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Abstract

The performance of copper/nickel oxide catalysts supported on ceramic monolithalofmina/silicate, for the selective catalytic
reduction (SCR) of nitrogen oxides in flue gas from nitric acid plants ((NOJNE@ 0.7) has been studied. The monoliths prepared
were characterised by thermogravimetry, nitrogen adsorption—desorption, mercury intrusion porosimetry (MIP), X-ray diffraction (XRD),
electron probe microanalysis wavelength dispersion spectroscopy (EPMA-WDS) and their mechanical strengths were measured. The
support composition and heat-treatment temperature was optimised to obtain monolithic structures with satisfactory mechanical and
textural properties. Thus, a monolith withyaalumina/silicate weight ratio of 2/3 was selected to give the best combination of textual and
mechanical properties. The influence of active phase (CuO/NiO) content and operating conditions (residence $iffieNatio) on
the NQ; conversion and ammonia slip was studied at laboratory scale to determine the optimum conditions for operation at pilot-plant
scale. The maximum catalytic activity was achieved for a catalyst with CuO content of 6.3 wt.%. At higher active phase concentration
a decrease in the catalytic activity was observed, related to the formation of copper oxides crystals detected by XRD. The presence of
these species increase the reaction rate of the competitive ammonia oxidation reaction and thus, reduce the ammonia concentration in the
outlet. The selected monolithic catalyst was tested at pilot-plant scale with real gases from a nitric acid production plant achjeving NO
conversions of around 90 vol.%, with ammonia emissions lower than 10 ppm, a€28@ GSHV (NTP) of 10,600H.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction such as C(@2,3], hydrocarbon$4] and ammonig5—8]. The
photocatalytic decomposition of N(®], DeNO,—DeSQ
The great concern over the emission of nitrogen oxides procesg$10,11] decomposition of MO and NO[12,13], and
from stationary sources, such as power plants and nitric acidthe oxidation of NO to N@ [14], are some other processes
production units, has led to the development of efficient where these systems have shown excellent results. In most of
technologies to avoid their formation, or eliminate them us- these catalysts the presence of traces of nickel oxide ensure
ing end-of-pipe solutions. The most widespread technology an improved dispersion and stabilisation of copjié, 16]
for industrial flue gas treatment in stationary sources is the For nitrogen oxides removal from low pressure nitric
selective catalytic reduction (SCR) process, in which the acid plants, characterised by the high NConcentration
NO, in the flue gas react with ammonia to produce nitrogen in the feed ([INOJ/[NQ] ratio between 0.5 and 0.9, where
and watef1]. [NO,] = [NO2] +[NO]) and the low gas emission tempera-
Copper catalysts have been extensively used in severalure, commercial CuO/NiO catalysts supported on pellets of
processes related to nitrogen oxides elimination, mainly due y-alumina, have been employ§#i17]. However, this com-
to the low cost compared with noble metals and the good mercial catalyst has the drawback of producing high pres-
performance of these systems with different reducing agentssure drop values. The pressure drop could be reduced by
almost two orders of magnitude by shaping the catalyst in
mpondmg author. Tels 34-91-585-48-02: r.no.nolithic form. The_ typif:al flow devgloped in the mono-
fax: +34-91-585-47-89. lithic channels is laminar in contrast with the turbulent flow
E-mail addressjblanco@icp.csic.es (J. Blanco). characteristic of conventional fixed bed reactors (pellets)
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[18-20] Monolithic structures present other attractive ad- Table 1

vantages such us high geometric surface area, good attritiorfictive phase_ content, _surface area and alumina mesopore diameter, of

resistance and low tendency to plugging by fly ash. the copper—mgkel/g[umma mpnohth,c catalysts prepared with the selected
As the pressure drop originated by the catalyst bed ap- support (alumina/siicate weight ratlo 213)

pears to be key factor to reduce operation costs, the aim of(CuCl [NiO] BET area Mesopore diameter

this work has been the preparation of a CuO-Ni@fumina %) (wt.%) (m"g™) of alumina (nm)

