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The performance of copper/alumina in the selective catalytic re-
duction of NOy by olefins in excess oxygen has been studied by means
of FTIR gas phase analysis. Special emphasis was devoted to the
formation of harmful byproducts such as N,O, HCN, and NHs.
The effect of copper loading, reaction temperature, nitrogen oxides
(NO, NOy), hydrocarbons (ethene, propene), and water on activity
and on the formation of byproducts has been investigated. Increas-
ing the copper loading from 0.46 to 1.65 wt% CuO resulted in a
shift of the maximum activity to lower temperatures and in slightly
lower nitrogen yields. NO, was reduced more efficiently than NO
with both reductants, whereas no significant difference in activity
was observed when either ethene or propene was used as a reduc-
tant. Water addition suppressed catalytic activity and leveled off
the influence of copper loading. Substantial amounts of N,O, HCN,
and NHswere observed for copper-containing catalysts, with ethene
showing a markedly lower tendency to form HCN and N,O. Addi-
tion of water to the feeds eliminated HCN formation and suppressed
the production of N,O but had only a marginal effect on NH3 forma-
tion. Temperature-programmed surface reaction (TPSR) and in situ
FTIR experiments in various atmospheres with catalysts loaded un-
der reaction conditions with dry feeds revealed the presence of sur-
face deposits containing precursor species for ammonia and hydro-
gen cyanide formation. No such species were found when catalysts
were loaded with feeds containing water. Reference TPSR mea-
surements with acetonitrile and ethyl isocyanate in oxygen- and/or
water-containing atmospheres showed a temperature dependence
of ammonia formation comparable to that observed for the loaded
catalyst, giving evidence that nitrile as well as isocyanate intermedi-
ates formed on the catalyst surface could be the source of ammonia
found in catalytic activity testing. FTIR spectroscopy revealed the
presence of nitrogen-containing surface species for catalysts loaded
with a dry feed containing NO and propene, while no such species
were found when wet feeds were used. Upon heating in Hy/Np,
cyanide species were produced, whereas isocyanate surface interme-
diates appeared in the spectra after heating in O,/N,. The findings
are in accordance with a mechanism in which a nitrogen-containing
precursor, which can be a nitrile or an oxime species, reacts to surface
isocyanate and/or cyanide species. Hydrolysis of these intermedi-
ates provides a pathway to NH3.  © 1997 Academic Press
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INTRODUCTION

Stringent emission control requirements have stimulated
the development of various NOy control technologies over
the last few decades. For stationary NOy sources such as
power plants, and for mobile sources such as gasoline fueled
engines working under stoichiometric air/fuel ratios, techni-
cal solutions are available (1, 2). Recently, diesel and lean-
burn gasoline fueled engines have attracted considerable
attention due to their high fuel efficiency and thus lower
emission of carbon dioxide. These types of engines present
new challenges for NOy emission control, as they gener-
ally operate under net oxidizing conditions under which
typical three-way catalysts show little activity towards NOy
reduction (1, 2). As NHjs is not suitable for application as a
reducing agent in motor vehicles, increased effort has been
put into the development of suitable catalysts capable of
reducing nitrogen oxides in the presence of oxygen with
hydrocarbons as reducing agents (2-4).

Besides the widely investigated zeolite-based catalysts
(3-18), metal oxides, with and without transition metal ad-
ditives (19-39), have been reported to be active for this re-
action. Among the most active materials evaluated to date
are metal ion exchanged zeolites, but these materials have
shown limited hydrothermal stability, whereas supported
noble metal catalysts, active at low temperatures, produce
substantial amounts of N,O. In order to make application
feasible, high space velocity performance, selectivity behav-
ior, and durability of the lean NOy catalysts in the presence
of steam and sulfur oxides need to be improved.

Although many studies report the major nitrogen-
containing product from NOy reduction by hydrocarbons as
being N, other species such as NH3 (16, 17, 35), HCN (10,
12, 15-17, 35), HNCO (16, 17), N,O (15-17), and aliphatic
cyanide species (41) have been observed in the gas phase.
Recently, a number of reports have appeared in the litera-
ture emphasizing the role of surface species in the course
of the catalytic reduction of nitrogen oxides by hydro-
carbons and several reaction mechanisms involving differ-
ent reaction intermediates, e.g., oxygenated hydrocarbons
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(5,19, 20), NO; (30, 33), organic nitro or nitrite compounds
(10, 12, 15, 37), surface isocyanate species (8, 13, 21, 24,
28, 36), and ammonia (18), have been proposed. Carbona-
ceous or coke deposits (5, 6, 32) which promote NOy reduc-
tion have also been considered as reactive intermediates,
whereas Cho (14) and Burch et al. (7, 11, 38) have proposed
a redox type mechanism with the direct decomposition of
NO as the crucial step.

Several studies have been reported in which the course
of the reaction has been followed by infrared spectroscopy.
These investigations have been concerned mainly with
the formation and removal of surface isocyanate species
(8, 21, 24, 28, 36, 39). Ukisu et al. (21, 22, 24) re-
cently observed IR bands ascribable to adsorbed nitrogen-
containing species such as isocyanates and cyanides on
Cu/Al,0O3 and CuCs/Al,Oj3 catalysts in the reduction of NO
by propene in the presence of oxygen. Adsorbed water or
hydroxyl groups on the catalyst surface suppressed the for-
mation of the isocyanate species.

The formation of NCO surface species during NOy re-
duction by hydrocarbons over supported catalysts seems
well established. However, their role in the course of the
reaction and in the formation of gaseous byproducts such
as ammonia (16, 35) is not yet known and little information
is available regarding the nature and the type of other ad-
sorbates and their role in the formation of products during
NOy-hydrocarbon reaction.

In this paper we report the influence of copper loading
on the catalytic activity of copper/alumina in the reduction
of NOy by olefins in the presence of oxygen. The effect of
reaction temperature, nitrogen oxides (NO, NO,), hydro-
carbons (ethene, propene), and water on activity and on
the formation of byproducts is investigated. The objective
of the study was to obtain information on the nature and re-
activity of surface species formed under reaction conditions.
Insituinfrared spectroscopy and temperature-programmed
surface reactions (TPSR) of adsorbed species in different
atmospheres were used to investigate the IR characteristics
and reactivity of adsorbates formed under reaction condi-
tions.

EXPERIMENTAL

Catalysts

Copper oxide/alumina catalysts with different CuO load-
ings were prepared by an impregnation method. Commer-
cially available y-Al,O3 (Alumina-C, Degussa Corp.) was
agglomerated with water and dried at 363 K and 125 mbar
to facilitate the handling of the material during prepara-
tion. The crushed alumina agglomerates were suspended
in deionized water and a solution of Cu(NQO3); - 3H,0O was
slowly added. The resulting paste was dried for 12 h at
393 K and 125 mbar and calcined in air at 873 K for 2 h.
The calcination temperature was determined by DTA/TG
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experiments to ensure complete decomposition of nitrate
residuals. The final catalysts were crushed to a grain size
of 120-250 um. The copper loadings of the resulting cata-
lysts, as determined by atomic absorption spectroscopy
(AAS), amounted to 0.46, 0.78, and 1.65 wt%, respectively.
The catalysts are denoted as CuO(0.46), CuO(0.78) and
CuO(1.65) throughout the work.

