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Abstract

In this paper, the performance of a novel ex-framework FeZSM-5 catalyst for dipggtddcomposition in simulated
tail-gas from nitric acid plants (containingsONO,, and HO) and combustion processes (containing 0O,, H,O, and
SQO) is presented. This catalyst was prepared by isomorphous substitution of Fe in the MFI framework followed by calcination
and steam activation. The specific activity per mole of Fe of the ex-framework catalysOfHd was 4-10 times higher
than observed for FeZSM-5 catalysts prepared by conventional solid and liquid-ion exchange and sublimation methods. The
presence of NQand SQ has a positive effect on the;® conversion over ex-FeZSM-5, decreasing the inhibition effect of
H»0, while G; and CQ do not influence catalytic performance. The operation temperature is decreb8@H by addition
of propene to the feed mixture. The stability of ex-framework FeZSM-5 for dire@ NMecomposition, in the absence of
any reductant, was remarkable, showing no significant deactivation@tbnversion levels ranging from 20 to 65%) after
600 h time-on-stream. Sublimed and especially ion-exchanged FeZSM-5 catalysts showed a strong irreversible deactivation
in feed mixtures containing #0 and SQ. The performance of the ex-framework catalyst has also been compared with that
of different Rh-based catalysts. Co—Rh, Al mixed oxide, derived from a hydrotalcite precursor containing these metals, shows
a remarkably high DO decomposition activity in NO/He. The initial activity of this catalyst in a simulated tail-gas mixture
is higher compared to ex-FeZSM-5, but is severely inhibited by NO and deactivated in the presepCeasfd5Q. This
also applies to other Rh-based catalysts. Application of ex-framework FeZSM-5 appears to allow a flexible and cost-effective
end-of-pipecatalytic technology in chemical production plants and combustion processes. Different abatement options have
been considered, depending on the source and the operating conditions of the process. Aspects of (monolithic) reactor design
for an optimal catalyst implementation are also discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction destruction of ozone in the stratosphgte4]. N2O is
produced by both natural and anthropogenic sources.
Nitrous oxide (NO) has been identified as a Agriculture is a major anthropogenic source, but
greenhouse gas and a significant contributor to the control of these emissions is difficult due to the
very diffuse nature of BIO emissions. The major

_— ) industrial source of BO is the production of ni-
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caprolactam, acrylonitrile, glyoxal, and in general FeMFI is an interesting catalytic system because
organic syntheses using HNGas the oxidant or  N>O conversion shows anomalous behavior in the
reactions involving ammonia oxidation. Nitric acid presence of tail-gas components compared to other
production facilities, e.g. in the Netherlands con- catalytic systemdq12,22—24] Different preparation
tribute to 25ktNO peryear[6], i.e. ~6% of the methods have been reported to optimize the cat-
global NbO emission related to nitric acid plants. alytic performance of FeZSM-5, not only in>®
Reduction of these emissions will lead to 35% re- decompositiof25-27] but also in de-N@ HC-SCR
duction of the 6% committed in Kyoto in December, and selective oxidationg28-32] The methods
1997. The emission of the chemical process indus- normally applied include solid- and liquid-ion ex-
try is concentrated in a limited number of large ni- change, or sublimation. From the different results in
trous oxide sources, which holds the promise for an the literature, it is concluded that the development
economic and efficient reduction strategy. Combus- and optimization of preparation routes to prepare
tion processes of fossil fuels, biomass, and waste in FeZSM-5 may lead to improved catalyst performance
fluidized-bed combustors also contribute significantly in the different processes catalyzed by this material
to NoO emissions[5-7], although quantification is  [23,25,27,30] Several authors have claimed a good
less accurate. stability of FeMFI catalysts prepared by sublimation

Emissions associated with nitric acid plants and and (aqueous) ion-exchanged fop reduction in
stationary combustion processes are characterized bythe presence of $O and/or SQ [8,26,27,33,34]
concentrations of PO in the tail-gas below 1vol.%  This behavior is induced by the co-addition of light
and typically in the 0.05-0.2vol.% rangé,8]. Dif- hydrocarbons (methane, propane, propene, or LPG)
ferent (thermal and catalytic) abatement technologies as a reductant in the feed mixture, which also low-
have been successfully developed for the other ma- ers the light-off temperature for D decomposition.
jor industrial source, i.e. adipic acid planfg,10], Other authors also claimed that the use of reductant
but these are not applicable to nitric acid plants or (hydrocarbon or ammonia) over Fe-zeolites reduces
combustion processd$,8,11] In adipic acid plants, N2O and NO emissions simultaneougR8,35], but
due to the high MO concentration in the tail-gas the catalysts do not exhibit sufficient activity due to
(25-40vo0l.%) and the exothermicity of thee® de- different operation temperatures of both processes.
composition reaction, a large increase in the temper- The addition of reductant is not attractive in tail-gas
ature occurs within the catalyst bed. For instance, the abatement units due to the high operation cost as-
decomposition of MO contained in a gas at 35vol.% sociated. Data on stability of FeZSM-5 catalysts for
of N2O in He leads to an adiabatic temperature rise direct NbO decomposition (without addition of re-
of the gas of 938 K. In this temperature window, a ductant) in simulated tail-gases is hardly available
large number of catalysts exhibit considerable ac- [23,24]

tivity. So, in this case, the activity of the catalyst In this paper we present a high activity and
is not a critical factor for the effectiveness of the stability of a FeZSM-5 catalyst prepared via an
technology. ex-framework route in direct §O decomposi-

In general, direct catalytic decomposition op®! tion in simulated tail-gases (containing, OCOy,
into N2 and Q is an attractive option to reduce,® NO,, SO, and HO) at high space velocities
emissions, but none of the catalysts proposed in the (36 000-1200001!). The catalytic behavior of
literature show a good activity and stability in,® ex-framework FeZSM-5 is compared with FeZSM-5
conversion under realistic conditions of feed compo- catalysts prepared by (solid and liquid) ion-exchange
sition and space velocitig8,11]. Transition (Cu, Co, and sublimation methods and with Rh-based cata-
Ni) and noble-metal based catalysts (Rh, Ru, Pd) on lysts on different supports, including AD3, ZSM-5,
different supports (ZnO, CeQAl»03, TiOy, ZrOy, or USY, and calcined hydrotalcites. The implementation
calcined hydrotalcites) are very active fos®ldecom- of this catalytic technology for pD abatement in
position in NbO/He feeds, but the presence of other different sources is presented, including the analy-
gases in the feed (NQ H>O, SGQ) leads to strong  sis of various process options and aspects of reactor
inhibition and/or deactivatiofil2—21] design.
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2. Experimental T electron microscope. Rh dispersion in the catalysts
(Drn) was determined by CO-chemisorption using a

2.1. Catalyst preparation volumetric apparatus (QuantaChrome Autosorb 1-C),
assuming an adsorption stoichiometry Rh:€QlL:1.

