordance with the
above-reported evidence. It is interesting to observe
that both the maximum temperatures of reduction of
the two peaks (T}, and T),,) have an increasing trend
up to Cu04-ETS-10 (2 atomc, nm~2) and then decrease
when viewed as a function of copper concentration
(table 3). This behavior suggests that the reduction
process could be perturbed by sublimation phenomena
of copper species [40]. With catalysts at low copper
content, at the beginning of the reduction very small
particles of metallic copper are formed because the sin-
tering is hampered by the good dispersion and isolation
of the CuO, species. As the TPR run proceeds, these
small particles of metallic copper could have enough
energy to sublime, thus covering the unreduced CuO,
species. The reduction of the CuO, phase is probably
hindered by the metallic copper film, the hydrogen
having to diffuse through it before reacting with the
CuO, species, thus leading to an increase of the observed
T, and T,,, temperatures from Cu02- to Cu04-ETS-10.
When the copper loading becomes high enough, sub-
limation can be avoided.

The percentages of reduction, calculated from the sum
of the two reduction peaks, were in all cases close to
100% (table 3, column 6). This demonstrates that all
the CuO, species constitute an easily reducible phase,
independently of the extension of the aggregates
formed. Due to the wide range of copper content in the
catalysts, the absolute values of the peak areas of the

various catalysts were different by some orders of
magnitude. For this reason, peak areas were calibrated
by injecting pure hydrogen pulses of known volume
(for samples at high Cu content) or by employing pure
CuO bulk standard (for samples at low Cu content)
depending on the amount of copper in the catalyst.

3.2. Catalytic activity in the C;H,~SCR of NO

The copper samples based on ETS-10 were tested
with the reduction of NO by ethylene in oxidizing
atmosphere (NO-C,H;—0,). Ethylene was chosen as
the reducing species toward NO in response to the fact
that it is presently the most prevalent hydrocarbon in
exhaust gases from gasoline engines. The sensitivity of
C,H4-SCR activity of the catalysts to varying tem-
peratures and space velocities was also studied. Signifi-
cant differences emerged between the low- and the
high-copper-loaded catalysts in terms of catalytic
activity, N, production, and selectivity [5,16]. The
catalysts with copper concentration higher than
3.5atome, nm > did not produce any N,, while those
with lower copper concentration were active and selective
to the N, production.

As a general trend, the NO-C,H,—0O, reaction fol-
lowed the same pattern for all the catalysts: the reduction
of NO began at the same time as the oxidation of C,Hy,
between 473 and 523 K. For increasing temperatures, the
N, formation increased, up to 573 K, and then decreased
in a more or less marked way depending on the sample,
while ethylene oxidation attained and maintained its
maximum value. Among the active catalysts (Cu02-,
Cu03-, Cu04-, and Cul-ETS-10), the NO percentage
conversion was not substantially different (ca.25%).
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Figure 4. Specific activity of NO reduction to N, in oxygen (expressed as ymoly, 2.t s7!) at 573K as a function of copper concentration.

The only significant difference was observed for Cu02-
ETS-10 that had a volcano-shaped curve of NO con-
version shifted at higher temperature than the other
catalysts, with maximum at 723 K instead of 598—623 K.
A clear increasing trend was observed for ethylene conver-
sion to CO,, the conversion increasing in the following
order: Cu02-, Cu03-, Cu04-, and Cul-ETS-10. At 623K,
CO, formation was 61, 79, 97, and 100% for Cu02-,
Cu03-, Cu04-, and Cul-ETS-10, respectively.

The specific activity of N, formation of the catalysts as
a function of copper concentration is displayed in figure 4.
At first, an increasing trend with the copper concentration
up to 2 atome, nm > followed by a decrease down to zero
for copper concentration around 20atomg, nm > was

observed. The plot has been drawn with the results
obtained at 573K of reaction temperature. The trend
with the maximum at about 2.5atomg, nm > suggests
that not all the copper deposited on the matrix is active,
but only the highly dispersed copper fraction could be
associated with active sites.

