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A B S T R A C T

This article presents a theoretical study of the catalytic mineralisation of ethanol via acetaldehyde over
manganese – copper mixed oxide catalyst deposited on a monolith reactor. The steady-state operation of
the monolith reactor is represented by means a heterogeneous, one-dimensional, adiabatic model, which
accounts for external (gas-solid) resistances to mass and heat transfer and internal resistances to mass
transfer inside the catalytic coating (washcoat).
The effect of catalyst accumulation at the corners of a square section channel is analysed. Under the

operating conditions considered, the diffusional resistances have a significant effect on the effective rate
of removal of Volatile Organic Compounds and cannot be neglected. Non-uniform coating causes a
considerable deterioration of the averaged effectiveness factors of the two reactions under consideration
and lower temperatures along the reactor are found. These lower temperatures, together with lower
temperature drops over the external film cause additional negative impacts on the Volatile Organic
Compounds conversion. The decrease in the reactor performance, caused by the catalyst accumulation, is
magnified as the feed concentration rises. Consequently, higher feed temperatures and/or lower space
velocities are necessary to ensure the complete destruction of the volatile organic compounds involved
(ethanol and acetaldehyde).
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1. Introduction

Volatile Organic Compounds (VOCs) are considered to be
hazardous air pollutants because of their many harmful effects on
health and the environment [1]. More and more, strict and precise
global standards are being established to control the emissions of
these dangerous pollutants [2,3]. The European Commission sets
an Emission Limit Value (ELV) of 20 mg C/m3 for streams dis-
charged into the atmosphere [2].

There are several techniques available to control VOCs emission
(destruction based and recovery based) with many advantages and
limitations [1,4]. Adsorption and thermal oxidation lie among the
most used [1]. In the former, VOCs are adsorbed in a solid phase,
e.g., activated carbon, and then need to be released from it, which
requires energy. Additionally, and depending on the composition
of the VOC stream, undesirable side reactions may occur in the
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adsorption bed [5]. A typical end-pipe VOC emission is charac-
terised by a very low concentration of organic species (in the range
of 50–2000 ppm) and large gas flowrates (1700–17000 m3/h) [6].
For these operative conditions, thermal oxidation is generally not
suitable. High concentrations of VOCs are required to obtain a
sufficient calorific value to sustain operating temperatures and
stable combustion conditions. If VOC concentrations are low, then
auxiliary fuel requirements may be substantial and add to the
operating costs. In addition, flame temperatures in thermal
incinerators are generally at a level at which NOx emissions
become significant, and depending on the composition of the VOCs
and the nature of the auxiliary fuel, particulate emissions may
occur [1,4,5].

Catalytic oxidation appears as a low energy consumption
technology [1]. In this process the VOC stream is generally
preheated (at a minimum operating temperature) and fed into a
reactor that contains a structured catalyst [5,7]. This method is
particularly suitable for the treatment of low concentrations of
VOCs (e.g., ppm level) [5].
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Nomenclature

av Gas-solid interfacial area, m2/m3

A Value of the Cartesian coordinate position of the
centre of a circumference of RNC radius, mm (see
Fig. 1)

b Channel width = height, mm
Cj Concentration of j component, molj/m3 or mg C/m3

Cs,j Concentration of j component in the solid phase, mol
j/m3 or mg C/m3

Cs
s;j Concentration of j component at surface of the solid

phase, molj/m3 or mg C/m3

Cpj Heat capacity of j component, J/molj K
CN Channels number, dimensionless
De,j Effective diffusion coefficient for j component, m2/s
Ei Activation energy of i reaction, J/mol
ELV Emission Limit Value, 20 mg C/m3 (total VOC emis-

sions at standard conditions)
G Specific mass flow per channel, kg/(m2h)
GHSV Gas-hourly space velocity, 1/h
he Convective heat transfer coefficient, J/(s m2K)
kg,j Convective mass transfer coefficient from gas to solid

interface, m3f/(m2s)
kref,1 Kinetic constant of reaction 1, 1/s
kref,2 Kinetic constant of reaction 2, mol/(m3 s)
Kcj Adsorption constant of j component, m3/mol
L Channel length, m
LHHW Langmuir-Hinshelwood Hougen-Watson
mw Catalyst mass, g
P Pressure, atm
Q0 Volumetric feed flow rate, Nm3/h
ri Reaction rate of i reaction, i = 1,2, mol/(m3

ws)
rBi Reaction rate of i reaction at gas phase, i = 1,2, mol/

(m3
ws)

ref f
i Effective reaction rate of i reaction, i = 1,2, mol/

(m3
ws)

rSi Reaction rate of i reaction at gas-solid inteface, i = 1,2,
mol/(m3

w s)
R Universal gas constant, J/(mol K)
RNC Normalized curvature radius, dimensionless
sk k slice
T Gas phase temperature, �C
TS Solid phase temperature, �C
us Average gas velocity, m/s
Vg Gas volume, m3