2.1.1. FeZSM-5 catalysts Prior to chemisorption, the sample was reduced in H

Isomorphously substituted FeZSM-5 was synthe- (775K, 1h), followed by evacuation (775K, 2h) and
sized hydrothermally using TPAOH as the template €ooling to room temperature in vacuum.
[32]. The as-synthesized samples were calcined in
air atmosphere at 825K for 10h and converted into 2.3. Activity test
the H-form by three consecutive exchanges with a
NH4NOs solution (0.1 M) (denoted as FeZSM-5c). Fi- Activity and stability tests were carried out in a
nally, the catalysts were activated in flowing steam at Six-flow reactor systenf36]. Tests were made using
ambient pressure (water partial pressure of 300 mbar 50 mg of catalyst shaped in particles with diameters of
and 30ml(STP)min! of Ny flow) at 875K dur- 125-25Q.m and space velocities ranging from 36 000
ing 5h (denoted as ex-FeZSM-5). Other FezSM-5 to 120000 hl. Total pressur® was 3 bar. The partial
catalysts were prepared by solid-ion exchange with feed pressure of the different gases depends on the
FeCb-4H,O (sie-FeZSM-5) and liquid (aqueous) tail-gas simulated:
ion-exchange with Fe(N§)s-9H0 (lie-FeZSM-5), | Nitric acid plants 4.5mbar NO, 20mbar O,
following conventional procedures described in the 1 par NO, 15mbar pD, balance He. §Hg

literature[28,29] NH4-ZSM-5 (CBV 8020; Zeolyst) (4.5mbar) was eventually added to the complete

was used as the parent zeolite. Sub-FeZSM-5 was  foeq mixture. Experiments varying the partial feed
prepared by sublimation of Fe£on H-ZSM-5 (De- pressure of NO (0—4.5 mbar) were also carried out.
gussa), according to the method described elsewhere, ~qmpustion processek 5 mbar NO, 120 mbar @

[30]- 150 mbar CG, 90 mbar HO, 0.75 mbar S¢, bal-
He.
2.1.2. Rh-based catalysts ance e
Rh/Al,O3, Ru/ZSM-5, and Rh/USY were pre- Individual and combined effects of these gas mix-
pared by incipient wetness method, using appropriate tures on the catalytic activity were investigated. For
solutions of Rh(NQ@)s. Al,O3 (CK 300, Ketjen), the assessment of the effect of individual gases on the

NH4-ZSM-5 (CBV 8020; Zeolyst), H-USY (CBV  N2O conversion, fresh catalysts were used in every
720; Zeolyst) were used as supports. After the im- test. Before reaction, the catalysts were pretreated in
pregnation procedure, the samples were dried at4.5mbar NO (tail-gas from nitric acid production) or
375K for 5h and calcined in static air at 825K. 1.5mbar NO (tail-gas from combustion processes) in
Ex-Co-Rh,Al-HTIc was prepared by coprecipitation He at 725K for 1 h and cooled down in the same gas
at constant pH and temperature at low saturation to the starting reaction temperature. Generally, 1 h af-
conditions and thermal decomposition in static air at ter a change of conditions the conversion levels for the

725K for 18 h[19,20] different gases were constant and considered in steady
state. Preliminary checks were made to ensure the ab-
2.2. Catalyst characterization sence of diffusion limitations on the reaction r{gé].

At least two analyses were averaged for a data point.

The chemical composition of the samples was de- The product gases were continuously analyzed with
termined by ICP-OES in a Perkin-Elmer Plasma 40 a chemiluminescence NO-NQ@nalyzer (Ecophysics
(Si) and Optima 3000DV (axial). The total pore vol- CLD 700 EL), and discontinuously analyzed for the
ume of the samples was determined by &tsorp- other gases by GC (Chrompack CP 9001). The chro-
tion at 77 K (Autosorb 6B). Prior to the measurements matograph was equipped with a thermal conductivity
the samples were evacuated at 625K for 16 h. The detector and a flame ionization detector, using a Po-
surface area was determined using the BET method.raplot Q column (for NO, GsHg, and CQ separa-
TEM analysis was carried out on a Philips CM 30 tion) and a Molsieve 5A column (for N O,, and CO
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separation). The mass balance for N, O, and C in these 1.0
experiments closed within less than 1, 2, and 5%, re-

spectively.
0.8

3. Results and discussion

.. 08
OC\I
3.1. Activity in NO/He =
< 04
Table 1shows the characterization results of the
FeZSM-5 catalysts used in this study. The Fe con-
tent in ex-FeZSM-5 is about three and eight times 02
higher in the ion-exchanged catalystgl(5 wt.%) and
sublimed catalyst (5wt.%), respectivehig. 1 shows 0.0 , ,
that sub-FeZSM-5 and ex-FeZSM-5 induce similar 550 650 750 850
absolute NO conversion levels in a §}0/He feed T/K

and significantly higher conversion levels than the
ion-exchanged catalysts. The sie-FeZSM-5 is more Fig- 1. NeO conversion vs. T over (#) ex-FezSM-5,
active than lie-FeZSM-5. Calculation of the turnover |(.A) FeZSM-5c (before steaming), @) _sie-FeZSM-5, ©)

. . .. ie-FeZSM-5, and 4) sub-FeZSM-5. Conditions: 4.5 mbar,®
frequency (TOF), i.e. the specific activity fopr® de- in He: P = 3bar: GHSV= 36000 L.
composition per mole of (total) iron at different reac-
tion temperatures gives a clear indication of the iron
utilization in the catalystsHig. 2). At, e.g. 700K, this create active species in the ex-framework catalyst, as
value is more than four, seven, and 10 times higher for can be concluded by comparison of the activity curves
ex-FeMFI than for sie-FeZSM-5, sub-FeZSM-5, and of both calcined and steamed sample&ig. 1
lie-FeZSM-5, respectively. Activation of the calcined Fig. 3 shows the MO conversion vs. temperature
FeZSM-5c sample with steam at 875K is crucial to curve of different Rh-catalysts in a,®/He feed at

Table 1
Data of the catalysts used in this study
Catalyst FeZSM-5 catalysts

Si/al2 Fe? (Wt.%) Vpore® (cmPgt) Seer? (Mgl Ad® (nm)
Ex-FeZSM-5 315 0.58 0.22 395 1-2
Sie-FeZSM-5 375 1.46 0.27 370 5-15
Lie-FeZSM-5 375 1.50 0.28 375 7-25
Sub-FeZSM-5 14.0 5.0 0.30 - 3-12

Rh-based catalysts

MIAI RI? (Wt.%) Vpore? (cm3g?) Sger® (M?g?) Drn® (%)
Rh/Al,O3 - 1.05 0.63 280 60
Rh/ZSM-5 37.5 0.99 0.26 372 25
Rh/USY 16.0 1.10 0.45 690 33
Ex-Co—Rh,Al-HTIc 2.9 0.73 0.80 150 >80

a|CP-OES.

PN, adsorption at 77 K.

