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Abstract

The influence of ammonia and nitric oxide oxidation on the selective catalytic reduction (SCR) of NO by ammonia with
copper/nickel and vanadium oxide catalysts, supported on titania or alumina have been investigated, paying special attention
to NoO formation. In the SCR reaction, the VTi catalyst had a higher activity than VAl at low temperatures, while the
CuNiAl catalyst had a higher activity than CuNiTi. A linear relationship between the reaction rate of ammonia oxidation
and the initial reduction temperature of the catalysts obtained h¥PR showed that the formation rate of NH species
in copper/nickel catalysts would be higher than in vanadia catalysts. In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) showed that copper/nickel catalysts presented ammonia coordinated on Lewis acid sites, whereas
ammonium ion adsorbed on Brgnsted acid sites dominated on vanadia catalysts. The NO oxidation experiments revealed that
copper/nickel catalysts had an increase of the,d@d NoO concentrations with the temperature. NO could be adsorbed
on copper/nickel catalysts and the pidtermediate species could play an important role in the reaction mechanism. It was
suggested that the presence of adsorbed s{§acies could be related to the@® formation. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction ary sourceql]. Nevertheless, there is still an open
discussion concerning the chemical and mechanistic
The selective catalytic reduction (SCR) of NO aspects involved in this process, mainly those related
with ammonia has been extensively studied as a cat-with N>O formation. The superiority of Nglas a
alytic technology for NQ elimination from station- reductant for the SCR reaction is due to the fact that
all other reducing agents are susceptible to oxidation
by O, instead of reacting with NO[2].
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[5-7]. The addition of small quantities of NiO to behaviour of these systems,HIPR, NH-TPD and
CuO/AlL O3 catalysts enhance the segregation of cop- in situ diffuse reflectance infrared Fourier transform
per on the surface and the Ni leads to a C#' spectroscopy (DRIFTS) Nioxidation experiments
redistribution with an increase in the tetrahedral site were carried out.

population by C&" [8]. Thus, copper/nickel alumina
catalysts have shown superior performances in, NO
elimination from the tail gas in nitric acid plants
[3,9,10]

When SQ is present in the flue gas from power
generation units, sulphur resistance is among the cat-
aIyst; requirements, and titan_ia (an_atase) is used ex- Copper/nickel (CuNiAl, CuNiTi), and vanadium
tensively as a support due to its resistance to sulphur ;.46 /i, \VAI) monolithic catalysts were prepared
oxide pmsonmg{ll].Another widely used support IS a5 described elsewherd4]. Monolithic supports
y_—alumma due to the high surface area compared with based on titania and alumina with natural silicates
TiO2. . . as binders, were manufactured in our laboratories

Two types of reaction mechanisms have been pro- . oyirsion. After heat treatment of the support,
posed in the I|t<_arature over these gatal_ync systems 1o catalysts were prepared by impregnation of the
namely Eley-Rideal and Langmuir-Hinshelwood. . jithg with aqueous solutions of copper nitrate,

The FTIey;RidEEUd type process dohes not in\;]olve nickel nitrate or vanadyl sulphate. The monolithic
strongly adsorbed NO speci¢s2], whereas in the catalysts were crushed in order to carry out the cata-

Langmuir-Hinshelwood mechanism adsorbed NO iS | .ot characterisation and activity measurements. The

suggested to play an important role in the reaction b icle size used for catalytic activity measurement

[13]. was between 75 and 1
In a previous papefl4], the performance of cop- oon.