Vw Washcoat volume, m3

wk Weight factor for k slice, dimensionless
x Transversal coordinate, m
z Axial coordinate, m

Compounds
C Carbon
C2H5OH Ethanol
C2H4O Acetaldehyde
CO Carbon monoxide
CO2 Carbon dioxide
H2O Water
N2 Nitrogen
NOx Nitrogen oxides
O2 Oxygen
VOC Volatile organic compound

Greek letters
dk Washcoat thickness of k slice, mm
dw Average washcoat thickness, mm

ei Extent of i reaction, mol/h
DCVOC Maximum difference in VOC outlet concentration

between two different catalyst distribution (RNC= 0
and 0.5), mg C/m3

DHo
ri Heat of i reaction at standard conditions, J/mol

DHri Heat of i reaction, J/mol
DTad Adiabatic temperature gradient, �C
DTg Total temperature gradient (inlet-outlet) in the gas

phase, �C
DTs-g Interfacial temperature gradient, �C
DTs-g,max Maximum interfacial temperature gradient, �C
Dz Differential increment in z axial coordinate, m
hi,k Internal effectiveness factor of i reaction in k silce,

dimensionless
hi Average internal effectiveness factor of i reaction,

dimensionless
rg Gas density, kg/m3

rw Washcoat density, kg/m3

Subscripts
Ac Acetaldehyde
Et Ethanol
i i reaction
k k slice
max Maximum
ref Reference
s-g Solid-gas interface
VOC Volatile organic compound
w Washcoat
0 At the axial coordinate z = 0

Superscripts
B At bulk gas phase
eff Effective
S At solid surface
o At standard condition
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The monolithic catalyst consists of thousands of small parallel
channels of about 1 mm hydraulic diameter, with ceramic or
metallic walls between them. The catalytically active material is
deposited on the walls forming a porous layer, typically 10–100 mm
thick [8].

Its outstanding performance is due to its high specific area
(more than 4000 m2/m3), low pressure drop, especially if
compared with packed bed reactors, and finally, to its excellent
mechanical and thermal resistances [9,10].

Considerable efforts have been directed towards obtaining
suitable catalysts for VOCs’ catalytic oxidation [7,11]. It has been
demonstrated that Mn-Cu mixed oxide catalysts are highly active
at moderate temperatures for the catalytic oxidation of a wide
variety of VOCs [12]. This catalyst has been successfully deposited
by impregnation on ceramic monoliths [13].

When the monolith is operated at low temperature, the
catalytic reactions are slow and limit the overall reactant
conversion. At higher temperatures, mass transfer processes have
a much weaker dependence on temperature than reaction rates,
and become rate-limiting [8]. Modern catalysts are very active and,
even thin washcoats, can show large concentration gradients at
higher temperature [14]. The washcoat often has a non-uniform
thickness because the material tends to accumulate on corners.
Thus, while the thickness may be only 10 mm at the side, it may be
up to 150 mm thick on the corners [15]. Such a non-uniform shape
of the washcoat naturally affects the effectiveness factor behaviour.
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Hence, a correct analysis of the mass transfer resistances is
important to model the performance of monolithic reactors
accurately [15,16]. The effect of mass transfer limitations in
monolith catalysts with rounded corners has been extensively
studied [8,14–22].

