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Abstract

This work describes the research aimed at developing mathematical model for predicting the performance of the monolith reactor. Two
heterogeneous models were applied to describe a single channel of the reactor. Comparison between the mass transfer coefficients, obtaine
using the model with 1D description of the gas phase and 2D description of the solid phase and a complete 2D model (2D description of
both gas and solid phase) was made and discussed. The proposed models were verified by comparing the experimental data with theoretica
predictions. Particular emphasis was put on the interphase mass transfer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mass transfer coefficiefif]. This approach usually invokes
analogy with the Greatz—Nusselt problem governing heat
The monolithic reactors are widely used to reduce transferinto fluid under the laminar flow in a duct at constant
the emissions of undesired products and combustionwall temperature. A detailed description of the monolith re-
by-products. Their advantages over the conventional actor can be obtained by means of multi-dimensional mod-
multi-phase reactors (slurry and packed-bed reactors) ex-els. Multi-dimensional modelling enables formal calculation
panded their applications, e.g. in cleaning of automotive of the local mass transfer coefficients along the monolith,
exhaust gases, selective catalytic reduction of nitrogen ox-relevant to hydrodynamic regime in the monolith reactor.
ides, catalytic abatement of volatile organic compounds This approach allows a reasonably accurate prediction of the
from industrial processes, catalytic fuel combustion, stream monolith performance under diffusion-limited conditions.
reforming of hydrocarbons, etfl-5]. This study is the continuation of our previous investiga-
In general, a monolithic reactor consists of the thin parallel tion of the performances of the monolith reactors during NO
straight channels of arbitrary shape, through which a gas,decompositioni8,9]. In this work two different heteroge-
containing the reactants, flows. The walls of the channels neous models of the monolith reactor were used and anal-
are usually coated with a porous ceramic containing the ysed, with the aim of determining the importance of mass
catalyst layer (or washcoat). Conversion from the reactantstransfer effects and resolving the issue of the correct values
to products involves the transport by convective flow through of local Sherwood numbers and corresponding mass trans-
the channels and molecular diffusion towards the channelfer coefficients inside the monolith reactor.
walls. Simultaneous diffusion and chemical reaction occur
inside the porous washcoat, whereby the products diffuse
back into the gas and are transported from the red6jor
Customary analysis of a monolith reactor is based on
ong-dimensional (1D) model where the cpmplexities of thg 2.1. Catalyst preparation and characterisation
radial interphase transport are lumped into the gas—solid

2. Experimental

Zeolite-based monoliths (Cu/ZSM-5 on cordierite) were

* Corresponding author. Teks385-1-4597103; fax:385-1-4597133.  Prepared using the “washcoat” meth¢t0,11] Starting
E-mail address: vtomas@fkit.hr (V. Tomag). materials for preparation of the monoliths were ceramic
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To washcoat the monolith, a slurry was prepared by sus-

Nomenclature pending Cu/ZSM-5 zeolite in the aqueous solution of alu-

a geometric surface area of the channefm minium nitrate. Two monolith catalysts, labelled MZ1 and
Ca, initial concentration of NO (mol m®) MZ2, were prepared with catalytic washcoat of different
Caf concentration in the fluid phase (molH) thickness. A detailed description of the monolith catalyst
Cas average concentration in the fluid phase preparation can be found elsewh¢sg

(molm~3) The prepared monolith samples were characterised by
Cas concentration in the solid phase (mot#) several techniques, such as XRD, SEM, surface.measure—
Cnoe  COncentration of adsorbed NO (motd) ments and mercury porosimetry. Textural properties, such

as specific surface area, total pore volume and mean pore

Cor concentration of adsorbed O (mot) : > -
radius are given if9].

Co, concentration of oxygen (moln?)