per/nickel and vanadium catalysts in a monolithic form
supported on titania (anatase) apeélumina, at low  2.2. Catalysts characterisation
temperature 180-23C for different NO/NQ and
NH3/NO, ratios was studied. The operation condi-  The copper, nickel and vanadium contents were
tions selected for the catalytic activity measurement determined by inductively coupled plasma (ICP) op-
were close to those found for lower pressure nitric tical emission spectroscopy (Perkin-Elmer Optima
acid plants tail gases. For this application, where SO 3300DV) of dissolutions of the ground catalysts in
is not present, vanadium content can be higher, ob- acid solutions. The compositions of the catalysts are
taining a more active catalyst for NGlimination at shown inTable 1 which have been selected taking into
lower temperaturés, 15]. account the results obtained in preliminary studies.
The aim of this work was to clarify the influence of ~ Surface areas were measured by nitrogen ad-
ammonia and nitric oxide, oxidation on the SCR of NO sorption/desorption. These were determined using a
by ammonia on these catalytic systems, using powder Micromeritic 1320 ASAP, outgassing the samples
samples and operating in a wider temperature rangeOvernight at 250C to a vacuum of<10~*Torr to
(180-450°C). To obtain more information about the €nsure a dry clean surface.

2. Experimental

2.1. Catalysts preparation

Table 1

Catalysts composition, surface area andzNtdisorbed

Name Active phase Support Content (wt.%) BET ared ¢m) NH3z (wmol m=2)
CuNiAl CuO/NiO Al;03 6.4/0.6 157 2.3

VAI V 205 Al,03 5.5 135 3.3

CuNiTi CuO/NiO TiO, 1.7/0.2 108 2.0

VTi V205 TiOy 5.1 55 5.1
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The catalyst reducibility was studied by,HPR down to 180°C, the gases were introduced to the re-
using 0.15 g of sample and a total flow of 45 ml min actor and the temperature was increased at a rate of
After cleaning the surface with He flow from r.t. to  10°C min~1, remaining 30 min at each temperature to
500°C and cooling down, a dilute hydrogen in inert ensure a steady state.
gas mixture (5vol.% BtN2) was incorporated in the The operating conditions for the experiments were:
feed, monitoring hydrogen consumption with a TCD total flow F = 100mImim?!, GHSV (NTP) =
detector increasing the temperature fromr.t. to800  15,000h!, P = 1atm,T = 180-450°C. The gas in-
at a rate of 10C min—1, let composition for ammonia oxidation was: [NH=

The quantity of adsorbed ammonia on the catalysts 1000 ppm, [Q] = 3vol.%, [He]: balance. For nitric
was measured by NHTPD using 0.15g of sample oxide oxidation the gas composition was the same but
and a total flow of 50 ml minl. After ammonia ad- using [NO]= 1000 ppm instead of N1 In the case of
sorption on the catalysts at 26 during 30 min, am- SCR reaction [NH] = 1000 ppm, [NOJ= 1000 ppm,
monia was removed from the system using He during [O2] = 3vol.% and [He]: balance were used.

120 min until no ammonia was detected. Then, the

temperature was increased in He gas to8D@t a rate

of 10°Cmin~1. A boric acid solution of 0.05M was 3. Results and discussion

introduced in the reactor outlet to trap the desorbed

ammonia. Afterwards, the solution was titrated with 3 1 SCR results

a sulphuric acid solution of 0.005M, using an am-

monia indicator. The quantities of ammonia adsorbed  The variations of the NO conversion and theQN

per square metre for the catalysts are collated in et as a function of the temperature are shown in
Table ,1 i Fig. 1for all samples. VTi catalyst had higher activity

In situ DRIFTS spectra were collected in a Brucker o1 va| at temperatures lower than 300, while Cu-
IFS88 infrared spectrometer with KBr optics anq NiAl catalyst had higher activity than CuNiTi over the
a DTGS detector. Pure samples were placed in- e temperature range. VAI catalysts maintains ac-
side a commercial controlled environment chamber tivity near to 95% even at 40@. N,O formation dur-
(Spectra-Tech 0030.103) attached to a diffuse re- j,,'scR reaction was detected at temperatures above

flectance accessory (Spectra-Tech collector). Samplesgngec for all the catalysts except for CuNiTi, where
were heated from r.t. to 50@ under 30 mImin! He

flow to eliminate any adsorbed water. After cooling

to r.t., NHz (1000 ppm), @ (2.5%) and He (balance) 100
were introduced to the cell and the temperature was
increased at a rate of 2@ min~1, obtaining spectra © 80 7
(200 scans for every 4 cn) at 180 and 300C after = I £
stabilisation for 30 min. 8 97 =
Q [ =
o € 44 3
2.3. Catalytic activity measurements S | Q
> z
Ammonia and nitric oxide oxidation as well as 20 1
SCR reactions, were carried out in a continuous flow 04
fixed beql reactor, operating at at_mospheric pressure, 150 200 250 300 350 400 450
in a vertical quartz reactor. The inlet and outlet gas Temperature, °C

compositions were measured using a quadrupole
mass spectrometer QMC 311 Balzers coupled to the Fig. 1. NO conversion and A0 formation as a function of
reactor. the operating temperature forOf VAI; (@) VTi; (CJ) CuNiAl;