¢ Size distribution of iron oxide particles, as determined from TEM.
d Metal molar ratio: Si/Al in zeolites, and Co/Al in the mixed oxide.
€ Dispersion, from CO-chemisorption.
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Fig. 2. TOF values (moles of XD converted per mole of
Fes) for the different FeZSM-5 catalysts, determined after 1h
time-on-stream. Conditions: 4.5mbar,®™ in He; P = 3bar;
GHSV = 60000H".

60000h L. The activity curve of ex-FeZSM-5 at
the same experimental conditions is also displayed
for comparative purposes. The temperature for a
certain NO conversion differs~300K between
ex-Co—Rh,Al-HTIc (the most active catalyst in our
experiments) and ex-FeZSM-5. The activity of the
Rh-catalysts is influenced by the support, following
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Fig. 3. N;O conversion vs. T over (@) ex-FeZSM-5,
(®) Rh/zSM-5, @) Rh/USY, () Rh/AI,03, and (@A)
ex-Co—Rh,Al-HTlc. Conditions: 4.5mbar ® in He; P = 3bar;
GHSV=60000h1.

59

the sequence: ex-Co-Rh, Al-HTle Rh/Al;O3 >
Rh/USY > Rh/ZSM-5. The activity data suggest a
correlation between the Rh dispersion in the catalyst
and the NO conversion: the higher the Rh dispersion
(seeTable 1), the higher the BO decomposition ac-
tivity. These results are in agreement with previous
studies over Rh-catalysf87], where the influence of
both support and Rh precursor in the® decom-
position activity was investigated. The metal disper-
sion of ex-Co—Rh,Al-HTIc was not determined by
CO-chemisorption, because during the pretreatment
in H2 a significant fraction of Co is reduced, leading
to overestimation of the amount of Co adsrobed (ap-
parent dispersion- 100%). No Rh-related particles
were observed in the TEM analysis of the sample,
which suggests a particle size efl nm, leading to
dispersions of >80%, as expressedTable 1 The
high dispersion of Rh in the mixed oxide is a conse-
quence of the preparation method via a hydrotalcite
precursor and an optimized decomposition temper-
ature, based on previous investigations with in situ
infrared and Raman spectroscopjg8—40]

3.2. Performance in simulated tail-gases

3.2.1. Nitric acid plants

The performance of ex-FeZSM-5 in simulated
tail-gas from nitric acid plants (containing2® and
02, NO, and HO) is shown inFig. 4. N2>O conversion
was measured after 1 h time-on-stream in a specific
feed composition. Ex-FeZSM-5 shows a substantial
N2O conversion above 700K in a)l®/He feed. Ad-
dition of O, to the feed hardly affects the activity,
while NO enhances the reaction rate considerably. Ap-
parently, molecular oxygen does not dissociate over
FeZSM-5 and does not compete with® for active
sites. NO promotes pD conversion by accelerating
the desorption rate of adsorbed €pecies (deposited
by N.O decomposition). The mechanism of this
catalytic reaction has been described in detailed else-
where[41]. Water severely inhibits the reaction, proba-
bly by hydroxylation of the active sites and adsorption
in the zeolite channels. Nevertheless, in the complete
gas mixture(N20O + Oz + NO + H»0), ex-FeZSM-5
still shows a significantly higher activity than in,®
alone (100% conversion at 750K). The promoting
effect of NO is thus stronger than the inhibition
by H>O.
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T/K T/K

Fig. 4. NbO conversion vs.T over ex-FeZSM-5 in simulated Fig. 5. NbO conversion vsT over ex-Co—Rh,Al-HTIc in simulated

tail-gases from nitric acid plants. Condition#®) 4.5 mbar NO, tail-gases from nitric acid plants. Conditiond 4.5 mbar NO,
() 4.5mbar NO+70mbar G, (@) 4.5mbar NO+1mbar NO, (&) 4-5mbar NO+70mbar Q, (@) 4.5mbar NO-+ 1 mbar NO,
(O) 4.5mbar NO+ 15mbar HO, (A) 4.5mbar NO+70mbar () 4-5mbar NO + 15 mbar HO, (%) 4.5mbar NO + 70 mbar
05 + 1mbar NO+ 15 mbar HO, (M) 4.5mbar NO + 70 mbar 02 + 1mbar No;r 15mbar HO, balance He;P = 3bar;
Oz + 1 mbar NO+ 15mbar BO + 4.5mbar GHg, balance He; GHSV=60000f".
P = 3bar; GHSV= 60000 .
reduction). Addition of 4.5mbar of propene (molar
N2O/C3Hg feed ratio of 1) leads to a reduction in tem-
This extraordinary behavior distinguishes ex- perature of 100K ir_1 the simulated tail-gas,_ gchieving
framework FeZSM-5 from other #0 decomposition ~ 100% NO conversion at 675 KHig. 4). Addition of
catalysts.Fig. 5 shows the individual and combined
effect of the different gases on the;® conversion 1.0
over ex-Co—Rh,Al-HTlc. In this case, the,® con-
version was not affected by oxygen, but the presence
of NO severely inhibits the reaction, probably via
surface nitrite/nitrate formation, shifting the reaction
to 200K higher temperatures. The inhibition effect of ~ 0.6
water is even more severe than that of NO. A similar S
trend was observed for the other Rh-catalysts. As a &
result of these inhibition effects, the operation tem-
perature of the Rh-based catalysts is similar to that of
ex-framework FeZSM-5Kig. 6) in simulated tail-gas 0.2
conditions. It should be mentioned that the activity of
ex-Co—Rh,Al-HTlc in terms of absolute conversion
at a certain temperature is significantly higher than 0.0
observed for the other catalysts, e.gONconversion 500 600 700 800 900
in the complete feed mixture over ex-Co—Rh,Al-HTlc T/K
and ex-FeZSM-5 at 700 K is 70 and 40%, respectively. ,
The temperature of HO decomposition over E)'(%OG_'RL\'Z/?I_HcﬁzverZ')onRx/sAlT Oover(.()A) RT\);{JFSE\%S'!:J 8
ex-FeZSM-5 can be further decreased by the addi- rpjzsm-s. Conditions: 4.5 méar&jﬂ)—k 70mbar Q + 1mbar
tion of hydrocarbons to the feed (selective catalytic NO+ 15mbar BO, balance HeP = 3bar, GHSV= 60000 IT2.

0.8
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Fig. 7. N;O conversion vs. molar NOAOD feed ratio over {) ex-FeZSM-5 and ) ex-Co—Rh,Al-HTIc at the temperatures indicated in
the figure. Conditions: 4.5 mbar,® and 0-4.5mbar NO, balance HE;= 3bar; GHSV= 60000 It.

propene does not influence the® conversion over
Rh-catalysts, since Rh shows a high activity for oxy-
gen activatiorf42]. This facilitates the combustion of

from 36000 to 120000t (Fig. 8). Sub-FeZSM-5
shows slight deactivation at 36 000h Significant
deactivation was observed for the sie-FeZSM-5 and

propene at lower temperatures than those needed forlie-FeZSM-5 catalysts.

activation of NO.