monolithic shaped catalyst, studying the influence of vari- 32 0'2 156 7'2
ous parameters related to the composition of the catalysts; 5 8;6 123 2:1
and operating conditions. The influence of the binder con- g1 0.8 157 5.8
tent on the mechanical and textural properties of the sup-9.9 0.9 142 5.4

port was analysed, and the optimum composition defined.
Moreover, the distribution of the active phase on the support ) ] ) )
was evaluated. The relationship between active phase con{Perkin-Elmer Optima 3300DV) of dispersions of the ground

tent and catalytic activity towards NQeduction and NH catalysts in acid solutions. Surface areas were measured
concentration in outlet was studied at laboratory scale. The PY nitrogen adsorption—desorption isotherms determined us-

performance of the selected catalyst was subsequently evalid & Micromeritic ASAP 2010, outgassing the samples
uated at pilot-scale with real gases, obtaining the optimum

overnight at 250C to a vacuum ok 1.33 x 102 Pa to en-
operation conditions to achieve a maximum N@nversion ~ Suré & dry clean surface, free from any loosely bound ad-
with minimum ammonia slip.

sorbed species. The pore volumes were determined by use of
mercury intrusion porosimetry (MIP) using CE Instruments
Pascal 140/240 porosimeter, after drying the samples in an

2. Experimental oven at 110C overnight. For these measurements the values
. recommended by the IUPA{21] for the mercury contact
2.1. Catalysts preparation angle (141) and surface tension (484 mNT) were used.

The mechanical strength of the monoliths was determined in
terms of breaking pressure with a Chantillon dinamometer
model LTCM with a 1 mm diameter test head.

In order to optimise the monolithic composition and
study the textural and mechanical properties, supports with
different alumina/silicate weight ratios were made at labo- X-ray diffraction (XRD) patterns of ground samples

ratory scale by extrusion of a dough prepared by kneading of the monolithic catalysts were recorded on a Phillips

f‘?r 4h_6_‘ powder mixture _Of boehmite and nat_urgl magneé- p\y1710 powder diffractometer using CuaKradiation:
sium silicate as _blnder with water. The monolithic shaped % = 0.154 nm, sampling data every 0:0@6).

doughs were .dr|ed at room temperature for 24h, 110 The TG-DSC curves were measured on a Netzsch 409
for 24 h, and finally heat-treated at 50D for 4 h. The re- EP simultaneous thermal analysis device. Approximately

sulting monoli_ths had the following geometric dimensions: 20-30 mg of powdered sample were heated in an air stream
square cell size 2.54mm, wall thickness 0.74 mm, geo- of 75mimin-! at a rate of 5Cmin-! from ambient to

. -3 .
metric surface 944?rr_n % and cell density 9.3 cell cr‘r?: 1000°C, using an-alumina reference.
The optimised monolithic support was manufactured in an The active phase distribution was analysed by electron

iﬂdustrial size of 8.7 mrr]rk 87mrn?< S00mm (length) with probe microanalysis wavelength dispersion spectroscopy
the same geometrlc c grgctensﬂcs. (EPMA-WDS) using a Jeol model JXA-8900M resolution
For the catalytic activity measurements at laboratory 6nm, operating with an acceleration power of 20.0kV, to

fscale, moqolc;ths .Ofl 9 cellls (\;verel cut from those p;o?)uc_ed obtain the concentration mapping of the most representative
or use at industrial scale. Catalysts were prepared by IM- oo ents in a small field of the monolithic wall. The sample

pregnation in an aqueous solution containing copper and,, fixeq using a resin and polished with diamond gel in or-

ni_ckel nitrates: CU(NG)o-3H,0 (99 wt.%, P_anreac) gnd der to avoid surface irregularities that could alter the image.
Ni(NO3)2-6H,O (99wt.%, Panreac). After impregnation,

the monoliths were dried at room temperature for 24 h,
then at 110C for 24 h and finally treated in an air flow at
500°C for 4 h. The CuO contents were varied between 3.2 o
and 10 wt.% maintaining the CuO/NiO molar ratio constant ~ 1he monolithic catalysts prepared for laboratory scale ex-
at 9/1 (Table 1. Catalysts for pilot-plant tests were pre- Periments with different metal loadingdble J) were tested
pared in the same way, using the support manufactured inin the selective reduction of nitrogen oxides in a reactor