G total concentration of active sites (mof) 22 Exper al q o

C. concentration of vacant sites (moh) 2. Experimental apparatus and procedures

d equivalent diameter of the monolith . .

ch cﬂannel (m) Before the reaction, the monolith catalyst had been treated
. . . 1

De effective diffusion coefficient in the in situ at 773K for 2h under helium flow (50 &dmin—1)

and then cooled to the specified reaction temperature. Lab-
oratory scale activity tests were carried out in an integral
monolith reactor, operating under atmospheric pressure at
temperature of 673 K and at various space times. Space times
were changed by varying the monolith volume (or mono-
lith length) at constant total flow rate of the reactant gas
(10 cn? min~1). The temperature of the reactant gas (4%
NO/He); Messer Griesheim) was monitored by the thermo-
couple (Ni—CrNi) placed at the exit of the monolith. The cat-
alyst activity for NO removal was evaluated by conversion of
NO into N, when the reaction reached steady-state (30 min

washcoat (rhs™1)

Ds molecular diffusion coefficient (As1)

K rate constantfgq. (13) (m®mol~1s™1)

Km mass transfer coefficient (m¥)

ks surface reaction rate constaig. (18)
(m*mol~1s™1)

Ka adsorption equilibrium constant for NO
(m3mol—1)

Kp adsorption equilibrium constant for
oxygen (nf¥ mol~1)

r radial coordmgte (m) 1 from the exposure to stream). The reaction products were

ras  surface reaction rate (mofs~ ) analysed by GC (Varian 3300) using molecular sieve 5A,

fch equivalent radius of the monolith thermal conductivity detector and helium as the carrier gas.
channel (m) The details about the experimental apparatus and procedures

R overall radius(rch + de) (M) for the reaction product analysis are given elsewli@fe

S local Sherwood number (-)

T temperature (K)

u linear velocity of gas phase (m¥) 3. Description of mathematical models

Vi molar fraction of compound i (-)

z axial coordinate (m) 3.1. Assumptions

4 length of the monolith (m)

In this work specific aspects associated with mathemat-
Greek symbol _ ical modelling of the experimental monolith reactor were
de equivalent thickness of the washcoat (m) addressed. Two heterogeneous models, accounting for a 1D
description of gas phase and 2D description of solid phase
(model 1) and for 2D description of both gas and solid phase
honeycomb substrate (cordierite) and copper containing (model Il) were applied for simulation of the monolith re-
ZSM-5 zeolite, Cu/ZSM-5 (Si/Al= 40; 1.92wt.% Cu). actor. Main assumptions used to develop the models were:
Main properties of the cordierite honeycomb substrate steady-state conditions, equal conditions within each mono-
were: squarely structured channels; 31channet®em lith channel (single channel analysis), plug flow and negli-
channel spacing—1.803mm; wall thickness—0.267 mm gible pressure drop along the monolith channel (ca. 50 Pa).
and hydraulic diameter—1.537 mm. The commercial oval Due to the low concentration of the reactant and a small
type of honeycomb was cut into square pieces, each withamount of heat generated by the reaction, the reaction was
four channels. The samples 75mm long were used for considered isothermal. Axial diffusion in the gas and solid
coating of the catalytic layer. Copper ions were incor- phase was neglected. The problem of changed geometry of
porated into the zeolite by ion exchange of Na/ZSM-5 the channels after washcoating was simplified applying the
in the aqueous solution of cupric acetate. Copper ion “equivalent ring-zone approximatiof12]. The equivalent
exchange step had been performed before coating thethickness of the catalytic layer was 0.217 and 0.527 mm for
monolith. the monoliths MZ1 and MZ2, respectively.
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3.2. Governing equations

3.2.1. Model |

Model | was represented by the following partial differ-

ential equations (PDES):
(a) for the reactant concentration in the fluid ph&8e<
r <reh)
dCa ¢
0z

(b) for the reactant concentration in the solid phasg <
r<R)

3°C 14C
De Q’S + - As) ras=0 (2
or r or

u = kma(Cat — Cas) 1)

The boundary conditions were defined as follows:

3.3. Reaction rate

Many studies have been carried out to identify the na-
ture of the active sitefl3-16] and the mechanism of the
NO decompositiorf17—20] However, only a few measure-
ments of kinetic parameters have been repof&id-24}
Kinetic study of NO decomposition over Cu/ZSM-5 zeolite
has been described in detail in our previous papers and some
of the kinetic data presented in this paper were contained
in those studie$24,25] Briefly, experimental kinetic data
obtained using powder Cu/ZSM-5 catalyst were correlated
with several mechanistic kinetic models. The best agreement
between experimental data and theoretical prediction was
achieved by the following rate equation:

kC2
rAs = —As (13)
1+ ,/KpCo,)?

Cas=Caf=0Cp, atz=0 3)
dCa.s The mechanistic kinetic modelE¢. (13) was derived
De roa —km(Cat —Cas), atr=rcn (4) by defining surface reaction between two adsorbed NO
ac molecules as the rate-determining step (RDS), as shown
aA*S —0, atr=R(R = rch+8e) (5) below:
-
ka k
As shown, the model | was based on the assumption of NO +* = NO*, Ka = k_A (14)
the constant concentration in the fluid phase and on the kn —A
simultaneous intraphase diffusion and chemical reaction in '
the solid phase (i.e. catalytic layer). 2NO* 3Ny 4+ 20* (RDS (15)

3.2.2. Model 1| . (. ko
Model Il was used to provide a complete 2D description 20" =02+ 2 ( D= E) (16)

of both fluid and solid phase (i.e. axial and radial dependent -

concentration in both phases). The resulting equations werej, the proposed reaction mechanisEyg. (14)—(16), term*

(a) for the reactant concentration in the fluid ph#&8e<

represents an empty active site on the surface of the catalyst,

< Teh) while NO* and O are adsorbed NO and O, respectively. A
) site balance for the total concentration of si@s(Eq. (17),
CA D 0°Ca f n 10Ca ¢ 0 (©)
u — — =
0z "\ a2 roor

(b) for the reactant concentration in the solid phéasg <
r<R)

Ct=Cyx + Cno* + Cor = Cx(1+ KaCa s+ / KpCo,)
(17)

#2Cas 10Cas combined with quasiequilibrated steffigd,16], gives the rate
De 5t -——)—ras=0 (7) equation[18]:
or r or
. " 2
The appropriate boundary conditions were ras=ksC2  — ks(KaCtCa.s) (18)
tl NO*
Cas=Cat=Cay atz=0 (8) (1+ KaCa s+ /KpCo,)?
ICAT _ 0, atr=0 ) If the term representing the ad;orbed NO i:_; assumed
or small compared with other terms in the denominator (e.g.
aC aC / .
Dr At _ De A,s, atr = ren (10) KaCas < 1+ ,/KpCo,), thenEq (1_8)can be re_ducgd to
or or the form ofEq. (13) Proposed reaction mechanism is con-
ACA s sistent with the observed redox behaviour of copper ions in
5 = 0, atr=R (11) the ZSM-5 zeolitd15,17] The same reaction mechanism is
proposed by Vannice et. §R0] to describe the rate of NO
0CAs _ 0 atz—z (12)  reduction by CH as well NO decomposition over b@s
0z and Sr/LaOs catalysts.



80 V. Tomasic et al./ Catalysis Today 90 (2004) 77-83

3.4. Numerical methods 1,04
| T
The above governing equations constituted a boundary 0.8 == NO
value problem involving a set of the coupled partial differ- T !
ential equations. They were resolved using the method of
0,6 = | e exp.dataMZ1

lines. The mass transfer coefficietf,j and the rate con- . model I, SD = 1.88x 107

stant value) were regarded as the adjustable parameters of

: Agjustabie =€ B3 —— model II, SD = 1.91 x 10°
the reactor model I, while the effective diffusion coefficient 0.4+
(De) and the rate constark)(were regarded as the adjustable
parameters of the reactor model Il. Preliminary modelling 0,2 N