The activity measurements shown figs. 4 and
5 indicate a remarkable opposite effect of NO in
ex-FeZSM-5 (promoting) and ex-Co—Rh,Al-HTIc
(and in general other Rh-based catalysts, inhibiting).
Fig. 7 shows the NO conversion at different mo-
lar NO/N;O feed ratios in both catalytic systems.
Ex-FeZSM-5 shows a dramatic improvement ipON
conversion upon addition of NO, while the conver-
sion over ex-Co—Rh,Al-HTlc is strongly inhibited.
Both promotion and inhibition effects are especially
significant after addition of small amounts of NO to
the feed, i.e. at molar NOAD feed ratios<0.2. NO
inhibition over ex-Co—Rh,Al-HTlc was completely
reversible, since the original conversion was obtained
in less than 1h after removing NO from the feed
mixture.

The remarkable behavior of ex-FeZSM-5 in sim-
ulated tail-gas mixtures is not limited to its activ-
ity, but also includes stability. O conversion over
ex-FeZSM-5 exhibits a remarkable stability during
50h in the complete feed mixture (excluding the
hydrocarbon) at different space velocities, ranging

In a more severe stability test during 600h, the
stability of ex-FeZSM-5 and ex-Co—Rh,Al-HTlc have
been comparedF{g. 9). The ex-framework catalyst
shows a remarkable stability along the experiment at
675 and 725 K. As it was already shownFiig. 4, the
N>O conversion in the tail-gas mixture (excluding the
hydrocarbon) is higher than in a,®/He feed over
this catalyst. NO conversion over ex-Co—Rh,Al-HTIc
at 675K is stable during the first 25 h, but afterwards
the activity decreases significantly. After 300 h, the
catalyst has lost-60% of the original activity. After
switching the tail-gas mixture to a mixture of,@
in He, the conversion measured was 80%, which in-
dicates certain deactivation, since in the activity test
shown inFig. 5the N,O conversion was 100% under
these experimental conditions. Since NO inhibition
over the Rh-catalysts is reversible, it can be suggested
that water is responsible for deactivation of these for-
mulations. After exposing the catalyst to the complete
tail-gas mixture (>400h) the conversion rapidly de-
creases up to the level at 300 h and slowly decreases
with time. This deactivation behavior, being typical in
the different Rh-catalysts tested in this study, limits
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Fig. 8. ;O conversion as a function of (a) the space velocity (GHSV) over ex-FeZSM-5 and (b) time-on-strear®pesr-FeZSM-5
(60000H1, 700K), (#) ex-FeZSM-5 (120 000tt, 700K), @) sie-FeZSM-5 (36 0001, 725K), (O) lie-FeZSM-5 (36 000 ht, 775K),
and (A) sub-FeZSM-5 (36 0001, 700K). Conditions: 4.5 mbar 30 + 70 mbar O, + 1 mbar NO+ 15 mbar 10O, balance He.

their practical application in catalyticJD abatement
in tail-gases from nitric acid plants.

The catalysts presented in this paper were the most
promising over an extensive screening program (not
shown here). Catalysts based on other metals like Ru,
Pd, Co, and Ni on different supports also exhibit high
activities in NbO/He feeds, but all of them present a
poor performance in simulated tail-gas conditions. In

suppress the activity in MO decomposition of
Rh-catalysts, and the effect is completely irreversible.
The original activity was not recovered even after re-
generation of the catalyst in air at 775 K. Again, this
makes the application of noble-metal based catalysts
from a practical point of view very unattractive.

The resistance of ex-FeZSM-5 to deactivation by
SO, and KO is remarkable. Stability is a crucial re-

all these cases, even the presence of oxygen inhibitsquirement for application of catalytic after-treatment

the reaction significantly.

3.2.2. Combustion processes

The performance of ex-FeZSM-5 in simulated
tail-gases from combustion processes (containing
N2O and Q, CO,, H,0, and SQ) at 75000 h1
is shown inFig. 10 A substantial conversion above
700K in a NO/He feed is obtained. Analogously to
the former activity tests, addition of Qdoes not af-
fect the activity, while water causes severe inhibition.
CO;,, a common constituent of tail-gas in combustion
processes, did not influence the performance of the
catalyst. The catalytic activity is enhanced consider-
ably by the presence of $0n the feed. In the com-
plete gas mixturéN2O + Oz + COy + HoO + SOy),
ex-FeZSM-5 shows pD conversions of 90% at
800K, which is somewhat lower than in the®/He
mixture. In this case, the promoting effect of S@bes
not compensate the strong inhibition of®. Small
amounts of S@ in the feed ¢50ppm) completely

in combustion facilities, even when catalysts main-
tain mild activity. NbO conversion over ex-FeZSM-5
exhibits a significant stability in the complete feed
mixture at 75000 h' (Fig. 11). After switching from
N2O/He to the complete tail-gas mixture at 740K,
the NbO conversion gradually decreases during the
first 75h, obtaining stable behavior afterwards. After
~200h on stream, the feed gas was switched back
to NoO/He. NoO conversion rapidly increases (black
diamonds,Fig. 11), and the original MO conver-
sion was practically recovered after 5h. At 760 and
780K, a very stable behavior is observed in simulated
tail-gas for both catalysts, with no sign of deactiva-
tion. Additionally, the inhibition by the feed mixture

is completely reversible. This result is particularly
remarkable if one realizes that the Sfressure used

in this study corresponds to 750 ppm S@nder
atmospheric flue-gas conditions, which typically con-
tains only 10-50 ppm S The total amount of S©
passed over the catalysts during the 600 h experiments
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Fig. 9. NbO conversion vs. time-on-stream over (a) ex-FeZSM-5
and (b) ex-Co-Rh,Al-HTIc in @, #) 45mbar NO and O,

<) 4.5mbar NO + 70mbar @ + 1 mbar NO+ 15 mbar HO,
balance He;P = 3bar; GHSV= 60000 t'. Temperatures are as
indicated in the figure.

(Fig. 11) corresponds to an amount of $@mitted
by a conventional combustion facility over more than
1 year, at 50 ppm levels.
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Fig. 10. NNO conversion vs.T over ex-FeZSM-5 in simu-
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0O, + 150 mbar CQ+90 mbar HO+ 0.75 mbar S, balance He;
P = 3bar; GHSV= 750001,

D); (iii) sub-FeZSM-5 is much less affected by chang-
ing the feed composition than the ion-exchanged cata-
lysts, while lie-FeZSM-5 is the most sensitive formu-
lation to the feed composition; (iv) the catalysts show
irreversible deactivation, i.e.JD conversion does not
reach the original level after removal of the additional
gas components in the feed mixture (compare bars A
and E at different temperatures). The irreversible de-
activation is especially remarkable in lie-FeZSM-5,
while sie-FeZSM-5 and especially sub-FeZSM-5 re-
cover a significant fraction of their original activity
after removing HO and SQ from the feed mixture.