Chou and Stewart [17] were among the first to address the
influence of the washcoat geometry on the effectiveness factor.
They applied a 2D reaction-diffusion model to investigate this
effect for a first order isothermal reaction. However, the results
were not extended to include reactor simulations. Holmgren and
Andersson [8] performed experiments for CO oxidation and used a
3D CFD simulations to study mass transfer in square monolith
channels with rounded corners with the aim of obtaining an
accurate Sherwood expression. According to the authors, the high
mass transfer rates found in experimental measurements were
higher than theoretical results due to the turbulence generated at
the reactor inlet. Leung et al. [18] presented numerical solutions of
diffusion with chemical reaction in a monolith washcoat for the
oxidation of carbon monoxide and propane, and demonstrated
that diffusion limitation could be significant at typical operating
temperatures. They compared the 2D solution to a 1D approxima-
tion based on the generalized Thiele modulus approach. The
solutions matched in the asymptotic regions of high and low Thiele
modulus, and showed some differences in the intermediate region.
In the case of multiple reactions, the method becomes computa-
tionally expensive. Kolaczkowski and Serbetcioglu [19] studied CO
oxidation over noble-metal based catalyst systems. As Leung et al.
[18], they also considered washcoat shapes that result from fillets
in the corner of square channels, and demonstrated that both
interphase mass and heat transfer and intraphase mass transfer are
strongly affected by the catalyst accumulation in these corners.
Papadias et al. [16] developed a simplified method to calculate the
effectiveness factors in irregular geometries of washcoats. The
method consists in sectioning the washcoat into particles (or
fillets) and treating each particle in a 1D approach. This simplified
method was compared with a rigorous 2D model for different
kinds of kinetic expressions and geometrical shapes of the
washcoat. In general, the simplified method gives a good a priori
estimation of the effectiveness factor that can replace tedious and
time-consuming finite element calculations in irregular shapes of
washcoats. Hayes et al. [20], inquired the influence of washcoat
and channel shape on the mass transfer and concluded that, for
non-uniform washcoats, the Sherwood numbers and hence the
mass transfer coefficient, vary along the gas solid interface. The
authors found that washcoat thickness, channel radius, including
its non-uniformity around the channel, and angular diffusion in the
washcoat caused by variable thickness in non-symmetrical
geometries are the three factors determining mass transfer rates.
Hayes et al. [21,22], presented an extension of the method
proposed to Papadias et al. [16] with the aim of improving the
efficiency of the numerical solution for complex kinetics in which
1D problems need to be solved numerically. A 2D finite element
monolith reactor model for catalytic oxidation of propane was
proposed and used by Hayes et al. [23] to study external and
internal heat transfer in ceramic monoliths. They found that both
heat radiation and conduction affected the outlet temperature
with axial conduction being more significant.

Mass transfer resistances in non-uniformly coated ceramic
monoliths have been extensively studied under isothermal
conditions. However, there is a lack of studies focused on
simultaneous heat and mass-transfer limitations, which take
place when the monoliths are being operated in the presence of
strong heat effects.

The purpose of this paper is to present results of a theoretical
study of the catalytic oxidation of ethanol over a Mn–Cu mixed
oxide catalyst deposited on a monolith reactor. Through a rigorous
evaluation of external (gas-solid) resistances to mass and heat
transfer and internal resistances to mass transfer inside the
washcoat, we analyse the behaviour of an adiabatic monolith
considering a non-uniform catalytic material distribution on the
channel walls. We also point out the influence of this non-
uniformity on the outlet conversion and temperature profiles, for
feed concentrations leading to significant heat effects.

The capacity of the monolith to accomplish VOC emission limit
values is studied at operating conditions close to the industrial
ones.

2. Mathematical model

The reactor feed consists in a stream of ethanol diluted in air.
Channels of square section are impregnated with the Mn-Cu mixed
oxide catalyst [12]. A scheme of the simulated monolithic reactor is
shown in Fig. 1a. Fig. 1b illustrates the mass and heat transfer
resistances considered in a differential control volume. Due to the
symmetry of the channel it is enough to analyse only 1/8 of the
total channel section, which has been subdivided into eight
consecutive slices, from s1 to s8, which are considered as
rectangular sections (1D sliced model [20]). In each rectangular
section, local internal effectiveness factors for both reactions are
calculated using a 1D flat plate model. Average internal effective-
ness factors (h 1 and h 2) are calculated at each axial position. Mass
and heat balances are solved for gas and solid phases along the
axial position. The model accounts for external resistances to mass
and heat transfer and internal resistances to mass transfer. The
cross section of each slice varies with the normalized curvature
radius (RNC).

RNC= 0 indicates that no catalyst accumulation at the corners
exists, i.e, the washcoat thickness is constant around the channel,
while RNC> 0 represents an additional accumulation of catalytic
material on the corners of the channel.

2.1. Model equations

A heterogeneous 1D mathematical model is proposed to
simulate the adiabatic and steady state operation of the monolithic
reactor, based on the following hypotheses:

(a) Fully developed laminar flow through the channels is assumed,
leading to low pressure drops and nearly isobaric conditions.

(b) Heat losses to the surrounding are neglected.
(c) Axial dispersion of heat and mass is neglected (axial mass and

heat Peclet numbers are much higher than 50) [24].
(d) Isothermal conditions in the catalyst layer are assumed from

the evaluation of Biot [25] and Prater [19,26] numbers, both
values are much lower than 1.

(e) Inside the channel the flow is unidirectional
(f) A single channel is assumed to be representative of the whole

reactor: the flow distribution is uniform and the catalyst is
equally distributed among the channels. There are no radial
gradients of temperature and composition across the monolith
[27].