; (M) CuNiTi catalysts. Feed compositions: [WH= 1000 ppm,
In all cases, temperature treatment in He from r.t. [NO] — 1000 ppm. [Q] — 3vol.%, [He]: balance. Operating con-

to 500°C was carried out to clean the catalyst sur- ditions: total flowF = 100 mImirr, GHSV (NTP) = 15,000 hr*
face from impurities or absorbed water. After cooling p — 1 atm.
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N»O started to be formed at 20Q reaching a NO
formation around 60 ppm at 30C.

All catalysts displayed a decrease of NO conversion
due to the ammonia oxidation reaction: on CuNiTi
the activity decrease started at 245) on CuNiAl at
300°C, on VTiat 330°C and on VAl at 380C. These
observations were in agreement with the ammonia ox-
idation resultsig. 29 and corresponded to the point
at which 50% of ammonia conversion was reached.

3.2. NH; oxidation results

The variation of the NH conversion, and the 20,

NO formed during reaction as a function of the tem-
perature are representedfig. 2a, b, and crespec-
tively, for all the catalysts. With the same active phase,
supports based on titania favour ammonia oxidation at
lower temperature and with the same support, CuNi
oxides increase the ammonia reaction rate at lower
temperatures. In fact, at 28C CuNi catalyst had an
NH3 conversion near to 90%. These results were in
agreement with the literature where copper-containing
catalysts are well known to be active in oxidation re-
actions[16].

In Fig. 2b N>O formation increased with temper-
ature during ammonia oxidation reaction. This indi-
cated that the ammonia was mainly oxidised tp N
(Eq. (1), but also a small quantity of ammonia was

oxidised to NO according to Eq. 2
4NH3 + 30, — 2N, + 6H,0 Q)
2NH3 + 20, — N»O + 3H,0 @3]

In Fig. 2¢ the NO formation is represented as a
function of the temperature. The NO was formed at
relatively high temperature compared with®l The
NO formed could be explained by ammonia oxidation
reaction Eq. (3) or nitrous oxide oxidation to a higher
oxidation stateq. (4):

4NH3 + 50, — 4NO+ 6H,0
N0 + 30, — 2NO

®3)
(4)

When the ammonia oxidation reaction rate was plot-
ted as a function of the initial reduction temperature
of the catalysts, obtained by,HIPR, a relationship
between the catalyst reducibility and the reaction rate
was observed. Moreover, it can be noticed that the on-
set temperature of reduction by hydrogen influenced
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Fig. 2. (a) NH conversion; (b) MO formation; (c) NO formation
as a function of the operating temperatur®) (CuNiTi; (CJ) Cu-
NiAl; (@) VTi; (O) VAL Feed compositions: [N&] = 1000 ppm,
[02] = 3vol.%, [He]: balance. Operating conditions: total flow
F =100mImirmr!, GHSV (NTP) = 15,0001, P = 1atm.

the activation of ammonia. The different reducibility
between CuNi catalysts and V-based catalysts was di-
rectly related to ammonia oxidatiofify. 3).

Studies carried out by ZawasdHKi7] and more re-
cently by Germain and Perd8] proposed the key
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role of NH and NHO species in ammonia oxidation
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groups, respectiveljl9], whereas the bands at 3585
and 3520 cm? represent the asymmetric and symmet-
ric vibration of water due to the easy rehydration of
the support$20,21].