The catalysts prepared by the ion-exchanged and The poor activity and stability of the ion-exchanged
sublimation methods were further investigated at three samples is not related only to the formation of stable

different temperatures and exposure times ©ONe
(bars A and E inFig. 12 and in the simulated feed
mixture (bars B, C, and D irrig. 12. This figure
shows the following: (i) there is a significant reduction
of N2O conversion by changing the gas composition
from N2O/He to the tail-gas mixture (compare bars A
and B at different temperatures); (ii) activity progres-

sulfates in the catalyst surface. Alse® was found

to depress the activity over these catalytic systems.
When SQ is present in the feed, most of the

catalysts for NO decomposition rapidly deactivate

[7,8,11,16,17,19]lt is proposed that the SQOreacts

with most of these catalysts to form stable sulfates,

which destroy the catalyst activity. Several authors

sively decreases with exposure time (1, 5, and 20 h) to have considered the addition of reductants (methane,
the simulated feed mixture (compare bars B, C, and propane, propene, or LPG) in the feed composition,
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not only to promote catalytic activity of the FeMFI  C3Hg as the reductant) to the inability of the catalyst
catalyst substantially but also to prevent the formation to oxidize SQ to SG;. This was concluded from
of sulfate species and/or increase the stability towards the absence of SQin the product gases, as deter-
H,0 [11,27,33,34] However, catalytic reduction of mined by absorption in NaOH mixtures and analysis
N2O by addition of hydrocarbons implies an increase by ionic chromatography of the presence of sul-
of the operating costs in the after-treatment, which fate ions in the solution. The remarkable stability of
is in principle not attractive. In addition, selective our ex-framework catalyst indeed suggests thap SO
reduction of NO often leads to incomplete hydro- hardly chemically interacts with the catalyst surface.
carbon combustion and high CO vyielf8]. Hydro- So SG scavenges adsorbed Gpecies, without for-
carbon slip and CO emission can be simultaneously mation of stable sulfates on the catalyst surface. Still,
remedied, e.g. by incipient wetness impregnation of SO, (reaction (2)) should be a better reductant than
Pd on the FeMFI catalyst, enhancing its oxidation N>O (reaction (3)), since both reactions compete to
performancg?26]. reduce an oxidized site, regenerating it. It can tenta-

The positive effect of S@on NbO decomposition  tively be proposed that the improvegd® conversion
over FeZSM-5 was previously reported by some of us is caused by a favorable oxygen desorption, due to the
[12]. We have proposed that $@cavenges adsorbed presence of adsorbed $©On the catalyst surface, as
O* (deposited by MO decomposition, reaction (1)) analyzed for the NO-promoted J® decomposition
and thus regenerates the active site (reaction (2)): described elsewheld1,43].

N20+" — Nz + O 1) N0+ OF = Np+ Opt* 3)
SO, + 0" — SOz+* 2)

In FeZSM-5 catalysts prepared by sublimation or
In this study, the product gases were not analyzed for (solid and liquid) ion-exchange, it seems that in-
S0s. Centi and Vanazzf7] have recently attributed  teraction of SQ with the Fe sites is strong, and
the stability of FeZSM-5 prepared by chemical vapor stable sulfate formation dramatically reducesON
deposition of FeGlon H-ZSM-5 towards S@(using decomposition.
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Fig. 12. NbO conversion over (a) sie-FeZSM-5, (b) lie-FeZSM-5,
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(E) as (A), 5h after switching from the tail-gas mixture back to
N20O in He; P = 3bar; GHSV= 75000 1. Temperatures are as
indicated in the figure.

3.2.3. Ex-framework FeZSM-5 vs. other catalysts
The data show that a critical factor in designing
catalysts for NO decomposition in tail-gases is to
reduce the inhibition effect by oxygen, NOH2O,
and SQ. FeZSM-5 catalysts show an extraordinary
behavior, since they are not inhibited by, @nd
show an improved activity in the presence of NO
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[12,22,23] A novel ex-framework route to prepare
FeZSM-5 also leads to a high stability in the presence
of H,O and SQ, while catalysts prepared by other
preparation methods are severely inhibited and deac-
tivated. The difference in performance of the different
FeZSM-5 catalysts can be related to the prepara-
tion method, which leads to different constitutions
of the catalysts with respect to dispersion, morphol-
ogy, and structure of the active sites. A remarkable
homogeneous distribution of highly dispersed FeO
nano-particles of 1-2 nm in ex-FeZSM-5 is obtained
by the ex-framework method. The other preparation
methods fail in obtaining a homogeneous distribution
of the iron oxide particles in the catalyst, as revealed
by the broad FeQcluster size distribution indicated
as Ad in Table 1 When assuming that the particles
observed by TEM are responsible fop® decompo-
sition activity, the lower activity of the ion-exchange
and sublimation methods compared to ex-framework
catalysts in NO decomposition could be explained.
However, large FeQparticles at the external surface
of the zeolite are widely accepted to be inactive in re-
actions catalyzed by FeZSM{25,27-31] As shown

in a previous papef44], the ex-framework catalyst
is a very heterogeneous material with respect to iron.
Apart from the iron oxide nano-particles, oligonuclear
oxo-iron species and isolated iron ions in the zeo-
lite channels have been identified. This complicates
the elucidation of the nature of the active sites for
N2O activation and decomposition for the observed
extraordinary catalytic behavior. An attempt to deter-
mine the nature of the active sites of this catalyst for
N2O conversion is given elsewhejd5], where small
oligonuclear oxo-iron species in the zeolite channels
are proposed to be the active species.

Rh-catalysts (especially ex-Co—Rh,Al-HTIc) show
very high initial NbO decomposition activities, even
in the presence of £ NO, and HO. However, stabil-
ity tests (600 h) show that the catalysts progressively
deactivate by KO, and the more stable ex-FeZSM-5
system clearly overcomes their activities. Deactiva-
tion by SQ in Rh-based catalysts is more severe,
suppressing their activity after 1h time-on-stream.
Regeneration of these catalysts by thermal treatment
in inert does not lead to the recovery of the original
activity. These factors limit the practical application
of Rh-catalysts, and of many other formulations based
on noble or transition metals.
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3.3. Feasibility of the tail-gas option for /D
abatement