BET measurements indicated that the impregnation
procedure had little influence on the surface area of
the y-Al,O3 support (109 m%gca, which decreased to
10542 mZIQCat upon CuO loading). XRD analysis of Al,O3
and of the CuO/Al,Oj3 catalysts showed only reflections due
to y-alumina for all samples. No indication of the pres-
ence of crystalline CuO was found. Further investigation
by temperature-programmed reduction (TPR) and ther-
moanalytical methods (TG/DTA) of the catalyst with the
highest copper loading gave no evidence for the reduction
of CuO up to 873 K. Temperature-programmed desorption
of ammonia (NH3-TPD) on alumina and the CuO/Al,O3
samples was performed with a FTIR instrument (Perkin—
Elmer 1710) equipped with a DRIFT cell (controlled en-
vironmental chamber) and a mass spectrometer (42). Prior
to measurement, the samples were pretreated by heating in
a flow of 7.2% O,/Ar at 423 K for 1 h. After cooling to am-
bient temperature, the samples were exposed to 3600 ppm
NHs; in Ar (50 mI(STP)/min) for 30 min. Physisorbed am-
monia was removed by flushing with Ar (50 mI(STP)/min)
for 30 min. The temperature was increased to 573 K at a
rate of 7 K/min and FTIR spectra were recorded. Results
depicted in Fig. 1 indicate a substantially higher proportion
of Lewis acid sites (1625 cm~1) with increasing copper load-
ing, whereas the Brgnsted acid sites (1485 and 1685 cm™1)
remained almost constant.

Apparatus

Catalytic measurements were performed on a fully
computer-controlled microreactor system, which has been
described in detail in Ref. (17). The apparatus consisted es-
sentially of a gas mixing manifold, a U-tube quartz glass
reactor (i.d. 6 mm), and a FTIR spectrometer for gas anal-
ysis. The reactant gas feeds, as specified in Table 1, were
mixed by means of mass flow controllers (Brooks 5850E).
The purities of the component gases, as specified by the sup-
plier (Pan Gas), were: O3 (99.999%), N2 (99.995%), 9.9%
CO (99.9%) in nitrogen, 5.03% C,H, (99.5%) in nitrogen,
10% C3Hj; (99.5%) in nitrogen, 4.9% NO (99.0%) in nitro-
gen. All gases were used without further purification. Water
could be injected optionally into the gas stream through a
microcapillary by means of a microstep pump.

The Fourier transform IR (FTIR) spectrometer (Bruker
IFS 66) used for gas analysis at the reactor inlet and out-
let was equipped with a heatable gas cell (100 ml volume;
Infrared Analysis Inc.) and a MCT detector. To avoid con-
densation in the system, the gas cell and all tubings were
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FIG. 1. IR absorption bands of surface-bound ammonia at 343 K for
(A) Al,O3, (B) CuO(0.46), (C) CuO(0.78), and (D) CuO(1.65) after ad-
sorption of 3600 ppm NHg in argon at room temperature and subsequent
heating (7 K/min) in argon (50 mI(STP)/min).

heated at 393 K. Concentrations of each component were
obtained by integration of specific absorption frequencies,
using an appropriate software package (OPUS version 2.0;
Bruker). For calibration, absorbance FTIR spectra (res-
olution 0.5 cm™, 50 scans per spectrum) of known con-
centrations were recorded for each component: NO, NO»,
N,O, NHs3, HCN, C,H4, C3Hg, CO, CO,, and H,O. Nitro-
gen was used for the background spectra. The accuracy in
the concentration measurements by FTIR was +5% for
all components. The concentration of nitrogen formed by
reduction of NOy was calculated by using a mass balance
over all nitrogen-containing species (NO, NO,, N,O, NH3,
and HCN). The selectivity to N; is calculated according to
Sn=1—[Z N-products] /[(NOy)in — (NOx)out], where NO

TABLE 1

Simulated Exhaust Compositions (Feed Gas Mixtures) Used
in Catalytic Studies: Balance Nitrogen

NO NO;, CaHq CsHs 0, HO
Feed®  [ppm] [ppm] [ppm] [ppm] [%0] [%0]
1(1w) 980 (940) 0 0 910 (860) 2.0 (2.0) 0 (10)
2(2w) 920 (940) 0 1290 (1260) 0 2.0(2.0) 0(10)
3 (3w) 0 970 (940) 0 910 (860) 1.9 (2.0) 0 (10)
4 (4w) 0 980 (950) 1450 (1270) 0 1.9 (2.0) 0(10)

@Values in parentheses correspond to feeds containing 10% water, which
are denoted with w.
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is the sum of NO and NO, and ¥ N-products represents all
nitrogen-containing products except No.

Catalytic Tests

Standard experiments were carried out at atmospheric
pressure using 250 mg of catalyst (120-250 um sieve frac-
tion). Before measurements, the samples were pretreated at
873 Kfor 2 hwith 5% oxygen in nitrogen (150 mI(STP)/min)
and then cooled to 473 K. Subsequently the reactant gas
mixture, as specified in Table 1, was passed through the
catalyst bed with a flow rate of 150 mI(STP)/min
(W/F=0.1gsml™?) for 2 h. Steady-state measurements of
the temperature dependence of the catalytic behavior were
performed by raising the temperature in steps of 50 K from
473 to 873 K, with a typical duration of the isothermal steps
of 80 min (dry feeds) and 110 min (wet feeds).

Temperature-Programmed Surface Reaction of Adsorbed
Species (TPSR)

TPSR experiments were performed in situ with sample
Cu0O(0.78) after standard pretreatment (2 h at 873 K in 5%
0O,/N) and catalytic tests with Feed 1 (see Table 1) for 2 h
at different temperatures (562, 615, 661 K). Subsequently,
the feed gas was changed to nitrogen and the catalyst was
rapidly cooled to 423 K. After thermal stability was reached,
the temperature was raised to 900 K at 10 K/min in vari-
ous atmospheres: (1) 2% O,/N,, (2) 2% H,O/N,, (3) 2%
H,0 + 2% O,/Ny, and (4) 2% H,/N,. The concentrations of
the evolving gas phase products were monitored by FTIR
as described in Apparatus. Additional experiments were
conducted by loading catalyst CuO(0.78) with Feed 1w and
Feed 2, respectively, at 615 K.

For comparison, a series of TPSR experiments was car-
ried out in the same temperature range with CuO(0.78)
pretreated with 5% O,/N; at 873 K for 2 h and then cooled
to 423 K, using atmospheres as specified above containing
additionally 200 ppm HCN, 212 ppm CH3CN, or 1000 ppm
C,HsNCO. Further information will be given in conjunction
with the experimental results. Note that the concentrations
analyzed by FTIR do not exactly reflect the concentration
at a specific temperature due to the time delay in recording
the spectra. As 200 s were needed to record a spectrum the
measured gas phase concentrations represent a tempera-
ture range of about 30 K. Backmixing in the tubing between
sample and detector could be excluded. However, possi-
ble influences by intraparticular diffusion and readsorption
could not be ruled out completely under the conditions of
TPSR measurements.

Diffuse Reflectance Infrared Fourier Transform
(DRIFT) Measurements

DRIFT experiments were performed using a Bruker
IFS 55 FTIR spectrometer equipped with a controlled
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environmental chamber fitted with ZnSe windows within a
diffuse reflectance unit (both Spectra-Tech) and a nitrogen-
cooled MCT detector. A more detailed description of the
experimental setup is given in Ref. (43).