2.3. Catalytic activity tests

an industrial size. working close to an isothermal axial profile. Synthetic gas
mixtures were used, with a typical composition of tail gas
2.2. Characterisation techniques from nitric acid plants: [NQ] = [NO]+[NO2] = 1000 ppm,

[NOJ/[NO,] = 0.7, [Os] = 3vol.%, [N;] = balance,
The copper and nickel contents were determined by induc- adding ammonia as reductant: [NH= 700-1000 ppm,
tively coupled plasma (ICP) optical emission spectroscopy at T = 230°C, P = 120kPa. The inlet and outlet NO
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and NQ concentrations were determined continuously by 15

chemiluminescence with a signal NONO, analyser se- ]
ries 4000. Analysis of BO and NH were carried out by

IR spectroscopy with a signal 7000FT GFC analyser and
with a ADC double beam luft type infra-red gas analyser,
respectively.

The performance of the selected monolithic catalyst was
evaluated in pilot-scale with a reactor of 0.25m diameter
and 1.0m length (eight monoliths of the &787 x 500
length, mnd), with real gases in the nitric acid produc-
tion plant of Sefanitro (Spain): [N@ = 1600—2400 ppm, (@)
[NO]/[NO,] = 0.7-0.8, [@] = 3vo0l.%, [NH3] = 0.6
800-2400 ppm, af’ = 220-230C, andP = 300 kPa.

10 4

Axial strength, MPa

‘© 250 0.5
~N

3. Results and discussion - 0.4

0.3

3.1. Definition of the monolithic support composition 02

50 A 0.1

BET sruface area, m

To preparey-alumina monolithic supports, a hydrated
form of alumina, boehmite (AD3-H,0), was used as a pre-
cursor. The boehmite used in this study looses physisorbed
water up to 200C. At higher temperatures, in the range
300-480°C, the phase change tealumina occurs with the (b) Alumina/Silicate ratio, wt.%
loss of wa}ter of crystallisation giving rise to a characterlstlc Fig. 1. (a) Mechanical and (b) textural properties (BET area calculated
exothermic band centred at 440 observed by differential  py N, adsorption—desorption and pore volume by MIP) of the monolithic
thermal analysig22]. As y-alumina is the active support, supports as a function of alumina/silicate weight ratio, heat treated at
the selected treatment temperature of 500for 4h was 500°C.
chosen, in order to ensure its formation and minimise any
further loss in surface area and preparation costs. as monolith. However, it has an additional beneficial effect

In order to conform the alumina in monolithic shape, a on the mechanical properties of the monoliths treated at
natural magnesium silicate with a Si©ontent of 60 wt.%, 500°C, as can be observedhig. 1a As the silicate content
was used as a permanent additive. The advantages of usingncreases so to does the mechanical strength, up to silicate
this type of binder have been shown in previous studies with contents of 80 wt.%, where it reaches a maximum. Thus, the
v-alumina[23] and titania[24]: it improves the rheological  alumina/silicate mixtures strengthen both the alumina and
properties of the dough and the mechanical strength of thethe silicate, probably due to the tight interaction between the
monoliths, while preserving high specific surface areas and alumina particles and the fibre matrix of the natural silicate.
porosity. The natural magnesium silicate used in this study The MIP technigque used in this study can only mea-
has a fibrous structure ranging from 0.2 tp.f2 in length sure pores with diameters >7.5nm. However, the alumina

Pore volume (MIP), cm® g™

0 T \ T \ 0
1/0 4/1 3/2 2/3 1/4 011

and 0.1 to 0.3um in diameter for the bundles of fibr§zs]. used has narrow mesopores that cannot be measured by
These fibres act as a matrix in which the alumina or titania MIP alone. According to N adsorption—desorption data,
particles can be dispersed and stabilig2®|27]. this volume was around 0.4 ég~1. The support with an