3.3.1. Nitric acid plants
During the manufacture of nitric acid, J® is

two locations in the plantRig. 13: in the ammonia
burner, i.e. in process-gas options, and in the tail-gas.
In process-gas optionsDifferent in process-gas
options (in positions (a) and (b) ig. 13 have been
considered. Efforts in position (a) focus on (i) the

formed as an unwanted by-product in the catalytic optimization of the design (geometry) of the Pt—Rh
oxidation of ammonia over the Pt—Rh gauzes. This gauzes, or (ii) the replacement of the Pt—-Rh gauzes
process mostly yields the desired product NO (with by a metal oxide catalyst. Options to mitigate @l

selectivities of 95-97%), but also 20 (typically
1.5-2%) and N (remainder). The amount of JO

in the ammonia burner behind the gauzes (position
(b)) are (iii) the homogeneous decomposition N

formed depends on combustion conditions, catalyst by increasing the residence time in the ammonia
composition and state (age), and burner design. Theburner, and (iv) catalytic O decomposition after the
N2O passes through the plant and is emitted in the Pt—Rh-catalyst. Options (i) and (ii) concern the opti-

tail-gas. The current technology for de-N@pplica-

mization of the NO yields during ammonia oxidation,

tions in nitric acid plants, i.e. the selective catalytic re- which indirectly leads to a lower O production. All

duction using ammonia as a reductant and¥-type
catalysts, does not reduce,® emissions. Several
options for NO destruction in nitric acid plants are
currently being developefb]. R&D efforts focus on

375-475 K
1 bar

steam

HC

O

the possibilities for improvement in option (i) are not
yet exhausted and currently the potential reduction
of N2O emission is uncertain. The second option, re-
placement of the current noble meta-based catalyst by

air ammonia

525-775 K
3-13 bar

[

H,O —»r—x

NO,
absorber

1075-1175 K
1-13 bar

450-600 K
3-11 bar

nitric acid

Fig. 13. Options to control ND emissions in nitric acid plants, with typical conditions in different locations.
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a metal oxide catalyst (typically G@4), presentstwo  system, since the diluted® concentration in the
major drawbacks: the ammonia conversion efficiency tail-gas causes only a small temperature rise (e.g. the
is substantially lower (88-92%) compared to the decomposition of MO containedinagasat0.15vol.%
Pt—-Rh gauzes (94-96%) under realistic conditions, in He leads to an adiabatic temperature rise of 6 K).
and CaO;, suffers from deactivation due to reduction A more realistic solution is the installation of a
to CoO in the upper parts of the bgth]. Abatement catalytic abatement unit. Essentially, no physical limit
of the NbO formed in the ammonia burner is consid- exists (except pressure drop) for the size of the re-
ered in options (iii) and (iv). Option (iii) impliesanew actor. This allows the design of a reactor for very
reactor desigf47], requiring a substantial investment high levels of MO removal. A producer might also
in existing plants and thus prohibitive retrofit costs. decide to install a more generously sized reactor than
Option (iv) is the most promising in this position of the  that immediately required, to allow for the addition
plant. It involves catalytic MO decomposition at high  of extra-catalyst later to cope with prospectiveON
temperature and for many plants would offer a simple emission regulations, or to optimize the catalyst re-
and cost-effective way to remove;®. The catalyst  quirement against the level of a greenhouse gas tax.
could be easily installed in place of the Raschig rings Either direct NO decomposition or selective cat-
that support the Pt—Rh gauzes and the Pd catchmentalytic reduction of NO with hydrocarbons has been
Possible drawbacks are that catalyst life may be short considered in different locations. From the point of
due to harsh conditions (temperature of 1075-1175K view of catalytic activity, the best location of the
and total pressure up to 13bar) and that also the se-after-treatment would be at the inlet of the tail-gas
lectivity to NO decreases, since NO decomposition expansion turbine (position (b) iRig. 13. In this
may be catalyzed. This would cause production losseslocation, the temperature and total pressure of the
and consequently influence the cost efficiency of the tail-gas ranges from 525 to 775K and from 3 to
overall process dramatically. BASF reported 80 and 13 bar, respectively, depending on the process variant.
70% reduction of NO using Cu-based mixed oxide The use of ex-framework FeZSM-5 for direcp®
spinel during tests in dual-pressure and atmospheric decomposition, which shows stable® conversion
pressure plants, respective[$8,49] Norsk Hydro (>90%) at 725K and 600001, appears viable in
also developed and implemented a catalyst (basedlarge modern high-pressure and dual-pressure plants
on cobalt) in a medium-sized plant of the company (with high-temperature tail-gases, ranging from 725
in March 2000, obtaining pD conversions >90% to 775K). This technology can contribute to green-
with NO losses<0.5%[50,51]) Other companies are  house gas abatement in a cost-attractive way, since
also investigating this optiofb2—-54] In spite of the ex-FeZSM-5 does not contain any expensive noble
promising results of this alternative, more tests are metal and keeps a remarkable stability. The high space
required to determine and improve the long-term me- velocity used in this study (60000h) compared
chanical and chemical stability, activity, selectivity, to a more realistic situation~30000Hh?) and the
product quality, and process interference. relatively low pressure (3bar vs. 4-10bar in typical
Tail-gas optionsDestruction of NO at a point be- conditions) guarantee a lower operation temperature
tween the outlet of the absorber and the outlet of the for the same MO conversion. Only 1/3 of the nitric
tail-gas expansion turbine (position (c), (d), or (e) in acid plants in Europe have tail-gases of these char-
Fig. 13 may be a more robust option, since the condi- acteristics, but since they are dual-pressure or high
tions are less severe and these options do not interferemono-pressure plants with large productions, the con-

with the process of HN® production. Application
of tail-gas abatement in nitric acid plants requires
high low-temperature activity in the presence of, O
NO,, and HO. Thermal decomposition of 4D in
the tail-gas is economically unfeasible. Although a
recuperative heat exchanger can be insta]tes], it

is likely that heat must be continuously supplied from

tribution to the capacity is certainly >60%, with equal
contribution to NO emission.

For low-temperature tail-gases (500-525 K), typical
in low (single or dual)-pressure plants, ex-FeZSM-5
would additionally require extra-heat exchange to pre-
heat the feed mixture, or the addition of hydrocarbon
as reducing agent. The use of hydrocarbons leads to

an external source to compensate heat losses in thea dramatic increase of the operation costs (four times
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higher than direct BO decomposition), due to the high  parameter that would influence the location of the cat-
cost associated with the reductant (30—70% of the total alyst unit and the abatement options. This strongly de-
annual cost of the abatement systgf€)]. Reduction pends on the plant and should be analyzed individu-
of N2O with ammonia is also possible, but it gener- ally in each case. Anyway, the large variety of options
ally requires higher temperatures thapNreduction facilitates the search of a suitable treatment.
with hydrocarbons[35,57] Although ammonia is
readily available in a nitric acid plant, it is probable 3.3.2. Stationary combustion processes
that reduction with ammonia will not be competitive. Fluidized-bed combustors (FBCs) of fossil fuels,
Temperature and pressure of the tail-gas down- biomass, and nitrogen-containing industrial or mu-
stream of the expander are milder (position (d) in nicipal waste have been developed as environmental
Fig. 13, i.e. 375-475K and 1bar, which would re- friendly alternative for traditional forms of com-
quire preheating of the off-gases to about 725K by a bustion. The low combustion temperature at which
natural-gas-fired in-line burner, as well as the addition FBCs operate results in low emission levels of NO
of reducing agents to the feed mixture. Another pro- which coincides with the optimal conditions for
cess option that can be considered is the installation sulfur-capture. Unfortunately these merits are off-set
of the after-treatment upstream of the de-NSCR by a strongly increased emission of®I[58].
unit (position (e) inFig. 13. This may be favorable to In fluid-bed combustion, several locations can be
improve NbO conversion at lower temperatures, since identified where the ex-FeZSM-5 catalysts can be ap-
NO promotes MO decomposition over ex-FeZSM-5  plied (Fig. 14: (a) in the bed or (b) in the freeboard, (c)
[20,41] The operation temperature of a de-NSCR after the cyclone, and (d) after the preheater. Each lo-
using ammonia ranges from 575 to 725K, depend- cation requires different characteristics for a catalyst.
ing on various parameters (type of de-NCatalyst, In the combustor (positions (a) and (b)), calcined lime-
residence time, amount of ammonia injected, etc.). stone and other Ca-containing materials are preferred,
In this process option, care should be taken to avoid since they are highly thermostable and very resistant
N2O formation during NQ reduction. to attrition[11]. Position (c) seems to be viable for the
As it can be concluded from the above description, ex-framework FeMFI catalysts, since they show high
the temperature of the tail-gas is the most important N>O decomposition activities at the temperature of the