DRIFT measurements during temperature-programmed
experiments were carried out with catalyst CuO(0.78)
loaded at 615 K with Feed 1 and Feed 1w, respectively, and
rapidly cooled in nitrogen to room temperature. The loaded
samples were pretreated in situ in the FTIR chamber at
423 K in nitrogen (50 mI(STP)/min) for 1 h and a spectrum
of the sample held at 423 K was taken as a reference (Ro)
spectrum (resolution 4 cm~%, 1000 scans). DRIFT spectra
(4 cm™1, 256 scans) were recorded after switching to the re-
action gas mixture and increasing the temperature to 773 K
in steps of 10 K. Defined flows (50 mI(STP)/min) of 5% O,
(TPO) and 5% H, (TPR) in nitrogen, respectively, were
used as reactant mixtures. Note that positive reflectances
(i.e., increased reflectance R with respect to the background
Ro) indicate disappearing surface species, whereas negative
reflectances represent species formed. Reference spectra of
pure compounds were measured on CuO(0.78) pretreated
in situ in N, at 573 K for 30 min and cooled to 423 K, where
background spectra (1000 scans) were taken. Following ad-
sorption of CO, HCN, CH3CN, and C,HsNCO, and after
constant absorbances were reached (256 scans), the flow
was switched to N, (50 mI(STP)/min) and additional spec-
tra were recorded while the temperature was increased in
steps of 10 K.

RESULTS

Catalytic Activity and Formation of Byproducts

Reduction of NO by propene. Figure 2A depicts the
influence of copper loading on the temperature depen-
dence of N, formation for the reduction of NO by
propene (Feed 1). With increasing CuO loading, the cata-
lysts reached maximum activity at lower temperature. For
pure alumina the onset temperature of N, formation is at
markedly higher temperature and no maximum is reached
in the temperature range investigated. The maximum yield
of nitrogen slightly decreases from 66% at 807 K for
Cu0O(0.46) to 59% at 710 K for CuO(1.65). Similar behav-
ior is found for the dependence of propene oxidation from
copper loading. Complete olefin oxidation occurred at the
same temperature where maximum N yield was observed,
with CO; and H,0 being the only oxidation products de-
tected. In contrast, propene conversion over alumina did
not exceed 50% at 863 K, thus producing almost equal
amounts of CO and CO,. With water in the feed (Feed 1w)
the influence of Cu loading on NO conversion to N, was
less pronounced, as can be seen from Fig. 2B. Compared
to the dry feed maximum, NO conversion to N, decreased
by approx. 20% to ca. 45% for the copper-containing sam-
ples. Interestingly, the temperature of maximum activity of
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FIG. 2. Conversionof NO to nitrogen as a function of temperature for
(A) Feed 1 and (B) Feed 1w: (V) Al,O3, (O) Cu0O(0.46), (A) CuO(0.78),
and (0) CuO(1.65); total flow rate, 150 mI(STP)/min; catalyst weight,
250 mg.

Cu0O(0.46) decreased in the presence of water from 805 to
756 K, whereas it remained constant for the other catalysts.
A substantial loss in activity is observed for alumina when
a wet feed is used, resulting in only 12% N yield at 863 K.

Regarding the formation of nitrogen-containing byprod-
ucts, different behavior emerged for N,O and HCN. The
formation of nitrous oxide as a function of the temperature
is shown in Fig. 3A for Feed 1. N,O formation was neg-
ligible over alumina. With increasing copper loading the
formation of nitrous oxide significantly increased, reaching
31 ppm at 709 K for CuO(1.65). Addition of water to the
feed gas (Feed 1w) suppressed the formation of N,O to less
than 5 ppm. Opposite behavior was observed for the for-
mation of hydrogen cyanide (Fig. 3B). Substantial amounts
of HCN were formed over alumina (22 ppm at 863 K) and
Cu0O(0.46) (46 ppm at 765 K), whereas only 15 ppm HCN
were produced with CuO(0.78). No HCN was detected for
the catalyst with the highest copper loading, CuO(1.65). As
observed for N,O, addition of water to the feed gas (Feed
1w) eliminates HCN formation.

The formation of ammonia as a further byproduct is
shown in Fig. 4 for Feed 1 (A) and Feed 1w (B). No
ammonia was found for pure alumina in the temperature
range investigated. A shift of the maximum NHj; formation
to lower temperatures similar to the shift for the forma-
tion of nitrogen (Fig. 2) can be observed with increasing
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FIG. 3. Formation of (A) nitrous oxide and (B) hydrogen cyanide us-
ing Feed 1: (V) Al,O3, (O) CuO(0.46), (A) CuO(0.78), and ((J) CuO(1.65);
total flow rate, 150 mI(STP)/min; catalyst weight, 250 mg.

copper loading. Comparable maximum concentrations of
ca. 65 ppm NHjz; were measured for catalysts CuO(0.46)
and CuO(0.78), whereas 30 ppm were found for CuO(1.65).
Addition of water to the system (Feed 1w) did not signifi-
cantly alter the temperature range for maximum formation
of ammonia, but the maximum concentration increased for
the sample with highest copper loading, remained stable for
Cu0(0.78), and decreased for CuO(0.46).

Reduction of NO; by propene. When nitrogen dioxide
(Feed 3) is used instead of nitric oxide, two new character-
istics emerge for the formation of nitrogen. Pure alumina
exhibits the highest activity, with the N, yield reaching 90%
at 663 K, and pronounced low temperature activity is found
for the copper-containing catalysts in the range 563-613 K
(Fig. 5A). Interestingly, nitrogen formation does not seem
to be influenced by the CuO loading in this temperature
range. Above 613 K a behavior comparable to that of NO
(Feed 1) is observed, with the maxima in N, formation
being shifted to lower temperatures by ca. 50 K for the
NO,-containing feed. Note that NO, was only found be-
low 613 K in the effluent gas for the CuO-loaded catalysts,
whereas above this temperature NO, was completely con-
verted to NO and N,. With pure alumina, NO, was found
below 662 K. Again, complete oxidation of propene to CO,
and H,0 occurred at the temperature of the maximum ni-
trogen yield for the copper-containing catalysts. Although
activity for nitrogen formation was markedly higher for
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FIG. 4. Ammonia formation as a function of temperature for (A)
Feed 1 and (B) Feed 1lw: (O) Cu0O(0.46), (A) Cu0O(0.78), and (O0)
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pure alumina with Feed 3 compared to Feed 1, propene
conversion was in the same range reaching a maximum of
ca. 50% at 863 K, with CO being the prevailing product at
higher temperatures.

Figure 5B illustrates the influence of water on the forma-
tion of nitrogen for the feed containing NO; and propene.
Activity for nitrogen formation comparable to that with
Feed 1w was observed for Feed 3w with copper-loaded cata-
lysts, indicating that the presence of water levels off the
influence of the nitrogen oxide used (NO or NO;). A sub-
stantial decrease in the maximum nitrogen yield to 30%
was observed for pure alumina when Feed 3w was used,
but the N yield was still superior to the value found for
NO/propene.