The phase changes that the silicate binder undergo withalumina/silicate weight ratio of 2/3, had a lower contri-
heat treatment have been thoroughly studi28,29] Af- bution (0.16 crAg~1) while the natural silicate presented
ter loosing adsorbed water up to 80-:@) at 300°C, a negligible value. Although these data increase the total

the structure begins to fold, in a step called rotation. At pore volume of samples, they were not considered in the
higher temperatures up to 600 all the coordination water  pore volume data presentedfig. 1, since the monolith’s
molecules are lost and the structure undergoes a so-callednechanical strength mainly depends on the large pores due
distortion. Thus, the selected treatment temperature ofto the interparticular packing defects between the silicate
500°C lead to a folded stable structure that include the and/or alumina particlef80].
alumina particles imbedded between the bundles. The BET surface areas of the monoliths were very close
The influence of the addition of magnesium silicate on to those calculated from the areas of the precursors treated at
three key properties of the support was studied: axial strength500°C (alumina 210rAg~—! and silicate 135rhg~1). The
(Fig. 19, BET surface area, and MIP pore volunfiég. 1b). increase of the MIP pore volume with higher silicate con-
The main object of adding silicate to alumina as permanent tent was due to the fact that the narrow mesopores of alu-
agglomerating agent is to facilitate the extrusion of alumina mina were not included. Thus, as the silicate content was
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Fig. 2. TG-DSC curves (thermogravimetry—differential scanning calorime- (,,U’ 1.2 4
try) of monolithic support with an alumina/silicate weight ratio 2/3 as a g
function of the temperature. = 1.0 A
.g 0.8 Ratio (wt.)
. = = Alumina/Silicate
increased the MIP pore volume rose although the surface &= 5B 10
area fell. 5 0/1
These results, together with the X-ray diffraction patterns § 04+ 213
of these monoliths, indicate that no solid state reaction oc- ‘é_’ 02 |
curs when mixing and heat-treating silicate and aluminaup &
to 500°C, and confirms that the natural silicate is present 00 ] T ""‘1'0 s "1"00 o 1000 10[‘)00

as a chemically inert additive. Thus, an alumina/silicate
weight ratio of 2/3 was selected as the best to achieve high (b) Pore diameter, nm

mechanical resistance and pore VOlume' W-h”e pres-erVingFig. 3. (a) Mercury intrusion curves and (b) pore size distribution (PSD)
an a_\cceptaple BET area. A thermOgraVImemC r_:\_naly5|s Wasof monolithic supports: alumina(), silicate () and alumina/silicate
carried out in order to determine if the natural silicate mod- \yeignt ratio 2/3 W), heat treated at 50.

ify the phase transitions of alumina-boehmikég 2). The
phase change from boehmite 4ealumina was unaltered
by the presence of the binder, and thus treatment atG00
was still valid to ensure its formation.

The mercury intrusion curves and pore size distributions
(PSD) as a function of pore diameter are showig. 3a
and b respectively, for silicate only, alumina only and the
selected mixture alumina/silicate weight ratio 2/3. The alu-
mina monoliths gave rise to a bimodal pore size distribution

and the pore diameter corresponded to alumina mesoporos-
ity (9nm) for the prepared catalysts are summarised in
Table 1 In the range of copper oxide content from 3.2 to
8.1wt.% no significant variation of the surface area was
detected, whereas the catalyst with higher metal oxide
content ([CuO]= 9.9wt.%, [NiO] = 0.9wt.%) suffered
with maxima at 9 and 4000 nm. The first was due to the an appreciable reducﬂon in the BE.T area. Furthermore,
. . .~ the mesopore diameter of the alumina, calculated by the
mesopores of alumina. From the sharply rising cumulative . . : .
: . desorption branch of the corresponding nitrogen isotherm,
curve it was obvious that mesopores of less than 7.5 nm were . . .
progressively decreased as the metal oxide content was in-

present. The later were due to the mterparhgular porosity 0 f creased and could be related with the formation and growth
the alumina. The silicate also presented a bimodal pore size

distribution with pore diameter around 20 and 50 nm due of metal oxide particles.