In general, the relative intensity of the peaks
due to NH; absorbed at 300C were lower than at
180°C. Ammonia coordinated on Lewis acid sites
were assigned at 1620, 3384 and 3282 ¢énf22]
over CuNi catalysts. Brgnsted acidity was not ex-
pected on the basis of the lack of Brgnsted acidity
of TiO> [23] support and on the pure copper oxides
[24].

On the contrary at 188C, ammonium ion adsorbed
on Brgnsted acid sites dominated on vanadia cata-
lysts with characteristic bands at 1420, 3248, 3056
and 2842 cm? [25], especially in the case of VAI, al-
though a slight Lewis contribution could be detected
as well.

At 300°C, the main bands assigned to Aldb-

over transition metal oxides. These authors suggestedsorbed on Brgnsted acid sites disappeared on VTi
that these species could react with each other giving catalyst, whereas in VAl were still presented. This

rise to Nb, N2O as well as react with molecular oxy-
gen to give NO.
Due to the strong reducibility of copper/nickel cat-

indicates the stronger nature of Brgnsted acid sites on
VAl catalyst compared with VTi.

alysts as compared with vanadia catalysts, the forma- 3.3. NO oxidation reaction

tion rate of NH, NHO species over the former would
be higher than in the latter, explaining the®l and
NO formation during the ammonia oxidation reaction.
Indeed, at relatively low temperatureg & 250°C),

In order to find the role of nitric oxide on the
SCR process, the NO oxidation reaction was stud-
ied as a function of the temperature at the same

CuNi catalysts present an appreciable conversion of operating conditions as SCR and Blldxidation re-

ammonia to NO.

The data of the quantity of ammonia adsorbed on
the catalysts calculated by NH'PD are collated
in Table 1 A relation between the quantity of am-
monia absorbed and the NHeaction rate during
NH3 oxidation was not found. However, VTi cata-
lyst presented higher amounts of Blldbsorbed per

square metre and displayed better NO conversion
during SCR reaction in the temperature range 180-

300°C.

The spectra obtained at 180 and 3@0by in situ
DRIFTS during NH oxidation experiments for Cu-
NiTi, CuNiAl, VTi and VAI catalysts are shown in
Fig. 4a and brespectively.

actions. The results, collected Iig. 5 show that
vanadium-based catalysts had no ability to oxidise
the NO, while CuNi catalysts displayed an increase
of NO reaction rate (below 5%) when the temperature
rose. NQ as well as NO were detected as reac-
tion products and their concentrations increased with
temperature.

Studies carried out by Centi et aJ26] with
copper-based catalysts, point out the role ot G«NO,,
CU?t—N,03 species as intermediate in the SCR reac-
tion. FT-IR studies carried out in our grof)], after
adsorption of NO, NH and NO-+ NH3 at different
temperatures, with similar copper/nickel catalysts,
pointed out the ability of these systems to adsorb NO.

The four bands detected at 3740, 3670, 3585 and As a conclusion of this study, it was proposed that

3520 cmt! were assigned to the magnesium silicates ammonia and NO compete for copper sites, although
of the binder. According to literature, the bands at 3740 the latter is more weakly adsorbed than the former.
and 3670 cm! correspond to Si-OH and (Mg®H Moreover, studies carried out by Knézing@7] at
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Fig. 4. In situ DRIFTS spectra at: (a) 180; (b) 300°C for VTi, VAI, CuNiTi, CuNiAl catalysts after ammonia oxidation reaction
(30 min). Feed compositions: [Nffl= 1000 ppm, [Q] = 3vol.%, [He]: balance.

the beginning of the 1980s revealed the important was detected in the temperature range from 2&0D
role of NO adsorption on the SCR mechanism on 350°C.

copper/nickel catalysts supported on alumina. CuNi  The formation of N@Q and NO during the NO
systems selected for this work had a strong depen- oxidation reaction, could be explained by NO re-
dency of NQ conversion with the N@NO ratio acting with oxygen from the lattice to form NO
[14]. The presence of NOin the feed increased or being adsorbed and reacting with another NO
the NbO formation for CuNi catalysts, while no in- molecule from the gas phase to produceON
crease was observed with V catalysts. Additionally, Thus, it can be suggested that even in the pres-
when only NQ (as NQ.) was on the feed, a signif- ence of Q, NO could be adsorbed and NQOn-
icant increase of PO formation with temperature termediate species could play an important role in
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5 the SCR reaction. Ramis et §B1] proposed that the
breaking of the N-H bond of coordinated ammonia is
the first reaction step and a radical-like amide species
is expected to react with the radical NO molecule to
give NHoNO. At higher temperature, the formation
of NH due to subsequent reaction of Bliith OH
(Eq. (7) radicals leads to ammonia oxidation through
the reaction with @ (Eqg. (8).