With respect to the formation of nitrous oxide, hydrogen
cyanide, and ammonia as byproducts, N,O production was
not affected by the use of either NO or NO; in the feed.
Figure 6 shows the formation of HCN for Feed 3. On pure
alumina, a maximum of 68 ppm was found at 565 K. For
Cu0O(0.46) two maxima can be observed at 566 K (16 ppm)
and at 709 K (19 ppm), which decrease with increasing
CuO loading. Note that with NO no low temperature peak
of HCN was found for the copper-containing catalysts. In
the presence of water (Feed 3w) no HCN was formed on
copper-loaded catalysts, whereas ca. 10 ppm HCN were
produced at 623 K with pure alumina. As observed with
NO/propene, ammonia formation was negligible over pure
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FIG. 6. Formation of hydrogen cyanide as a function of tempera-
ture using Feed 3: (V) Al,O3, (O) Cu0O(0.46), (A) CuO(0.78), and (O)
CuO(1.65); total flow rate, 150 mI(STP)/min; catalyst weight, 250 mg.
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FIG.7. Ammonia formation as a function of temperature for (A)
Feed 3 and (B) Feed 3w: (O) Cu0(0.46), (A) CuO(0.78), and (00)
CuO(1.65); total flow rate, 150 mI(STP)/min; catalyst weight, 250 mg.

alumina in the temperature range investigated when dry
NO,/propene was used. For the copper-containing catalysts
the formation of ammonia is depicted in Fig. 7. With NO;
(Feed 3), a dependence of ammonia formation on copper
loading similar to that for NO is observed. The maximum
NH3 concentrations of all samples (26 ppm at 708 K for
Cu0(0.46), 25 ppm at 661 K for CuO(0.78), and 8 ppm at
615 K for CuO(1.65)) are shifted to lower temperatures by
ca. 40 K. Independent of the type of nitrogen oxide used, the
maximum of ammonia peaks always at ca. 50 K lower tem-
perature than the maximum nitrogen yield. This is also the
case when a NO,/propene feed containing water (Feed 3w)
is used. Concentrations and temperature ranges of ammo-
nia formation comparable to those with Feed 1w were ob-
served (Fig. 7B compared with Fig. 4B), again pointing to an
equalizing effect of water on the influence of the nitrogen
oxide used (NO or NO,).

Reduction of NO and NO; by ethene. The use of ethene
instead of propene as areducing agent resulted in similar ac-
tivities for the selective catalytic reduction of NO (Feed 2),
as shown in Fig. 8A. For alumina as well as for the copper-
loaded catalysts, essentially the same nitrogen yields as a
function of temperature are obtained for dry feeds. Differ-
ences in catalytic behavior only became noticeable for the
water-containing feed (Feed 2w), as emerges from Fig. 8B.
With ethene, NO conversion to nitrogen reached ca. 30%,
with the maxima shifted to temperatures ca. 100 K higher
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FIG.8. Conversion of NO to nitrogen as a function of temperature
for (A) Feed 2 and (B) Feed 2w: (V) Al,O3 (O) CuO(0.46), (A)
Cu0(0.78), and () CuO(1.65); total flow rate, 150 mI(STP)/min; catalyst
weight, 250 mg.

than with propene. Using Feed 4 and 4w (NOy/ethene)
for catalytic tests further indicated that the type of hy-
drocarbon hardly influences the catalytic behavior of cop-
per/alumina catalysts in the reduction of NOy. As regards
the formation of byproducts, comparable amounts of N,O
and significantly lower concentrations of HCN with a sim-
ilar temperature dependence were measured when ethene
was employed as reducing agent. The most stringent effect
observed with the use of ethene instead of propene con-
cerns the formation of ammonia, as no ammonia was found
for feeds containing ethene.

Temperature-Programmed Surface Reactions of Adsorbed
Species (TPSR)

In order to investigate the nature and amount of de-
posits formed on the catalyst under reaction conditions and
their possible role in the formation of byproducts, sample
Cu0O(0.78) was loaded with different feeds, rapidly cooled
to 423 K in nitrogen, and subsequently heated in various
atmospheres. The evolving products were analyzed by in-
frared analysis of the gas phase.

Figure 9 depicts the temperature dependence of the for-
mation of CO, NHj3, and CO, for the TPSR in 2% O,/N,
using sample CuO(0.78) loaded with Feed 1 at 562, 615, and
661 K, respectively. Production of other gas phase prod-
ucts such as HCN or N,O was negligible during TPSR in
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2% O,/N,. The sample loaded at 615 K showed the largest
amount of gas phase products formed, indicating the high-
est loading of the catalyst with adsorbates or deposits. For
loading temperatures exceeding 661 K a steady decrease in
the amount of gaseous products was found that for 765 K,
the temperature of maximum nitrogen yield during reac-
tion with Feed 1 over CuO(0.78), only low concentrations
of CO, CO,, and NH3 were measured, indicating an almost
clean surface. Comparing the relative amounts of products
formed, CO, and H,O represent the highest proportion,
followed by CO, and, with a maximum concentration of
45 ppm, NHj3. The temperatures of maximum formation of
CO, CO,, and NHj3 are comparable for identical loading
temperatures and are shifted to higher temperatures for in-
creasing loading temperatures. The temperature window of
NHj3; formation during TPSR (Fig. 9B) coincides with the
one observed in the catalytic tests (see Fig. 3).

No ammonia formation and substantially lower concen-
trations of CO (107 ppm at 648 K) and CO, (396 ppm at
679 K) were observed when CuO(0.78) was loaded with
Feed 1w at 615 K. This indicates that the presence of water
suppresses the formation of deposits on the catalyst surface,
which moreover do not contain precursor species for NH3
formation. TPSR experiments conducted with CuO(0.78)
loaded at 615 K with a feed containing ethene (Feed 2)
in place of propene resulted in less pronounced evolution

250
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T T T
600 700 800
Temperature /K

T
500

FIG.9. Comparison of formation of carbon monoxide, ammonia, and
carbon dioxide vs temperature for temperature-programmed surface re-
action in 2% O,/N, of CuO(0.78), loaded with Feed 1 at different temper-
atures: ((J) loaded at 562 K, (O) loaded at 615 K, and (A) loaded at 661 K.
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FIG.10. Ammonia formation vs temperature during temperature-
programmed surface reaction in various atmospheres over CuO(0.78)
loaded at 615 K with Feed 1: (O) 2% O,/N,, (O) 2% H,0/N,, and (A)
2% O, + 2% H,0/Np; heating rate 10 K/min.

of ammonia (7 ppm), as well as CO, (137 ppm) and CO
(34 ppm), all at 652 K. Note that no ammonia was found in
the catalytic tests with Feed 2.

Figure 10 shows the comparison of NH3; evolution from
Cu0O(0.78) loaded at 615 K with Feed 1 during TPSR in
three different gas mixtures containing either O, H,O, or
O, + H,0 as reactive components. With 2% H,O/N,, am-
moniawas produced over awide temperature range starting
at 520 K with a maximum of 47 ppm at 648 K. In the case
of 2% O,/N,, ammonia appeared in the temperature range
584-811 K, peaking at 714 K with 45 ppm. Using both 2%
O, and 2% H,0 in nitrogen two maxima were observed at
607 and 684 K, indicating two reaction pathways leading to
NHj3. Table 2 lists the products observed during the TPSR
experiments using different gas atmospheres, including 2%
H2/N,.

In order to investigate the possibility of surface cyanide
and/or isocyanate species being the primary source of
ammonia formation, experiments were carried out using
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T T T
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FIG. 11. Temperature-programmed reaction of (A) 1000 ppm ethyl
isocyanate in 2% O, and (B) 212 ppm acetonitrile in 2% O, over CuO(0.78)
pretreated at 873 K with 5% O,/N; for 2 h and then cooled to 423 K, heating
rate 10 K/min: (O0) NHs;, (O) CO, and (A) CO,.

acetonitrile and ethyl isocyanate as model compounds.
The concentrations of CO, CO,, and NH3 produced when
1000 ppm ethyl isocyanate was added to a TPSR feed
containing 2% O+ 2% H,O in nitrogen are depicted in
Fig. 11A for CuO(0.78) pretreated for 2 h at 873 K in 5%
O,/N,. Ammonia formation takes place in a temperature
range (500-800 K) comparable to that found in Fig. 10 for
the sample loaded with Feed 1. Furthermore, as in Fig. 10,
two clearly discernible peaks of ammonia formation are
observed at 575 K (2020 ppm) and at 700 K (1890 ppm).
Carbon dioxide is produced over the whole temperature
range investigated, whereas CO appears in the product gas

TABLE 2

Concentrations of Gas Phase Components during TPSR Measurements over CuO(0.78) Loaded with Feed 1 at 615 K

TPSR with 2% O,/N,

TPSR with 2% H,/N,

TPSR with 2% O, + 2% H,0/N;

T-range T-maximum Max. Conc. T-range T-maximum Max. Conc. T-range T-maximum Max. Conc.