to the intra- and interparticulate porosity, respectively. The

mixture of alumina and silicate produced a support that had 3.2. Catalytic activity at laboratory scale

the characteristic porosities of the two precursors with pore

diameters around 9, 20-50 nm corresponded to the alumina The influence of the active phase on the catalytic perfor-

and silicate, respectively. The contribution of each material mance was studied using inlet gas compositions typical of

to the pore size distribution was in accordance with the alu- flue gas from nitric acid plants, with a [NO]/[NQratio of

mina/silicate ratio. The observed decrease of the macropore0.7 and [NH]/[NO,] = 0.77. The data of N@ conversion

diameter from 4000 to 2000 nm was assigned to the decreasend ammonia in the outlet (ammonia slip) of copper/nickel

of the interparticulate porosity due to the incorporation of oxide monolithic catalysts as a function of CuO weight con-

the binder, explaining also the higher mechanical strength tent are shown iifrig. 4, at a temperature of 23C, GHSV

of this system. (NTP) = 13,500 1 (where GHSYV is the gas hourly space
The support selected was used to prepare copper/nickehelocity) andv. = 1.1Nms! (where v_ is the linear

catalysts Table 1. The active phase content, BET area velocity).
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The NO, conversion and ammonia slip curves presented a catalysts NO traces were detected in the reactor outlet
maximum and a minimum, respectively, around 75% (NO (lower than 20 ppm), but in no case did the concentration
conversion) and 25 ppm (NHslip), close to the limit for increase with the metal loading, suggesting that the reac-
the [NHz]/[NO,] ratio selected, at CuO content of 6.3wt.%. tion between NQ and NH; was responsible for the 4D
At higher CuO content, the catalytic activities decrease formation.
along with an increase in the ammonia slip. Nevertheless, The active species present in CuQ/@§ catalysts as a
a detailed examination of the ammonia concentration in function of active phase content have been studied by various
outlet data for CuO content up to 6.3wt.% indicated that authorg32-36] Three phases have been identified: isolated
it was lower than expected for the N@onversion values, Cu?* ions, a copper aluminate surface phase and crystalline
suggesting that some ammonia disappeared by a competCuO. Increasing the copper loading leads to a change from
itive reaction. It is well known, that ammonia oxidation isolated copper ions to a defect surface copper aluminate
reaction competes with the SCR process, and that its extento paracrystalline and crystalline CuO. For this system, the
sion depends on many factors such as temperature, type otopper loading for appearance of crystalline CuO has been
support, metal loading, and linear velocity amongst others. stated to be ca. 4wt.% Cu supported on an alumina of
In a previous articld31], the ammonia oxidation reaction 100 n? g1 surface are§33,34] The presence of Ri ions
was studied in the temperature range of 180-<8D0using lead to a Cé&" redistribution with an increased tetrahedral
CuO and 05 catalysts supported on D3 and TiG. The site population, and make this value lard#s,16]

CuO/AlLO3 system had a [CuO] content of 6.4 wt.%, similar To obtain further information on the nature of the copper
to that studied in this article. Three reactions were consid- sites and identify the structure/activity relationship in these
ered to produce N N2O or NO Egs. (1)—(3). At 230°C catalysts X-ray diffraction patterns were measured, and are
CuO/Al O3 exhibited slight NH conversion, lower than 6%, shown in an inset ifrig. 5. As the copper content increased,
and neither MO nor NO were detected as reaction products. two new peaks appeared a# 2 35.5 and 38.7, which

3 correspond to CuO crystals with tenorite structure (ASTM
2NH3 + 302 > N2+ 3H0 (1) 04-0880). Variation in the intensity of these peaks as a func-
2NH3 + 20, — N20 + 3H,0 2) tion of CuO content in the catalyst is shownHig. 5 Up to

6.3 wt.% CuO barely any change in the crystallinity was ob-
2NH3 + 302 — 2NO+ 3H0 3) served but for higher contents the peak intensities increased

rapidly. Thus, copper oxide crystals were being formed in
XRD detectable quantities above 6.3wt.% CuO. This value