cyclone ?

- ( L7
@_ > 800-1100 K preheater
1000-1200 K
P d)
-O.O? ot 500-600 K
Q=" 0 "
: O -. O- ¢-|
fuel stack
fluid-bed
combustor
air

Fig. 14. Options to control pD emissions in fluid-bed combustors.
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dust-free gas. In position (d), a high low-temperature ammonia-derived hydroxylamine, an intermediate in
activity is demanded, and ex-FeZSM-5 would require the manufacture of caprolactam (monomer for nylon
additionally heat exchange to preheat the feed mix- 6 fibers and plastics). This tail-gas containgINusu-
ture, or addition of a hydrocarbon as reducing agent. ally in high concentration), NQ H>O, SGQ, HCN,
In combustion processes the major requirement for a and NH;. N2O concentration in the tail-gas can largely
working catalyst is the tolerance of the catalyst against vary (from 500 ppm to 60 vol.% in Dutch caprolactam
deactivation by S@ Ex-framework FeZSM-5 can be plants), depending on the process varigg#]. Con-
used for direct NO decomposition, due to the promo- centrated NO off-gas is produced during the manu-
tion effect of SQ on the reaction rate, and the stability facture of glyoxal (intermediate in the production of
in wet conditions (in the absence of hydrocarbons). copolymers, pharmaceuticals, resins, pesticides, etc.)
by reaction between acetaldehyde and nitric acid. In
3.3.3. Other MO sources this case, MO is accompanied by NQ O, and HO0.
Other “newly identified” sources of M0 from The high NO concentration in these tail-gases
chemical production plants where a catalytic abate- (even up to 60vol.%), resembles the situation for
ment can be used effectively are the production of adipic acid plants, and should in principle make ex-
acrylonitrile, caprolactam, glyoxal, and in general trapolation of developed technologies (sge10])
organic syntheses using HN@s an oxidant or pro- from this source straightforward. The recovery of
cesses involving ammonia oxidation. Acrylonitrile, the large amount of concentrateg@® as a selective
precursor of nylon 6,6 and copolymers like SAN oxidant is an option, but the utility of the product
(styrene acrylonitrile) or ABS (acrylonitrile—buta- (e.g. phenol) in the plant of its surroundings may be
diene—styrene), is produced by ammoxidation limited. In these cases different end-of-pipe technolo-
of propylene with ammonia and oxygen in a gies have been developed. Control of the exotherm
fluidized-bed catalytic reactor. This process gener- of NoO decomposition is a notable design parameter
ates MO during ammonia combustion, in a similar in catalytic/thermal units to abate this gas. Diluting
way to the case described during nitric acid manufac- the tail-gas is an efficient way to deal with this is-
ture. However, no data on concentrations, tempera- sue. Clarian in cooperation with IRMA have recently
tures, and emissions have been reported. Substantiainstalled a NO decomposition unit at a glyoxal
amounts of MO are formed during the production of production site using an ion-exchanged Fe-ferrierite
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Fig. 15. Flow sheet of the }O abatement treatment in a glyoxal production unit (adapted {&87).
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catalyst[60,61] In this treatment, shown ifig. 15 sented Fig. 16a and prespectively). This is exempli-
the NLO in the tail-gas is diluted from 85 to 10vol.% fied for the catalytic decomposition of2® upstream
by air at the inlet of the process, in order to control of the tail-gas expander in nitric acid plants (position
properly the exothermicity of the reaction and to suit (c) in Fig. 13. For the calculation, the activity data
the catalyst stabilityy60]. The adiabatic temperature of ex-FeZSM-5 in the simulated tail-gas mixture in
rise in the reactor is-200 K, which is used to preheat Fig. 4 were used.
the incoming tail-gas up to 675K. The same concept Table 2shows the dependency of reactor volume,
can be applied using ex-FeZSM-5 in these sources, in effectiveness factor, and pressure drop of both ge-
view of the excellent catalytic activity and stability. ometries. The general expressions used can be found
in reviews and textbookfs2—-64] and more specifi-
3.4. Catalyst and reactor design cally in an upcoming publicatiof65]. The calcula-
tions were carried out for a nitric acid plant of a capac-
Laboratory screening and testing is carried out with ity of 1500t HNGQ; per day and a volumetric flow of the
a catalyst powder or pellets. Small particles normally tail-gas of 2x 10° Nm3h~1. Two extreme pressures
do not apply in conventional industrial fixed-bed upstream of the expander were used: 4 and 10 bar. An
reactor because of the high-pressure drop. The im- allowable pressure drop of 200 mbar was fixed, with a
plementation of any catalytic XD abatement unit in  reactor diameter of 2 m. D conversion of 80%X =
stationary sources (chemical production or combus- 0.8) was targeted at reaction temperature of 750 K.
tion processes) requires a close look to the reactor Fixed-bed reactarDue to the high intrinsic reac-
type, in order to achieve maximum yields under effi- tion rates, the reaction in common particles will ex-
cient and safe operation. The practical form and shape hibit severe diffusion limitations (effectiveness factor
of the catalyst is a crucial aspect to obtain reliable of 20-35% with extrudates of 6 mm). Only the outer
design data for full-scale implementation. Because part of the particle is used for the reaction, which in
of the demand for increase in conversion, selectivity, turn would call for small catalyst particles. However,
and energy efficiency, the chemical reactor of the 21st these lead to a severe pressure drop. At low pressure,
century will be characterized, at least for high space none of the particle sizes used satisfies the criterion
velocity applications, by the presence of “structure” of pressure drop allowance, even for particles of
on all length scales. 10 mm (not shown). This is due to the corresponding
In this paragraph, a numerical comparison between increased space time in the reactor at a lower total
a fixed-bed reactor with shaped particles (extrudates) pressure. Reactor volumes ranging from 3 to%m
and monolithic reactor with structured catalysts is pre- are required with extrudates of 6 mm for the required