The catalytic results obtained over the copper
catalysts in the 423-773K range could be rewritten
in terms of logarithm of turnover frequency per
copper site (mole of NO converted to N, per mole of
copper site per unit time) against the inverse of tempera-
ture giving rise to an Arrhenius-like plot (figure 5).
Linear trends were observed for all the catalysts. The
position of the lines reflects the activity of each catalyst:
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Figure 5. Arrhenius-like plot expressed as turnover frequencies (NO molecules converted to N, min~' Cu-atoms™') for NO abatement with C,H, in oxygen
over copper ETS-10 catalysts. Feed: NO and C,Hy =0.4% v/v and O, =4% v/v.
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concentration for different temperatures. Feed: NO and C,Hy4 =0.4% v/v and O, =4% v/v.

Cu03-ETS-10 lies over Cu04-ETS-10, and this one over
Cul-ETS-10. The line for Cu02-ETS-10 is shifted at
higher temperature, as reported above.

The amount of copper deposited on the ETS-10
matrix affects the activity of the NO reduction. Figure 6
shows the turnover frequency per copper site calculated
at various temperatures as a function of copper con-
centration. A clear decreasing trend can be observed
starting from 0.7atomc,nm > (Cu02-ETS-10) to
3.5atomg, nm~> (Cul-ETS-10). The slope of each line
increases with temperature. For lower values of copper
concentration, it is possible to observe an important posi-
tive effect of temperature on the SCR activity, while for
higher values of copper concentration it is not possible
to observe a clear influence of temperature. This behavior
is due to the presence of large aggregates of CuO, on the
more concentrated catalysts that possess oxidation
activity towards ethylene besides SCR activity, in accor-
dance with what was proposed by Chajar ef al. [31].

Cul-ETS-10 has been chosen from the studied catalysts
to perform a detailed kinetic study on the C,H4-SCR of
NO reaction. Experimental data have been collected at
various contact times from 0.72 to 0.14s for different
temperatures (from 523 to 673 K), maintaining the feed
concentration at a constant level (0.4% of NO and
C,H,; and 4% of O,). Table 4 summarizes the more
significant results in terms of N-products (N, and
N,0) and C-products (CO, and CO) obtained. Selec-
tivity to SCR has been also calculated as a competitive
factor (c.f.), that is, the amount of C,H, consumed to
reduce NO with respect to the total amount of C,H, con-
sumed [34,35]. At any time, the c.f. values decreased as
temperature increased, because C,H, oxidation by O,
prevailed on C,H, oxidation by NO, as expected [35].
The typical volcano-shaped curve for the N, formation

against temperature was clearly observed for contact
times between 7500 and 15000 s~!. For higher or lower
contact times, the N, species was decreasing with tem-
perature. No clear trend was observed for the N,O
species, which remained almost constant independently
of time and temperature. Complete conversion of C,Hy
was observed at various times but it was attained at
higher temperature by decreasing the contact time.

The data collected in table 4 were utilized for a kinetic
study aimed at quantifying the ability of the copper sites

Table 4
Catalytic activity in the NO-C,H4—0, reaction of Cul-ETS-10 for runs at
different contact times [and selected reaction temperatures (7R)“].

Contact time® TR N, YN0 Yco, Yco c.f.

(s) (K) (%) (%) (%) (%)

0.72 (5000) 523 24.75 16.51 61.96 - 6.66
573 19.23 16.98 100 - 3.19
623 15.86 16.26 100 - 2.59
673 11.46 16.28 100 - 1.86

0.48 (7500) 523 19.26 18.22 50.05 - 6.42
573 23.44 18.05 94.57 - 3.95
623 20.84 17.55 100 - 3.32
673 18.55 16.52 100 - 2.94

0.24 (15 000) 523 15.34 15.19 24.90 - 10.26
573 16.93 19.12 73.60 - 3.83
623 15.17 18.57 98.56 - 2.57
673 7.95 18.81 100 - 1.29

0.14 (25000) 523 - - 20.50 - -
573 11.43 - 58.00 - 3.26
623 10.11 - 87.72 - 1.92
673 - - 98.48 - -

* Feed concentration: NO and C,Hy, 0.4% v/v; and O,, 4% v/v.
® Values in parentheses represent space velocity (h™', GHSV).
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to oxidize C,H, by NO rather than by O,. The overall
reaction can be viewed, for a simplified kinetic inter-
pretation, as a combination of simultaneous competitive
reactions [35,44], in accordance with the following scheme:

6NO + C,H, 5 3N, +2C0, + 2H,0 (1)
30, + C,H, 2 2C0, + 2H,0 2)
8NO + CoH, % 4N,0 +2CO +2H,0  (3)

20, + C,H, 4 2CO 4 2H,0. (4)

In this scheme, the formation of NO, species has been
ruled out due to the very minor activity of copper-based
catalysts to NO, formation [45,46]. The four reactions
run at different rates and possess different activation
parameters. The coefficients k; and k3 are the rate con-
stants of the reactions associated with the NO reduction
activity of the catalysts, and k, and k4 are those asso-
ciated with the oxidation activity by O,.

Considering altogether the NO reduction products,
N, and N,O, as well as the oxidation products, CO,
and CO (if present), it is possible to write the following
equations:

d(Pn, + Pn,o)

dt =3r; +4r; 5)
d(P, P
w =2(ry +ry+r3+14) (6)
d(Pyn, + Pnyo) _ 3ri+4n (7)

d(Pco, + Pco)

where P; indicates the partial pressure of the ith species,
and ry, r,, 13, and r4 indicate the rates of C;H, consump-
tion in reactions (1), (2), (3), and (4) respectively.

On the basis of the procedure detailed in Ref. [35],
which describes the variation in the amount of N,

2(ry +ry 4134 r1yg)

and N,O with respect to CO, (and CO, if present),
it is possible to calculate the rate-constant ratio
R, = (ks + k4)/ (k| + k3). The most probable value of
R, at cach temperature was obtained by means of a
computer program which employed the optimization
subroutine VAO4A [47] to minimize the following objec-
tive function:

u 1/2
b — {Z [(PNg + PNZO)expll - (PNZ + PNgO)calcd]z}

i=1 n—1

(8)
where the (Py, + Pn,0)expu are the experimental amounts
of N, and N,O formed at a given contact time, n is
the number of different contact times employed, and
(PN, + Pn,0)calca are the calculated amounts of N, and
N,O. The values of (Pn,+Pryo) for any value of
(Pco, + Pco) were calculated by the computer program
by numerical integration starting from equation (7). The
numerical integration was performed through a fourth-
order Runge—Kutta method [48].

The R, values obtained at the various temperatures,
ranging from 0.6 at 523K to 2.2 at 673K, reported in
an Arrhenius-type plot (In Ry versus 1/T) gave a satisfac-
tory linear trend as shown in figure 7. The slope of the
calculated line (AE,/R) permits obtaining a rough esti-
mate of the difference between the activation energy of
the oxidation of C,H, by O, (considering the reactions
(2) and (4) together) and that of the reduction of NO
by C,H, (considering the reactions (1) and (3) together):

AE, = E, 0, — Esno-

The numerical value of this difference was found to
be 24.940.98kIJmol~'. Thus, the reaction of C,H,
oxidation by O, showed an activation energy much
higher than those of C,H, by NO. This is in agreement
with the experimental evidence reported above and
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0.4}

-0.8F

L 1 1

15 1.6

17 18 1.9

0¥/

Figure 7. Arrhenius-type plot for the NO reduction with C;Hy in oxygen over the Cul-ETS-10 catalyst. Ry = (ko + kq)/ (k| + k3).
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with previous results obtained on Cu/SiO,—Al,O; cata-
lysts [35]. The oxidation of C,H, was mainly due to
NO for temperatures up to 523-573 K, while at higher
temperatures the reactions in which the oxidation
reagent is O, were abruptly started.

4. Conclusions

On the series of catalysts prepared by loading copper
oxide on ETS-10, the physico-chemical and reductive
properties as well as the catalytic activity of NO reduc-
tion follow a trend which is related to the dispersion of
the CuO, species.

The very strong influence of the number of CuO,
dispersed species in the SCR of NO has been confirmed.
The existence of an isolated CuO,-like phase is a direct
consequence of the matrix acting as a dispersing agent.
The double charge on octahedrally coordinated Ti
atoms in ETS-10 may create a high negative framework
charge, which results in a stronger electrostatic inter-
action with the copper species.
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