6.3 wt.%, the ammonia oxidation reaction did not take place, W:rsozzgze;ntr;?unmtﬂit r?gg:ﬁ? gze':t:iﬁg]ig ete?bigoref;ﬁ
in the operating conditions selected. Nevertheless, at higherp P y PP P 9

metal loadings the ammonia slip values were lower than effect of nickel.
) L . Although these XRD results concern the catalysts bulk
that calculated from reaction with nitrogen oxides. One ex-

. . and are not surface-specific, some conclusions can be drawn.
planation for the observed behaviour could be related to the : X - .
. — . : Compared with catalytic activity data shown kig. 4, the
ammonia oxidation reaction, favoured at high metal load-

inas. althouah other hvpotheses cannot be ruled out. Eor aIIresults indicated that the formation of CuO crystals above
gs: 9 yp ’ 6.3 wt.%, lowers the NQconversion. The metal dispersion

The data shown ifrig. 4and the ammonia balance, seem
to indicate that at CuO contents lower than or equal to
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Fig. 4. NQ, conversion @) and ammonia slip Q) obtained at lab- 2 3 4 5 6 7 8 9 10

oratory scale as a function of the CuO and NiO content ([QuOj] CuO content, wt.%

[NiQ] = 9/1 (molar ratio) of the monolithic catalysts. Feed composition:

[NO,] = 1000 ppm, [NO}[NO,] = 0.7, [NH3]/[NO,] = 0.77, [O;] = 3 Fig. 5. Relative intensity of X-ray diffraction (XRD) peaks & 2 355
vol.%. Operating conditions: GHSV (NTP) = 13,5001, (4) and 38.7 @) as a function of CuO content in the catalyst. Inset: X-ray

v =11Nms1, T =230°C, P =120kPa. pattern of the CuO/NiO monolithic catalyst in the range=232-40.
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is related to the number of active sites available to carry dient. The variations in the line profile of Cu were parallel
out the SCR reaction. In a previous study, the copper com-to those of Al. Similarly, the Mg concentration paralleled
plexes formed on alumina surface were considered as thethe Si, these elements being the principal components in the
active sites in the SCR reactid7]. The formation of binder. These results clearly indicate that copper was pref-
a well-defined crystal phase, reduce the number of theseerentially deposited on alumina. Due to the low nickel con-
species with a subsequent reduction in the catalytic activ- centration it was not possible to determine if this element
ity. If the NO, conversion decreases a proportional increase was located around alumina particles or dispersed homoge-
in the NH; concentrations should be noticed. As suggested neously throughout the support.
above, the results appear to indicate that the presence of CuO The influence of the residence time (1/GHSV (NTP)) on
crystal phase could be related to the increase in ammoniathe performance of the selected catalyst was studied at labo-
oxidation. From these studies, to ensure good dispersion ofratory scale in order to optimise the operating conditions to
the copper oxide, a catalyst with a [Cu€©] 6.3wt.% and achieve lower ammonia emissions. The results of, d@n-
[NiO] = 0.6 wt.% was selected. version and ammonia slip as a function of residence time
Since the monolithic support was formed by two mate- are shown inFig. 7. The catalytic activity measurements
rials, y-alumina and a natural silicate as binder, it was of were carried out at 230, using a [NOJ[NO,] = 0.7 and
interest to determine the active phase distribution on the a [NHs]/[NO,] = 0.77, in oxygen excess. As could be ex-
support. Thus, mapping of the four main elements (Al, Si, pected an increase of the catalytic activity was observed for
Cu, Ni) of the selected catalys®late 3, as well as the line  higher residence time. Thus, a conversion of about 80 vol.%
profiles across a wall sectioifrif. 6) were determined by  NO, was reached, with less than 5 ppm ammonia in the reac-
EPMA-WDS microscopy. IfPlate 1 the high concentration  tor outlet at GHSMNTP) = 10,600 it (1/GHSV(NTP) =
areas were white, and turn darker as the element concen{.34s).
tration decrease. The top left image corresponds to alumina
mapping where spherical white alumina particles of different 3.3. Operation in pilot-plant
sizes can be distinguished. The darker areas are related to the
magnesium silicate in agreement with the top right photo.  Prior to operation in pilot-plant conditions, kinetic exper-
The image of copper shows that this element was preferen-iments were carried out to obtain a rate equation. This study
tially located in the external part of thealumina particles,  is not included in this article due to its great extengia8].
and not on the silicate. These results are in agreement withHowever, in accordance with the literature, different kinetic
the line profiles of Al, Cu, Mg and Si across a monolithic models were supposed. The kinetic experiments were car-
wall presented irFig. 6. It could be observed that Cu dis- ried out in differential regime, and the operation conditions
tribution was regular across the wall section, indicating the selected to ensure no diffusion problems. The experimental
impregnation method used for the catalyst preparation led data obtained gave a best fit with the following equation:

to its homogeneous distribution with no concentration gra- KKnH, PNHs PNO
. (4)

NO, =
1+ (/KNHz PNH3)?

where the NH dissociative adsorption and,@xcess was
supposed. This model was in agreement with the physical
and statistical criteria. The values obtained at 230where

k = 0.06281s1 g™ and Knw, = 660,194 mojf;,.

Monolithic structures may present mass transfer limita-
tions. The external mass transfer limitation plays an impor-
tant role due to the laminar flow developed in the monolithic
channels. Thus, the contribution of this phenomena to the
overall process was analysed. Taking into account mono-
lithic geometric dimension, the Ullah correlation to calculate
the Sherwood number and with the Reynolds and Schmidt
numbers, and a ratio [Ngf/[NO,] = 1, it was concluded
that the maximum possible NQconversion was close to
95%. Therefore, in real conditions mass transfer limitations
must be considered. Bearing in mind these observations, the
scale up was done considering that the phenomena that take
place in one cell were independent of the number and fitting
the experimental data obtained at laboratory scale in an am-
monia excess to a pseudo first-order equation with respect

Plate 1. EPMA-WDS elementary mapping of Al, Si, Ni, Cu for the 10 NOx (—=In(1— Xno,) = k't), where the apparent kinetic
selected CuO/NiO monolithic catalysts. constank’ mainly depends on the mass transfer phenomena.
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Fig. 6. EPMA-WDS line profiles of Al, Cu, Mg and Si across a wall section of the selected CuO/NiO monolithic catalyst.

The catalytic behaviour of the selected catalyst was stud- outlet corresponded to that expected for the,NOnversion

ied in real conditions in the nitric acid plant of Sefanitro op-
erating at 230C, [NOJ/[NO,] ratio of 0.7 and [NH]/[NO,]
ratio of 0.7 and 0.9 to minimise the ammonia slip at differ-
ent values of gas hourly space velocity.

The influence of the GHSV (NTP) on the catalyst perfor-
mance is shown irFig. 8, where the NQ conversion and

values, suggesting that the ammonia oxidation reaction was
negligible. A slight increase in the NGconversion lead to
an appreciable decrease of the N¢bncentration.

Although the NQ conversions were satisfactory and re-
mained almost constant at GHSV (NTP) below 16,000 h
(1/GHSV (NTP) = 0.22 s) acceptable ammonia slip values

ammonia outlet are represented as a function of residence([NH3]outiet < 10 ppm) were only achieved at GHSV (NTP)

time for two [NHz)/[NO,] ratios. According to data obtained
at laboratory scaleHg. 7), there was an increase of the NO

below 12,000h! (1/GHSV (NTP) = 0.30s) reaching a
NO, conversion near 90 and 70vol.% for a [MHNO,]

reaction rate and a decrease of the ammonia slip with higherratio of 0.7 and 0.9, respectively.
residence time. A higher ammonia concentration in the feed The experiments at laboratory and pilot-plant scale were

led to higher NQ conversions, but also to higher ammo-

nia concentration in outlet, especially significant at low res-

performed at different pressures (120 and 300 kPa, respec-
tively). According to Dalton’s law a change in the total

idence time. The ammonia concentration data in the reactorpressure leads to a variation in the partial pressure. Also,
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Fig. 7. NQ: conversion @) and ammonia slip@) obtained at laboratory
scale as a function of the residence time (1/GHSV (NTP)) of a mono-
lithic catalyst containing 6.3 wt.% [CuQ] and 0.6 wt.% [NiO]. Feed com-
position: [NO,] = 1000 ppm, [NOJ[NO,] = 0.7, [NHz]/[NO,] = 0.77,