Component [K] [K] [ppm] [K] [K] [ppm] [K] [K] [ppm]

NH; 584-811 714 45 580-738 675 9 545-757 607/684 33/39

HCN — — — 474-855 738 13 415-545 480 12

NO 714-811 779 19 417-611 440 34 — — —

CO 550-779 679 244 547-855 611 81 513-757 669 318

CO, 517-874 714 1010 511-855 770 124 480-811 669 725

H,O 445-874 646 539 474-855 547 569 — — —

CoHy — — — 738-855 770 20 513-699 669 8
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asasingle peak at 700 K (770 ppm) simultaneously with the
second NH3; peak. In addition, a small amount of HCN with
amaximum of 43 ppm at 640 K was detected. Note that this
temperature lies between the two maxima of ammonia for-
mation. A similar picture emerges when 212 ppm acetoni-
trile are used in place of ethyl isocyanate (Fig. 11B), with the
evolution of ammonia starting at a slightly lower tempera-
ture (480 K). Two NH3 peaks appear at 545 K (295 ppm) and
at 640 K (216 ppm). Note that CO formation, peaking at
640 K (320 ppm), again overlaps with the second ammonia
peak. The onset temperature for CO, and CO formation is
shifted by ca. 60 K to higher temperatures compared to the
NHj3 formation. The high concentrations found for the low
temperature peak of ammonia, exceeding the feed concen-
trations of the isocyanate and nitrile species, indicate that
reactions to adsorbates or deposits formed at lower tem-
peratures are involved in the formation of NHs.

Performing the same experiments with a reactant gas
containing either 2% O, or 2% H,O in nitrogen resulted in
single ammonia peaks for the water-containing gas mix-
ture (616 K for ethyl isocynate, 575 K for acetonitrile),
whereas two ammonia peaks were observed for the oxygen-
containing feed at temperatures comparable to the exper-
iment with the water/oxygen containing feed (Fig. 11), but
with the second peak being significantly lower.

To clarify whether ammonia formation could result from
the hydrolysis of HCN, TPSR measurements with 2%
H,O/N, containing 200 ppm HCN were performed using
pretreated CuO(0.78). Ammonia evolution started at 440 K
and became stable at 700 K. Hydrogen cyanide was found
in the gas phase up to 550 K. A maximum in CO; formation
was observed at 580 K and CO appeared as a peak starting
at 500 K with maximum at 650 K. Above this tempera-
ture the water-gas shift reaction became relevant, resulting
in a decrease in CO and a concomitant increase in CO;
formation.

Diffuse Reflectance Infrared Fourier Transform (DRIFT)
Measurements

Adsorption of pure compounds. Assignment of IR
bands were made on the basis of values reported in the
literature (Table 3) as well as by measuring the IR spectra
of pure compounds (CO, HCN, CH3CN, and C;HsNCO)
adsorbed at 423 K on CuO(0.78) pretreated in situ in the
chamber. Adsorption of CO resulted in the appearance of
bands at 2135, 2120 (shoulder), 2102, and 2176 cm~* (weak,
broad), characteristic for adsorbed CO (44). Purging with
nitrogen at 423 K weakened all bands until they disap-
peared. Simultaneously, bands of gaseous CO appeared in
the spectra. Admission of 200 ppm HCN/N; to pretreated
CuO(0.78) at 423 K produced a strong band at 2131 cm™!
with a shoulder at 2097 cm~? assignable to gas phase or
weakly adsorbed HCN (45). Simultaneously bands at 2161
and 2250 cm~twith ashoulder at 2231 cm ™ appeared. Heat-
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TABLE 3

Reported Literature Data of IR Absorptions in the Spectral Range
1400 to 2400 cm™?

Wavenumber
Catalyst (cm™) Species Reference
— 2132.0, 2096.7 gaseous HCN (45)
SiO, 2105 adsorbed HCN (46)
SiO; 2298, 2265 adsorbed CH;CN
NiY-zeolite 2323, 2296, 2263 adsorbed CH3;CN
Cu/ZSM-5 2260-2270 nitrile species (41)
Cu, Cu-Cs/ 2266, 2230 isocyanate on Cu/Al,O3 (21, 22)
Al,O4
2262/2236 isocyanate on alumina
(shoulder)
2150 cyanide on Cu/Al,O3
1660 C=N structure of
NOy - CyH, complex
Cu/Al,O4 2240 isocyanate species (28)
Cu/Al,O3 2258, 2232 NCO, NCO~ (44)
2176, 2185 CO on Cu?*
2118, 2135 two types of CO on Cu™
2097 COon Cu®
Al,O3 2250 NCO on alumina 47)
Cu/Al,O3 2255-2260 NCO on Cu/Al,O3
Cu/SiO, 2230-2240 NCO on Cu°
2200-2210 NCO on Cu”
2185-2195 NCO on Cu**
Cu/ZrO, 2190 NCO species (39)
2140 CN species
Noble metals/ 2343, 2357 adsorbed carbon dioxide (36)
Aleg
2232-2254 isocyanate species
2232 isocyanate on alumina
2125 cyanide species
1465, 1583 carbonate species
Rh/AI,O4 2185 isocyanate on Rh (40)
2250 isocyanate on alumina
Pt/Al,O3 1633 imine or substituted imine  (49)
1472, 1564 carbonate
2261 isocyanate on Pt
2130 anionic [NCO]~
or nitrile species
CelZSM-5 2266, 2241 two NCO species (15)
2112 adsorbed cyanide or NO,
1658 organic nitrito species
1637 adsorbed water

ing the sample in N resulted in a continuous decrease of
the bands at 2250 and 2231 cm~* until both disappeared at
623 K. The band at 2161 cm~! slightly increased and the
band at 2131 cm™! shifted to 2135 cm~! and decreased up
to 523 K. Further increasing the temperature resulted in a
shift of these bands to 2145 cm~ and 2117 cm™%, respec-
tively, at 683 K. The two bands remained stable even in the
presence of 5% H,/N, and are assigned to cyanide (CN)
species adsorbed on the surface (15, 22, 36, 46), whereas
the bands at 2250 and 2231 cm™! are assigned to isocyanate
(NCO) species (15, 22, 44, 47) formed by reaction of HCN
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with oxygen left on the catalyst surface after the pretreat-
ment procedure. Upon injection of CH3CN into a flow of
nitrogen at 423 K three strong bands at 2328, 2298, and
2254 cm~* were immediately observed, which are assigned
to adsorbed acetonitrile (46). When the sample was heated
in nitrogen, the bands disappeared above 423 K and two
new weak bands grew at 2141 and 2117 cm™* for tempera-
tures exceeding 623 K, indicating thermal decomposition of
adsorbed CH3CN to surface-bound cyanide species. When
ethyl isocyanate was used instead of acetonitrile no bands
ascribable to adsorbed species in the range 2000-2400 cm~*
were observed at low temperatures. However, heating in
nitrogen again produced bands at 2142 and 2117 cm™~* at
673 K, which became stronger at higher temperatures, and
which are assigned to cyanide species.