Based on SCR mechanisms, the formation rate of
NH, species on vanadia and copper/nickel catalysts,
may have a higher correlation with the reaction rate of
SCR and ammonia oxidation. In other words, as com-
pared with vanadia-based catalysts, species M—NH re-
sponsible for the Nl oxidation as well as the 2D
Fig. 5. NO conversion as a function of the operating temperature: formation could, dominate on the Catalytic surface of
(M) CuNiTi; (O) CuNiAl; (@) VTi; (O) VAI Feed compositions: CuNi at low temperature.

NO conversion, %

150 200 250 300 350 400 450
Temperature, °C

[NO] = 1000 ppm, [Q] = 3vol.%, [He]: balance. Operating con- The different formation rates of NHspecies could
d't'onlSI total flowF = 100 mimir*, GHSV (NTP) = 15,000 %, be explained by the different electron properties of the
P =1atm.

catalysts studied. 305 is an n-type semiconductor
whereas NiO and some copper oxides are considered
the SCR reaction mechanism and inpN forma- to be p-type semiconductors. These semiconductors
tion. show different trends when they react with oxygen and
a reductant. n-Type semiconductors lose oxygen by
reaction with a reductant like Nd-and the oxygen site
4. Summary is replenished by gas phase oxygen. On the contrary,
p-type semiconductors gain oxygen to form species
As a result, the difference in the behaviour of NO O2~ and O, which have strong reducing properties.
and NH; oxidation, could explain the different cat- Thus, copper/nickel-based catalysts can show higher
alytic activity in the SCR reaction between vanadia ammonia oxidation than vanadia-based catalysts. In
and copper—nickel oxide catalysts. The chemistry of addition, the species of O and O produced by
NO reduction by ammonia in the absence of catalyst p-type semiconductors may also interact with NO to

is known as the following28]: form NO, and in the presence of NHadsorbed on
Lewis acid sites leads to SCR reaction.

NH3 + OH < NH2 + H20 ©) The following main conclusions have been obtained

NH> + NO < N, + H,0 (6) in the present study over copper/nickel and vanadia
catalyst:

NHz + OH < NH 4 H0 ©)

NH -+ O, <> NO + OH @) ® Th_ere.was a_.relationshi_p _b_etween t.he ammonia

oxidation ability and the initial reduction temper-
When the temperature is high enough (800, a ature of the catalytic systems.

H/O radical pool is built due to the presence of O (i) The presence of Nkladsorbed on Brgnsted acid

and KO, which results in appreciable amounts of OH sites was not necessary for the ammonia oxida-

radicals that are the key radicals for the conversion of tion reaction to take place.

NH3 to NHy, since NH radicals are mainly responsi- (i) The trend observed in the /0 formation was:

ble for the reduction of NOKg. (6)). In the presence of CuNiTi > CuNiAl > VTi > VAI for the SCR

catalysts, the ultimate mechanism is similar. Janssen and ammonia oxidation reaction.

et al. [29,30] suggested that intermediate V-O-NH  (iv) The different behaviour of copper/nickel com-
species formed on ©/-0-V=0 are responsible of pared with vanadia catalyst when NO oxidation
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takes place, indicated the important role of NO
adsorption on the SCR mechanisms for cop-
per/nickel catalysts.

An SCR reaction mechanism could be proposed
for copper/nickel catalysts based on: (a) NO ad-
sorption and formation of N@adsorbed species
on the surface; (b) reaction of these species with
ammonia adsorbed on Lewis acid sites.

v)
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