[02] = 3vol.%. Operating conditionsy, = 1.1Nms™!, T = 230°C,

P = 120kPa.
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Fig. 9. Pilot-plant results of NQ conversion @) and ammonia slip
(O) obtained with a monolithic catalyst containing 6.3wt.% CuO and
0.6 wt.% NiO as a function of the [NgJ/[NO, ] inlet ratio. Feed composi-
tion: [NO,] = 1800 ppm, [NOJ[NO,] = 0.7, [O2] = 3vol.%. Operating
conditions: GHSV(NTP) = 10,600k, v, = 5.2Nms™!, T = 230°C,

P = 300kPa.

ues. Although for a [NH]/[NO,] = 1 the higher activity

pressure affects the effectiveness factor, especially then€ar 95vol.% was obtained, the ammonia slip was close to

molecular diffusion coefficient. The experimental data
obtained in laboratory and pilot-plant conditions, indicated

50 ppm.
Thus, the CuO/NiO monolithic catalysts selected in this

that a pressure change between 120 and 300kPa had afitudy could achieve a NGronversion around 90 vol.% with

unappreciable effect on the total N©@onversion, probably

low ammonia slip values below 10 ppm and low pressure

because the overall process was controlled by external mas$lrop, at7 = 230°C, P = 300kPa, GHSV(NTP) =

transfer phenomena.

The operating conditions were finally optimised by study-
ing the influence of [NH]/[NO,] ratio in the feed to en-
sure low ammonia slip values. Thus, the N@onversion
and ammonia slip are shown kig. 9 as a function of the
ammonia feed ratio in the range 0.6—1 at GHGNTP) =
10,600 hrt. The NQ, conversion is linearly dependent on the
ammonia concentration in the feed up to [JHNO,] =
0.8, and only a slight deviation was observed at higher val-
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Fig. 8. Pilot-plant results of NQ conversion W, @) and am-
monia slip (d, O) obtained with a monolithic catalyst containing
6.3wt.% CuO and 0.6wt.% NiO as a function of residence time.
Feed compositions:@, O) [NH3]/[NO,] = 0.7, [NO,] = 1800 ppm,
[NO/NO,] = 0.7, [O2] = 3vol.%; (@, [J) [NH3]/[NO,] = 0.9,
[NO,] = 1800 ppm, [NOJ[NO,] = 0.7, [O2] = 3vol.%. Operating con-
ditions: v, = 5.2Nms™%, T =230°C, P = 300kPa.

10,6001, vy = 5.2Nms1, and with a gas feed compo-
sition of [NHs]/[NO,] = 0.9, [NOJ/[NO,] = 0.7, [O2] =
3vol.%.

4. Conclusions

The optimised monolithic support composition was that
with a y-alumina/silicate weight ratio of 2/3. This support
presented the best combination of textural properties: high
mechanical strength, acceptable surface area and pore vol-
ume. The method used to incorporate the active phase on
the support lead to a homogeneous distribution of copper,
preferentially on they-alumina particles.

The copper oxide content affect the N@onversion and
was critical for achieving low ammonia outlet concentra-
tions. As the copper loading of the catalyst increased, copper
oxide crystals were formed, and the ammonia slip was lower
than expected due to ammonia oxidation. The optimum ac-
tive phase content was found to be [Cu9]6.3wt.% and
[NiO] = 0.6 wt.%.

The studies at laboratory scale together with those in
pilot-plant allows to optimise the following operating con-
ditions: [NHg]/[NO,] = 0.9, GHSV (NTP) = 10,6001,

v = 52Nms1, working with real gases from a nitric
acid plant at7 = 230°C and P = 3 x 10°Pa with a
[NO]/[NO,] = 0.7 and [@] = 3vol.%. At these condi-
tions, the CuO/NiO monolithic system was able to achieve
NO, conversions near 90vol.%, with an ammonia concen-
tration in the outlet lower than 10 ppm, in agreement with the
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