DRIFT spectra of loaded catalysts. The spectral region
between 2000 and 2400 cm~! is emphasized in the follow-
ing, as adsorbed species of interest in this work (nitriles,
cyanides, isocyanates) generally have infrared absorptions
in this frequency range. Figure 12 shows DRIFT spectra
of CuO(0.78), loaded with Feed 1 at 615 K and cooled to
ambient temperature in Ny, upon heating in a flow of 5%
0O/N,. A band at 2233 cm~! with a shoulder at 2241 cm™1is
observed at 423 K, indicating the formation of isocyanate
species (Fig. 12B). At 523 K further bands appear at 2361,
2330, and 2117 cm~* and in the range 2175-2140 cm~*. The
bands at 2361 and 2330 cm~! are due to the formation of
adsorbed CO;, (36), whereas formation of a cyanide species
is evidenced by the new bands at 2117 cm~t. The bands
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observed are strongest at 553 K and then decrease upon
further heating. Temperatures exceeding 553 K are charac-
terized by the appearance of positive bands at 2206 cm™!
and around 2150 cm~! (broad), indicative of the removal of
surface species. At 773 K only positive bands at 2212 cm™~?
and in the range 2175-2100 cm ™t are observable. In addition
to the bands found in the spectral range 2000-2400 cm ™1,
admission of 5% O,/N; at 423 K caused the appearance of
bands at 2993 and 2908 cm~! (Fig. 12A) and at 1591 and
1390 cm~! (Fig. 12C), which increased on further heating
to 583 K. The bands are assigned to the formation of for-
mate species (48). Simultaneously positive bands at 1647,
1576, and 1458 cm~! emerged, indicating the disappearance
of adsorbed water (10, 15), nitrito (10, 15, 37), or imine
species (49) at 1647 cm~* and of carbonate or carboxy-
late species (36, 49) at 1576/1458 cm™2, respectively. Upon
further heating the absorption bands associated with the
formate species turned into positive bands (disappearing
species) located at 3001, 2904, 1591, 1394, and 1377 cm™1,
whereas the bands at 1647, 1576, and 1458 cm~* gained in-
tensity. In the C—-H region weak negative signals located
at 3114, 2914, 2848, and 2770 cm~! appeared in the DRIFT
spectra (Fig. 12C), suggesting that H-containing species had
been removed from the surface.

A different picture emerged when CuO(0.78) loaded
with Feed 1 was heated in a flow of 5% Hjy/N, (Fig. 13).
Increasing the temperature to 523 K produced two bands
at 2142 and 2116 cm™, indicating the formation of sur-
face cyanide species (Fig. 13B). While the band centered at
2142 cm™* steadily decreased for higher temperatures, the
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FIG. 12.
Cu0O(0.78) loaded at 615 K with Feed 1.

Diffuse reflectance FTIR spectra at different temperatures recorded during temperature programmed experiments in 5% O,/N, over
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FIG. 13.
Cu0O(0.78) loaded at 615 K with Feed 1.

band at 2116 cm~! passed through a maximum at 613 K and
then decreased above 673 K. The band which disappeared
upon heating is tentatively assigned to a cyanide species
adsorbed on the copper component and the stable band to
CN species located on the alumina support. Assignment of
the IR bands to cyanide and isocyanate species is supported
by the finding that upon adsorption of hydrogen cyanide,
acetonitrile, and ethyl isocyanate on CuO(0.78) the same
surface species with absorptions at 2142 and 2116 cm™,
assignable to surface CN-fragments, are observed at ele-
vated temperatures in nitrogen, whereas absorptions due
to adsorbed isocyanate species appeared at 2231 and
2250 cm~* for HCN at lower temperatures (Table 4). Note
thatin the same temperature range HCN can be observed in
the gas phase during the corresponding TPSR experiment
in 2% H,/N, (Table 2). A broad weak band with two maxima
atca. 2255 and 2235 cm~* appeared at low temperatures and
decreased upon further heating, turning into a positive band
(removal of surface species) centered at 2212 cm~!. Note
that at 773 K the formation of a cyanide species is still ev-
ident (strong peak at 2112 cm~1) and that the concomitant
disappearance of a species with a band at 2212 cm~! is ob-
served. With regard to the spectral ranges between 2600 and
3200 cm~! (Fig. 13A) and 1300 and 1800 cm~? (Fig. 13C),
no absorptions due to the formation of formate species
were seen at low temperatures. At temperatures exceed-
ing 523 K, bands characteristic for adsorbed water, nitrito
or imine species (1647 cm™1), formate species (3001, 2904,
1591, 1394, and 1377 cm™1), and carbonate species (1576,
1458 cm~1) disappeared, suggesting that the concomitant
surface species have been removed from the surface. As

Diffuse reflectance FTIR spectra at different temperatures recorded during temperature programmed experiments in 5% H,/N, over

observed with the corresponding TPO experiment, weak
absorptions appeared at 3114, 2848, and 2770 cm™™.
FTIR spectra of CuO(0.78) loaded with Feed 1w showed

no absorptions in the spectral range 2000-2400 cm~* upon
TABLE 4

Assignment of Observed IR Bands of Species Adsorbed
on Cu0(0.78)

Wavenumber/cm~!  Tentative Assignment Origin?
2102, 2120, adsorbed CO CO adsorption
2135, 2176
2135, 2161 cyanide species HCN adsorption
2231, 2250 isocyanate species HCN adsorption
2117, 2145 cyanide species® HCN adsorption
2254, 2298, 2328  adsorbed CH3CN adsorption of acetonitrile
2117, 2141 cyanide species® adsorption of acetonitrile
2117, 2142 cyanide species® adsorption of
ethyl isocyanate
2330, 2361 adsorbed CO; TPO
2233, 2241 isocyanate species TPO
2117eak) cyanide species TPO
2116, 2142° cyanide species TPR
22124 nitrile or TPO, TPR
isocyanate species
1377,1394, 1591, formate species TPO, TPR
2904, 3001
1458, 1576 carbonate species TPO, TPR
1647 nitrito-or imine species, TPO, TPR

or ads. NH3

2TPO: heating in 5% O,/Ny; TPR: heating in 5% H,/N,.

b Bands observed at elevated temperatures upon heating in nitrogen.
¢ Stable up to 773 K.

d Species removed from the surface at elevated temperatures.
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heating in 5% O,/N,. Additionally, the intense band ob-
served around 1647 cm~! in the previous experiments re-
mained weak, indicating that neither isocyanate nor cyanide
species or their precursor species are deposited on the sur-
face in the presence of water. Moreover, assignment of the
band at 1647 cm~to adsorbed water is less probable, as sim-
ilar concentrations were observed during the correspond-
ing TPSR experiments. Similarly as with the sample loaded
with Feed 1, bands due to formate species appeared above
423 K (2997,2906, 1595, and 1390 cm 1), which increased on
further heating to 573 K and then disappeared. Concomi-
tantly, carbonate species (1576, 1458 cm~1) were removed.
Note that no positive bands due to the removal of formate
species were observed.