The catalytic combustion of ethanol is evaluated by means of
the kinetic model proposed by Campesi et al. [28]. Two reactions in
series are considered: partial oxidation of ethanol to acetaldehyde
and combustion of acetaldehyde (see Table 1).

Table 2 lists the kinetic parameters and the standard heats of
reactions 1 and 2. Since there are two reactions involved, from the
mass balances corresponding to ethanol and acetaldehyde it is
possible to calculate the extent of reaction 1 (e1) and 2 (e2). The
concentrations of the remaining species CO2, O2, N2 and H2O are



Fig. 1. a) Schematic representation of the monolithic reactor. b) Schematic detail of
the transverse channel section and representation of the mass and heat transfer
resistances considered in a differential control volume.

Table 1
Reaction system and kinetic expressions [28].

Reaction system Kinetic expressions

C2H6O + (1/2)O2! C2H4O + H2O r1 ¼ kref ;1exp½�ðE1=RÞð1=T�1=Tref Þ�CEt

1þKcEtCEtþKcAcCAc

(1)

C2H4O + (5/2)O2! 2CO2 +2H2O r2 ¼ kref ;2exp½�ðE2=RÞð1=T�1=Tref Þ�KcAcCAc

1þKcEtCEtþKcAcCAc

(2)
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obtained from the molar balances as function of the parameters e1
and e2 [30].

Under the stated hypotheses, the reactor is represented by the
following equations:

2.1.1. Gas phase

2.1.1.1. Mass balances.

dCEt

dz
¼ � Vw

usVg
h1r

S
1 ð3Þ

dCAc

dz
¼ Vw

usVg
h1r

S
1 � h2r

S
2Þ

� ð4Þ

where:

hi ¼
Xk¼8

k¼1

wkhi;k ð5Þ

hi;k ¼

ZVw

0

ri Cs;Et; Cs;Ac
� �

dVw

Vwri CS
Et; CS

Ac

� � ¼
ref f
i;k

rSi;k
ð6Þ

for i = 1, 2; k = 1, 2, . . . , 8
Heat Balance

dT
dz ¼ Vw

usVg
h 1r

S
1ð�DHr1 Þ þ h 2r

S
2ð�DHr2 Þ

SjCpjCj
ð7Þ

with j = C2H5OH, C2H4O, CO2, H2O, N2, O2

Inlet conditions:
At z = 0:

CEt ¼ C0Et; CAc ¼ C0Ac; T ¼ T0 ð8Þ

2.1.2. Solid phase
Mass Balances (washcoat)

De;Et
d2Cs;Et

dx2
¼ �Vw

Vg
r1 Cs;Et; Cs;Ac
� � ð9Þ

De;Ac
d2Cs;Ac

dx2
¼ Vw

Vg
r1 Cs;Et; Cs;Ac
� �� r2 Cs;Et; Cs;Ac

� �� � ð10Þ

Boundary conditions:
At x = 0 (gas-solid interphase):

kg;j Cj � CS
s;j

� �
¼ �De;j

dCs;j

dx

� �
jx¼0 ð11Þ

At x = dk (washcoat-cordierite surface):

dCs;j

dx
¼ 0 ð12Þ

with j = C2H5OH, C2H4O

2.1.3. Heat balance

avhe T � TS
� �

¼ h1r
S
1 �DHr1

� �þ h2r
S
2 �DHr2

� � ð13Þ

For each slice, the local effectiveness factors for both reactions
(h1,k and h2,k) are calculated by Eq. (6). From these local values and



Table 2
Kinetic parameters [28] and standard heats of reactions.

Parameter Optimal value and confidence interval

kref,1 (1.81 � 0.3) � 103 1/s
kref,2 (1.81 � 0.26) � 10�1mol/(s m3)
E1 (1.10 � 0.04) � 105 J/mol
E2 (1.69 � 0.09) � 105 J/mol
KcEt �0
KcAc (6.75 � 1.26) � 102m3/mol�DHo

r1

1.73 � 105 J/mol�DHo
r2

1.10 � 106 J/mol

Table 4
Weight factors of each slice.

RCN w1 w2 w3 w4 w5 w6 w7 w8

0 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125
0.3 0.547 0.031 0.034 0.041 0.052 0.069 0.094 0.132
0.5 0.234 0.030 0.037 0.053 0.080 0.120 0.179 0.267
0.6 0.102 0.020 0.030 0.052 0.088 0.142 0.223 0.343
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Fig. 2. Axial concentration profiles of ethanol and acetaldehyde, for the four
curvature normalized radius (RNC= 0, 0.3, 0.5 and 0.6). T0 = 180 �C, C0Et= 1000 mg C/
m3, GHSV = 3.06 � 105 1/h, = 30 mm, b = 1.115 mm, L = 10 cm.
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the weight of each slice (wk), the averaged effectiveness factors (h1
and h2) are obtained from Eq. (5). No diffusion is considered
between slices. At each axial coordinate, a single temperature (TS)
is assumed for all the slices of the washcoat. The reaction rates in
Eqs. (3)–(13) are evaluated at this temperature value for the solid
phase.