study was performed using adsorption equilibrium constant 1 mmem=e==eES
(Kp) as the adjustable parameter in the both models too. The 0.0 -
estimated value ok, was found to be 0.02 7mol~1. This 0.0 02 04 06 08 1,0
value was in qualitative agreement with that reported by Li @2)l-
and Hall[21]. However, the results of parametric sensitivity
revealed that the value &f; has small influence on the re-
sults of simulation. Therefore all subsequent computations
were performed only with two adjustable parameters in or- . . o , .
der to avoid uncertainty due to great number of parameters This paper compares theoretical predictions obtained with
(using K}, as constant value). two different heterogeneous models of the monolith reac-
The parameters of the reactor models were assessedOr (model I,Egs. (1)=(Sjand model Il,Egs. (6)—(12) and
using a modified differential method of data analysis and analyses their range of a_cceptablllty._ Simulation results for
Nelder—-Mead method of non-linear optimisatig6]. The ~ Poth models are shown fig. 1 There is apparently a good
initial values used for estimation were previously reported @dreement between the experimental data and theoretical
values of the kinetic parameters for Cu/ZSM-5 catalyst predictions obtained for both models. This arises from the
powder, ground to very fine particles so as to avoid the fact that bqth models use two adjustable parameters. From
internal diffusion limitation[24]. Correlation criterion was ~ the modelling perspective, both models are acceptable, es-
a mean square deviation between the experimentally ob-P€cially nowadays when the computers are rapidly getting
tained and theoretically predicted values, S.D. Due to the faster. Main features of both models will be pointed out later

radial concentration gradients in the fluid phase (model 1), N this paper. _
average values across the reactor channel were computed to 1N€ comparison between the experimental data and the

Fig. 1. Comparison between experimental data (points) and the values
predicted by the models (lines) for the monolith sample MZ1.

compare simulation with the experimental valugg.((19). values predicted for the monolith samples MZ (=
0.217mm) and MZ2 § = 0.527mm) by model Il is
L Orchu(r)CA t(z, 2m dr illustrated inFig. 2 As expected, the molar fraction of un-
Cat(z) = s , atz=~27 (29) reacted NO at the reactor exit decreases with the increased
o u(r2mdr thickness of the catalytic layer due to higher number of the

active sites, indicating simultaneously good porosity of the
The Chapman—Enskog formula was used to calculate thecatalytic layer. Estimated values of the reaction rate con-
molecular diffusion coefficientds) [27]. The estimated

value of the effective diffusion coefficienbg) from the re-

. . 1,04
actor model Il was applied as constant value in the reactor s
model I. Similar value was obtained using the parallel pore AS3
model, as described i9]. 081 NO !
0,6
. . m e exp.data MZ1
4. Results and discussion > A | & exp. dataMz2
0,44 —_— model Il
4.1. Smulation of the experimental data N
0,2 d
The modelling and simulation of a monolith reactor can :
be performed using mathematical models of varying com- 0,0 : . . .
plexity. However, models are only as good as the way in 0,0 0,2 0,4 0,6 0,8 1,0
which the physico-chemical processes are modelled and the (@/z2)-

quality of the physical and chemical parameters (e.g. kinetic Fig. 2. Comparison between experimental data (points) and the val-