DISCUSSION

Catalytic Behavior

Catalytic tests clearly indicate that copper loading as well
as reaction parameters significantly determine the perfor-
mance of copper/alumina catalysts in NOx reduction by
olefins. Independent of the reaction parameters, the on-
set temperature as well as the temperature of maximum
nitrogen formation shifted to lower values for increasing
copper loadings and maximum nitrogen yield was slightly
lower for sample CuO(1.65), with highest copper loading
using dry feeds. The addition of copper to alumina was oc-
casionally reported to lower the active temperature region
of Al,O3 and to increase maximum catalytic activity for ni-
trogen formation (9, 19, 20). It was suggested that copper is
active in the oxidation of NO to NO,. Torikai et al. (20) ob-
served maximum activity enhancement at relative low cop-
per loadings of 0.3 wt%o, implying that isolated copper ions
are involved in the oxidation of NO to NO,. The present
results corroborate that for NO-containing feeds activity
substantially increases as soon as copper is added to alu-
mina (Fig. 2A). However, among the catalysts investigated,
maximum activity is obtained for catalyst CuO(1.65) with
1.65 wt% CuO. Note that pure alumina exhibited highest
activity for NOy reduction when starting from feeds con-
taining NO; (Fig. 5A). Comparing the selective reduction
of NO with the corresponding reduction of NO; reveals that
NO reduction occurs at markedly higher temperatures and
to alower extent for dry feeds, independent of the hydrocar-
bon employed as a reductant. This finding is in agreement
with literature data, where NO, was frequently reported to
be more reactive than NO in the selective reduction of NOy
(2, 30). Pronounced low temperature activity up to 613 K
was observed for NO,-containing feeds (Feeds 3 and 4), in-
dependent of the copper loading, which could be ascribed
to the presence of NO, in the feed, as no NO;, was measured
in the product gas for temperatures exceeding 613 K. No
important influence of the type of olefin on catalytic activity
was found for dry feeds.
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Water addition to the feeds suppressed NOy reduc-
tion, with the effect being markedly more pronounced for
pure alumina compared to the copper-containing catalysts.
With CuO/Al,O3 catalysts, water addition resulted in sim-
ilar behavior independent of the copper content but with
CuO(1.65) still being most active. For these catalysts the
use of either NO or NO; had no effect on nitrogen forma-
tion, with both reductants for feeds containing 10% water.
Furthermore, NOy reduction occurred at lower tempera-
tures and to a higher extent for wet feeds with propene as
reductant for both nitrogen oxides (NO, NOy).

Formation of Byproducts

Like catalytic activity, formation of byproductsis strongly
influenced by the copper loading and the feed composition.
Ethene as a reductant generally showed a low tendency
to form undesired byproducts, whereas significant amounts
of N,O, HCN, and NH3 were observed for feeds contain-
ing propene. The formation of nitrous oxide is mainly af-
fected by the copper loading and the presence of water.
N.O formation increases with increasing copper loading,
suggesting that its formation occurs on sites involving cop-
per species as N,O was not observed over alumina. Water
addition eliminates N,O formation. Similarly, no hydrogen
cyanide is found over the copper-containing catalysts for
wet feeds, though 10 ppm HCN were measured over alu-
mina with Feed 3w. Using dry feeds, substantial amounts
of HCN were produced over alumina with both nitrogen
oxides. For the copper/alumina catalysts HCN formation is
more pronounced with NO and its concentration decreases
with increasing copper loading, with CuO(1.65) showing no
tendency to produce HCN. Ammonia formation is observed
only in the presence of copper with the concentration de-
creasing with increasing copper loading for dry feeds. The
influence of water on NH3 formation is opposed, depend-
ing on the copper loading. For CuO(0.46) ammonia forma-
tion decreases in the presence of water, whereas markedly
higher yields were obtained for CuO(1.65). Note that inde-
pendent of the feed composition the maximum of ammonia
peaks is always at ca. 50 K lower temperature than the max-
imum nitrogen yield.

Temperature-Programmed Surface Reactions of Adsorbed
Species (TPSR)

Temperature-programmed surface reaction experiments
were carried out to elucidate whether adsorbates or surface
deposits formed under reaction condition are involved in
N, formation and in the formation of nitrogen-containing
byproducts such as NH3z and HCN. Carbonaceous deposits
were frequently reported to be involved in the selective re-
duction of NO by organic compounds over alumina (11, 32)
as well as Cu/ZSM-5 (6). Obuchi et al. (32) suggested that
NO is converted to N, through the formation of C-NO
bonds at the carbon deposit by a radical reaction. The role
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of the catalyst is to promote the formation of carbon de-
posits from the reactant organic compounds by cracking or
partial oxidation. Carbonaceous material containing nitro-
gen reacts with NO or NO; (50) as well as organic nitro
or nitrite compounds formed from NOy and propene (10,
12, 15, 37) were also proposed as intermediates, which are
transformed to N». Surface isocyanate (22, 36, 39), cyanide
(36, 39), and nitrile (41) species formed from NOy and
propene on various catalysts were reported to react with
NO or NOg, thus producing N,. Recently, Poignant et al.
(18) suggested that ammonia produced during the SCR of
NO by propene in excess oxygen could play the role of an
intermediate over Cu/ZSM-5. Using Cu/ZSM-5 to reduce
NOy with propylene, Bell et al. (8) observed at low temper-
atures, where NOy reduction activity is low, carbonaceous
deposits and organic isocyanates on the surface. The au-
thors pointed out that these species are not representative
of those being observed at the more relevant temperature of
maximum NOx reduction, where IR detects Cu(NxOy), and
Cu—Na. Results obtained in this study also reveal that the
amount and nature of species deposited under reaction con-
ditions depends on temperature and reactant gas composi-
tion. Compared to lower loading temperatures, significantly
less CO,, CO, and NH3 were measured during TPSR with
samples loaded at the temperature of maximum catalytic
activity. The use of wet feeds also suppressed the forma-
tion of deposits on the catalyst surface, which moreover do
not contain precursor species for NH3z formation, indicating
that the presence of 10% water in the feed results in imme-
diate hydrolysis of possible precursor species of NHj3, as
ammonia is observed during catalytic tests with wet feeds.
TPSR experiments with ethyl isocyanate and acetonitrile
clearly show that hydrolysis of these compounds takes place
inthe same temperature range where NH3 formation occurs
during TPSR measurements, suggesting the participation of
isocyanate and/or nitrile species in the mechanism of NH3
formation. By investigating the interaction of NO and CO
on the surface of Pt/Al,O3, Unland (49) earlier proposed a
mechanistic pathway of ammonia formation via surface iso-
cyanate species as intermediates and work by Voorhoeve
et al. (51, 52) on the reaction of NO with CO and H; over
noble metal catalysts showed that gaseous HCN an NH3
are formed in the temperature range 673-1073 K. It was
proposed that HCN could be formed via an intermedi-
ate surface isocyanate fragment by reduction with either
H; or CO and that hydrolysis of the NCO group to NHj3
occurs on the Al,O3 support. Hydrogenation of the iso-
cyanate complex to HCN is suggested to compete with
hydrolysis to NH3 (51, 52). This is in agreement with the
present finding that no HCN is observed for wet feeds
during catalytic tests and that HCN concentration exceeds
NHj3 concentration for TPSR experiments with 2% H,/Ny,
whereas NHjs is the prevailing product for TPSR in water-
containing atmospheres (Table 2). TPSR experiments with
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200 ppm HCN in 2% H,O/N, moreover revealed that HCN
is already hydrolyzed to NH;3 at 440 K over CuO(0.78),
indicating that HCN either is not formed or is directly
transformed to NH3 under reaction conditions using wet
feeds.