(@) (b)

Extrudate Extruded monolith

_,,&’ square channel

Fig. 16. Schematic representation of (a) a fixed-bed reactor and (b) a monolithic reactor. Design reactor parameters are extriyjate size (
in the fixed bed and wall thickness)(and cell pitch D) in the monolith.D is related with the cell density, normally expressed as cpsi
(cells per square inch).
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Table 2
Comparison of reactors for direct,® decomposition over ex-FeZSM-5 in tail-gas of nitric acid plants (upstream of the expander, see
Fig. 13¢ basis of design are defined in the text)

Parameter Fixed-bed reactor Monolithic reactor

Type Extrudates Extruded monolith (square channels)
2

Geometry dp = 6mm, 0 200 cpsi,d = 0.4mm,

Pressure (bar) 4 10 4 10

Reactor volume () 5 3 2.2 1

Bed height (m) 0.8 0.5 0.7 0.3

Catalyst effectiveness; (-2 0.33 0.21 0.95 0.88

Pressure drop (mbar) 630 160 60 10

aThis factor indicates the catalyst utilization in the reactor, defined as the ratio between the observed reaction rate and the rate without
gradients.

N2O conversion. Setting higher® conversion tar- frontal area in the channels. From the reactor volume,
gets or operation at lower temperatures is impracti- bed heights of 0.3 and 0.7 m are derived (the reactor
cal using this design. Obviously, the requirements are diameter is fixed at 2 m). Another valuable advantage
more difficult to meet if a lower maximum pressure of the monolithic reactor compared to the fixed-bed
drop is required. reactor is the flexibility for operation under different
Monolithic reactor For gas phase applications, typ- requirements of pressure and conversion, without vio-
ically using high space velocities, structured catalysts lating operational constraints, e.g. by doubling the re-
are very convenierj64,66] In the current case mono-  actor height 99% conversion is achieved at a pressure
lithic structures allow the combination of high intrinsic  drop of 40 mbar.
activity, high catalyst effectiveness, and a low-pressure  The structured reactor concept is optimal foyON
drop. Decoupling of the hydrodynamics, kinetics, and removal in nitric acid plants, not only for catalytic
transport phenomena can be achieved by structuredN>,O decomposition or reduction in the tail-gas, but
catalystg67]. There is a wide range of commercially also in the in process-gas catalytig@® decomposi-
available monolithic structures, which makes the re- tion (position (b) inFig. 13. In the latter case, much
actor monolith selection quite flexible. An optimal de- higher reaction rates are expected due to the temper-
sign is proposed, since using a high cell density and ature and pressure. Therefore, external mass transfer
a large wall thickness leads to low reactor volumes, controls the process. From our calculations assum-
increased pressure drop and decreased catalyst effecing gas phase and laminar flow in the channels, it is
tiveness. We have considered here extruded monolithsconcluded that a monolithic geometry provides suffi-
with the ex-FeZSM-5 catalyst. A standard monolith ciently high activitied65].
of 200 cpsi andd = 0.4 mm leads to high effective- The monolithic catalyst for DD abatement in
ness (90%), small reactor volumes (1.0 and 2.8m  stationary sources can be implemented as shown in
at 10 and 4 bar, respectively), and low-pressure drop Fig. 17. The monolith catalyst, typically in square
(<100 mbar). The high effectiveness obtained con- units of ca. 150 mnx 150 mm, can be packed in cat-
trasts with the low values in the packed-bed reactor, alyst baskets, which are inserted in catalyst layers. A
<40% for a proper particle/extrudate size. The reactor typical practice in the reactor design to allow flexible
volume required depends on the cell density and wall operation (prospective or more stringent regulations
thickness, being even smaller in magnitude as required or operation changes in the plant) consists of leaving
for a fixed bed. This clearly indicates that the high cat- spare space for an extra layer of catalyst. The possible
alyst effectiveness in a monolith compensates for the addition of reductant is also considered in the figure.
lower amount of catalyst as compared to a fixed-bed The vast commercial experience gained in de;NO
reactor. Another major advantage is the low-pressure NH3-SCR[68,69] can be extrapolated to the design
drop of the monolith structure, due to the relative open and implementation of this system.
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Tail-gas

Monolithic
catalyst

Pad

Catalyst unit
(catalyst and
steel case)

Treated-gas

Fig. 17. Reactor and catalyst design fosQ\abatement options in tail-gases from stationary sources.

Structured reactors can be effectively applied in the to a conventional fixed-bed reactor. The disadvantage
other sources discussed previously. This specially ap- of this system is the increased reactor volume com-
plies to combustion processes (3$€g. 14, where a pared to the monolithic reactor (by a factor of 2—3). In
high dust and erosion tolerance are essential require-addition, dust and erosion resistance are much less fa-
ments in the reactor design. In chemical processes with vorable than in monoliths, where a large open frontal
concentrated pO streams, the thermostability isa key area is present.
aspect for the successful application of monoliths.

Other reactor configurationsAs an alternative re-
actor configuration with low-pressure drop, “lateral
flow” type modules based on the fixed-bed concept can
also be considered. This reactor concept has been de- An ex-framework preparation route leads to active
veloped by CRI Catalysts and Shell Research, for ex- and stable FeZSM-5 catalyst for direct® decom-

4. Conclusions

ample de-NQ@ SCR with ammonia in nitric acid plants
using Ti-V based catalys{g0]. The modules, filled
with catalyst particles of 1-2 mm, are hoisted into the
reactor housing and placed on top of a support grid.
This grid holds the weight of the modules, but it also

position in simulated tail-gases (containing,NO,
CO,, H2O and SQ). This result indicates a great
potential of this catalytic system for commercial
applications, in tail-gases from nitric acid plants and
combustion processes in fluid-bed reactors. Other

provides a gas tight sealing between the modules andapplications include caprolactam, glyoxal, and acry-
the grid. The gas passes the module only once, and thelonitrile production plants. The superior performance
gas flow maybe in an upward, downward, or horizon- (activity and stability) of the ex-framework catalyst
tal direction. In this reactor the total cross-sectional compared to FeZSM-5 catalysts prepared by conven-
bed area is larger than the reactor diameter, and thustional (solid and liquid)-ion-exchanged and sublima-
pressure drop is minimized. The effectiveness of the tion methods indicates a crucial role of the preparation
small catalyst particles, is largely improved compared method on the formation of the active sites in
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decomposition. Noble-metal based catalysts, although[15] X.F. Wang, H.C. Zheng, Appl. CataB 3 (1993) 55.

showing very high activities in a #0/He feed (es-
pecially ex-Co—Rh,Al-HTIc), are severely inhibited
by NO, H,0, and SQ, and suffer from deactivation
during time-on-stream. This limits their application
in tail-gas situations. Monolithic reactors are optimal
for implementation of the catalyst in the tail-gas unit,
since they allow the combination of high intrinsic
activity, high catalyst effectiveness, and low-pressure
drop.
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