expressions, physical properties, etc.) acquired for use in theyes predicted by the model Ii (lines) for the monolith samples MZ1
models[28]. (8¢ = 0.217 mm) and MZ2 & = 0.527 mm).
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Table 1 gas phase washcoat
Estimated values of the reaction rate constanfor powder Cu/ZSM-5
catalyst and monoliths (MZ1 and MZ2) at 673K 1,04 ---—-__ R
Catalyst sample k (x102m3mol1s1) A N
0,8 \
Powder Cu/ZSM-5 9.4 1
Monolith MZ1 1.0 06 . NO
Monolith MZ2 36 : B —
- MZ2 2
> 0,4 1,1: Model |
2,2" Model Il
gas phase washcoat > N,
0,2 . i
1094 ----mmmmeee 2 1 -
Te-a NO e
1 R 0,04 --------7
0,8
T T T T T T T T T
1 0,0 0,2 0,4 0,6 0,8 1,0
0,64 |MzL (/R)-
i 1,1" Model |
= 0.4 2,2" Model Il Fig. 4. Radial profiles of the molar fractions of NO andg Kfor the
monolith MZ2 at 25% of the monolith reactor length.
0,2 ; N,
] 1 B M The local mass transfer coefficients and corresponding
0,0 -------mmemmmmmmmmmTT > Sh numbers can be calculated from the boundary condition
— given byEq. (4) i.e. applyingEgs. (20) and (21)
0,0 0,2 0,4 0,6 0,8 1,0
De(9Cn s/ 0r)
(TR km(z) = ————— (20)
Cas—Caf
Fig. 3. Radial profiles of the molar fractions of NO ang Nor the
monolith MZ1 at 25% of the monolith reactor length. S km(z)dch
()= ——— (21)
Ds
stant,k, for the monolith samples MZ1 and MZ2 at 673K, This approach is based on the boundary layer theory, mean-
predicted by model Il are given imable 1 For compari- ing that the mass transfer resistance is concentrated on a

son purposes, there are also values of rate constant for thevery thin and stagnant film near the walls of the monolith
powder Cu/ZSM-5 catalyst. Some difference in the rate channel[30]. Apparently, concentration in the fluid phase
constant for the powder zeolite catalyst and monoliths con- (Ca ¢) is a constant value, which is based on the assumption
taining zeolite washcoat are recorded. As mentioned in the made during development of the model I.
experimental part, aluminium nitrate is used as the binder  Applying the complete 2D model (model II), the lod
during the preparation of the monolith catalyst. This could numbers and corresponding mass transfer coefficients can
result in the changed structure of the catalytic washcoat be formally calculated in the similar way, taking into ac-
(the change in the physical properties, the change of thecount the boundary condition given IBg. (10) i.e. apply-
active sites structure, etc.) compared to powder Cu/ZSM-5 ing Egs. (21) and (22)
catalyst. . o Dy (9Ca1 /o)
Fig. 3illustrates the radial molar fraction profiles of NO  km(z) = ———=—
and N in the fluid and solid phase (washcoat) for the mono- Cas—Cat
lith MZ1 at 25% of the monolith reactor length obtained Due to the existence of the radial concentration profile across
using models | and II. Based on the main assumptions madethe monolith channel, the new teri,  appears ifEq. (22)
during development of the models, the flat radial profiles in which represents mean concentration in the fluid phase and
the fluid phase and theoretical curves, corresponding to thecan be calculated usingq. (19) It is important to note
radial diffusion in the fluid phase, are obtained using model that under the condition given d§qs. (6)—(12)i.e. by the
I and Il, respectively. Similar results are obtained for the model Il) the whole radius of the monolith channel is re-

(22)

monolith MZ2 (ig. 4). garded as the boundary layer in the moving fluid. Calcula-
tion of the localsh and mass transfer coefficients using the

4.2. Fluid-solid interphase mass transfer above described approach is common to many researchers
[7,29,31-33]

The important feature of the multi-dimensional models Itis interesting to compare the values of the lodahum-
is that they enable calculation of the local Sherwo8d) ( bers and mass transfer coefficients obtained fia. (20)
numbers and corresponding mass transfer coefficients alongand (21)(model 1), andEgs. (21) and (22jmodel II). This
the length of the monolith channel under reaction conditions comparison for the monolith MZ1 is displayed kig. 5.
[7,29] As shown, the mass transfer coefficients and especially the
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50

gas phase washcoat
IK 0,8+ 1 MZ2
404 ) MZ1 Model 1
"0 L k. Model | ] 2
\
1S L A Sh Model |
>F 304 0,6-
B \ ——k,, Model I NO
z \ -~ --Sh Model Il 3
204 AN g
~ = 0.4
10 e £ .
__________________________ N
TS 024 | L iieee--- 2
o i
T T T T ------------l‘---——"—_-—
0,0 0,2 0,4 0,6 0,8 1,0 . . . . .
T T T T
(z/2)I- 0,0 0,2 0,4 0,6 0,8 1,0