Recently it has been shown that gaseous HNCO is pro-
duced in the catalytic reduction of NOy by olefins over
Cu/ZSM-5 (16) as well as in the CO/NO/H; reaction over
Pt/SiO; (55). No NHCO was obtained when Pt/Al,O3 was
used under the same conditions or when Al,O3 was placed
downstream of the Pt/SiO; catalyst (53). Gaseous HNCO
could not be detected throughout this work, indicating that
isocyanate species are mainly hydrolyzed to NH3 and CO,
onthe aluminasupport, asammoniawas observed in the gas
phase during catalytic tests as well as in TPSR experiments.

Diffuse Reflectance Infrared Fourier Transform (DRIFT)
Measurements

DRIFT measurements were carried out in order to
elucidate the nature and reactivity of IR observable ad-
sorbates formed during the hydrocarbon-NOy reaction.
Table 4 summarizes the IR bands observed in this work.
Straightforward assignment of vibrational absorptions in
the range 2000-2400 cm™! to adsorbed species with de-
fined structure remains difficult. Nitriles (R-CN) show IR
bands in the range 2190-2285 cm~! (54) and organic iso-
cyanates (NCO covalently bound) possess IR bands at
2269+ 6 cm~! (49), whereas transition metal isocyanate
complexes (M-NCO) show IR absorbances in the range
2190-2240 cm™?! (54, 55). IR absorption frequencies of iso-
cyanate species are furthermore reported to depend on the
nature of the catalyst (55). Following NHCO adsorption on
Cu/SiO,, Solymosi and Banséagi (47) attributed absorption
bands at 2230-2240 cm~* to Cu’-NCO, at 2200-2210 cm !
to Cu™-NCO, and at 2180-2185 cm~! to Cu®*-NCO. On
Al,O3 and Cu/Al,O3 only one strong absorption band at
2255-2260 cm~* was observed. Lower IR frequencies in
the range 2105-2140 cm~* are typically found for cyanide
species (36, 39, 46), which furthermore depend on the bind-
ing character of the CN group, with ionic cyanides possess-
ing absorptions around 2080 cm™ (54).

Loading of CuO(0.78) with Feed 1 at 615 K followed by
heating in either 5% O, (TPO) or 5% H, (TPR) in nitrogen
resulted in the elimination of formate and carbonate species
from the catalyst surface. In addition, surface isocyanate
species were formed during TPO by reaction of a precur-
sor species with oxygen, whereas heating the sample in 5%
H./N, produced predominantly cyanide species. Unland
(49) identified isocyanate species by isotopic labelling and
infrared absorption experiments during the reaction of NO
with CO over alumina-supported platinum catalysts. An ab-
sorption band at 2260-2270 cm ™%, which was assigned to an
isocyanate species coordinated to the metal was observed



140

-H NO

CH2=—=CH —CH3

(allyt species)

trans elimination

CH3CHO + HCN

CH2=—CH—CH

RADTKE ET AL.

NO

N— OH

Beckmann rearrangement

CH3CN + CH20

(allyl oxime)

SCHEME 1

above 473 K. Similarly, Cu-NCO species were observed by
London and Bell (56) using infrared spectroscopy in the
catalytic reduction of NO by CO over Cu/SiO; catalysts.
In their discussion of a possible reaction mechanism they
postulated the formation of a copper nitride species (CuN),
which can form Cu—-NCO by reaction with CO.

As mentioned before, assignment of the positive bands
at 1647 and 2212 cm™! to species being removed from the
surface at elevated temperatures during TPO and TPR
experiments cannot unambiguously be made, as nitrile as
well as organic isocyanate species show absorptions around
2200 cm~! (49, 54). Hayes et al. (41) recently ascribed a
band at 2260 cm™?, appearing during the NO/propene reac-
tion on Cu/ZSM-5, to an aliphatic cyanide species (nitrile),
which could only be detected in the absence of oxygen.
Large amounts of gaseous HCN, acetonitrile, and acryloni-
trile were also observed in the oxygen-free reaction of NO
with propene over Rh/AI,O3 (57). Assignment of the band
at 1647 cm~! to imine (49), organic nitrito (15), and oxime
species (58) and to adsorbed water (15) orammonia (46, 59)
is possible. FTIR experiments of CuO(0.78) loaded with a
wet feed (Feed 1w) showed no bands at 2212 cm~* and only
weak absorption at 1647 cm~1. The finding indicates that a
contribution from adsorbed water to the band at 1647 cm™~?
is less probable. Moreover, no HCN and NH3; were found
during TPSR measurements of CuO(0.78) loaded with a
wet feed, giving evidence that the species characterized by
absorptions at 1647 and 2212 cm~! are involved as precur-
sors in the formation of HCN and NHa.

The present results support a mechanism where HCN
and NH; are formed from nitrogen-containing precursors,
characterized by absorptions at 1647 and 2212 cm™!, which
react upon heating in H,/N; to form cyanide surface species,
whereas predominantly isocyanate surface intermediates
appear when heating in O,/N,. Hydrolysis of the isocyanate
intermediate provides a pathway to ammonia formation
(49), whereas HCN can be formed by reduction of the sur-
face isocyanate fragment with H, or CO (51, 52) or directly
from the cyanide intermediate. By investigating the for-
mation of byproducts in the ammoxidation of propylene,
Menon (60) proposed a mechanism (Scheme 1) wherein an
adsorbed allyl intermediate forms an allyl oxime by reac-

tion with NO. Acetaldehyde and HCN are formed by trans
elimination of the oxime species, whereas Beckmann rear-
rangement produces CH3CN and CH,0O. On the basis of
Scheme 1, the precursor species characterized by absorp-
tions at 1647 and 2212 cm~ are assigned to an oxime and a
nitrile species, respectively.

CONCLUSIONS

The catalytic performance, as well as the formation of
nitrogen-containing byproducts, in the selective catalytic
reduction of NOy by olefins in excess oxygen over copper/
alumina is governed by the copper loading, the hydrocar-
bon used as a reductant (ethene, propene), the nitrogen
oxide (NO or NO,), and the presence of water. Increasing
the copper loading results in a shift of the onset of nitrogen
formation to lower temperatures and in slightly lower maxi-
mum activity. NO; is reduced more efficiently than NO with
both reductants but with ethene showing a lower tendency
to form HCN and NHj3. Water addition suppresses catalytic
activity and formation of HCN and N,O and levels off the
influence of copper loading.

TPSR measurements with copper/alumina loaded with
dry feeds revealed the presence of adsorbates or deposits
leading to the evolution of CO, CO,, and NH3; when heated
in O, and/or H,O-containing atmospheres. No ammonia
was observed for catalysts loaded with wet feeds. Reference
TPSR experiments with acetonitrile or ethyl isocyanate
in oxygen and/or water-containing atmospheres showed a
temperature dependence of ammonia formation similar to
that observed for the catalysts loaded under reaction con-
ditions. FTIR investigation of a catalyst loaded with a dry
NO/propene feed showed the disappearance of formate,
carbonate, and nitrogen-containing species upon heating in
H2/N; or O2/N,. Surface isocyanate and cyanide species ap-
peared as intermediates upon heating. No such species were
observed for catalysts loaded with wet feeds. The findings
indicate that ammonia is formed by hydrolysis of an iso-
cyanate intermediate, whereas HCN is likely to be formed
by reaction of the isocyanate intermediate with H, or CO or
by direct reaction from the nitrogen-containing precursor,
which is expected to be a nitrile or oxime species.
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