(rIR)/-
Fig. 5. Localsh numbers and mass transfer coefficients predicted by the

model | and model Il as the function of normalised channel length for Fig. 7. Radial profiles of the molar fractions of NO (solid) angl (dash)
the monolith MZ1. predicted by the model | for the monolith MZ2 at different positions

along the monolith length. 1A-at 5%; 2,2—at the 25%; 3,3—at the

exit from the reactor.
Sh numbers predicted by the model Il are very high at
the entry of the monolith reactor, and their values decreasemonolith length not only due to the chemical reaction in the
downstream the reactor. Similar results are obtained for the catalytic layer, but also due to the developing radial diffusion
monolith MZ2, as shown irFig. 6. On the other hand, the profile in the fluid phase (the process of molecular diffusion).
appropriate values obtained applying the model | are smallerlt is important to emphasise that mean concentration in the
and almost unchanged in the axial direction. It is evident fluid phase is always higher then the “true” concentration
that the prediction of the local mass transfer coefficient and which is the nearest to the surface of the catalytic layer (at
correspondingsh numbers is not a simple task. High values the wall surface on the fluid-phase side). On the other hand,
of km and Sh at the entry of the reactor can be explained if the concentration in the first point near to the surface of
taking into account concentration difference (denominator the catalyst layer (extracted from the numerical procedure)
in Eq. (22) being very small in the entry region of the re- is applied in theEq. (22)instead ofCa ¢, the overall differ-
actor. However, along the monolith length the concentration ence between the calculated values ofdh@ndSh numbers
differences increase because mean concentration of the relat the entry region of the reactor and corresponding values
evant variable in the fluid phas€[ ) decreases. This is  at the exit from the reactor becomes smaller. The results of
supported by the results displayedRigs. 7 and 8where such calculations are illustrated fig. 9 (dash line).
the radial profiles of NO and Npredicted by models | and Obviously, calculation of the loc&h numbers and mass
Il are shown at different positions along the monolith length. transfer coefficients across the boundary layer in the moving
Mean concentration in the fluid phase decreases along the

gas phase washcoat

1,04

MZ2

] ! Model II
0,8
0,6 k

\'>‘_
0,4 3\
£
0,24 P R i
e 2's
’,,’ // _______________________
- ’/ 1' r
004 -----c=z22 -7
O_ T T T T T T
. : . T . . . : . 0,0 0,2 0,4 0,6 0,8 1,0
0,0 0,2 0,4 0,6 0,8 1,0

(r/R)/-
(z/Z)/-
Fig. 8. Radial profiles of the molar fractions of NO (solid) ang (dash)
Fig. 6. LocalSh numbers and mass transfer coefficients predicted by the predicted by the model Il for the monolith MZ2 at different positions
model Il as the function of normalised channel length for the monoliths along the monolith length. 1'A-at 5%; 2,2—at the 25%; 3,3—at the
MZ1 and MZ2. exit from the reactor.
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1,6 1

— ky,(model 1)
Kk, (modified)

1,44

1,24
1,04

-1
Km/m's

0,8 1
0,6
0,41

0,2 1

0,0 T T T T T T T T

0,0 1,0

(@/2)I-
Fig. 9. Local mass transfer coefficients predicted for the monolith MZ2

predicted by the model Il (solid line) and modified (dash line).

fluid by using the analogy with the boundary layer theory
(i.e. by usingEqg. (22) may lead to the values which are
overestimated and questionable.

5. Conclusions and outlook

The agreement between the calculated and experimental
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