At each axial position, the superficial velocity (us) (see Eqs. (3),
(4) and (7)) is updated by means of the specific mass flow per
channel (G, constant) and the gas density (rg, variable). Thus,

us ¼ G
rg

ð14Þ

Physical parameters of the catalyst (mean pore radius, washcoat
porosity and tortuosity factor) [30] and physical and thermody-
namic properties of the components [29,31] are extracted from the
literature.

The convective mass and heat transfer coefficients are obtained
from the Nusselt expression applicable to square-channel struc-
tured reactors proposed by Hawthorn [32]. Molecular binary
diffusivity is calculated following Fuller, Schettler and Giddings’s
[33] semi empirical equation. Molecular mixed diffusivity for
diluted systems, Knudsen diffusivity and effective diffusivity are
calculated according to Froment and Bischoff’s [34] guidelines.

2.2. Numerical solution

The differential equations for the gas phase are integrated using
the Gear method [35]. The differential equations for the washcoat
are discretized by means of second order finite differences, using a
grid of equally spaced points in each slice. At each axial position,
the nonlinear algebraic equations generated by the interior grid
points of all of the slices are solved through a Quasi-Newton
algorithm.

3. Results and discussion

3.1. Effect of curvature radius

The effect of the accumulation of catalytic material at the
corners of the square section channels can be evaluated by varying
the curvature radius (Fig. 1b), keeping invariant the total mass of
catalyst (same transversal area of the catalytic coating), i.e, the

mean washcoat thickness is constant (dw = 30 mm). The average
thickness and the weight factor of each slice, dk and wk, for the
Table 3
Thickness of the slices.

RCN d1 (mm) d2 (mm) d3 (mm) d4 (mm)

0 30 30 30 30 

0.3 24.34 24.95 27.41 32.50 

0.5 14.44 15.37 19.14 26.92 

0.6 7.72 8.80 13.20 22.29 
different values of RNC considered, are listed in Tables 3 and 4,
respectively.

Fig. 2 shows axial concentration profiles of ethanol and
acetaldehyde for different RNC values. The feed conditions and
the remaining design parameters are kept invariant. Table 5 lists
the geometrical parameters and operative conditions employed in
the simulations. GHSV is calculated as the ratio between the
volumetric flow rate at standard conditions and the total volume of
the catalyst.

The maxima observed in the concentration profile of acetalde-
hyde correspond to a typical behaviour of an intermediate
component (see Eqs. (1)–(2)). As the accumulation of catalytic
material at the corners is more significant (higher values of RNC),
both, the ethanol and acetaldehyde consumptions decrease,
leading to an incomplete VOC abatement. For RNC� 0.5, the
Emission Limit Value of VOC (ELV = 20 mg C/m3) has been exceeded
(see Table 6).

Fig. 3 shows the corresponding profiles of gas and solid
temperatures for three of the curvature radius shown in Fig. 2a
(RNC= 0, 0.5 and 0.6). Non-uniform coating distributions cause
lower temperature rises in the monolith (see the values of DTg in
Table 6), because of the poorer effective reaction rates. The heat
generation rates decrease and low average temperatures along the
reactor length occur. The gas-solid temperature gradients (Fig. 4)
are also affected by the catalyst distribution. In fact, the maximum
interfacial temperature gradient is around 3.2 �C for the idealized
catalyst distribution (RNC= 0) and falls to 1.9 �C for RNC= 0.6. It is
 d5 (mm) d6 (mm) d7 (mm) d8 (mm)

30 30 30 30
40.56 52.21 68.41 90.74
39.26 57.08 81.87 116.05
36.70 57.49 86.43 126.32
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Fig. 3. Axial temperatures profiles in the gas (continuous line) and solid (dashed
lines) phases for RNC= 0, 0.5 and 0.6, for the same conditions of Fig. 2.

Fig. 4. Axial profiles of temperature drop over the film, for the four curvature
normalized radius (RNC= 0, 0.3, 0.5 and 0.6) for the same conditions of Fig. 2.

Table 5
Operative and geometrical parameters.

Parameter Value

Channel length, L 0.10 m
Channel width = height, b 1115 mm
Cell density 400 cpsi
Channels number, CN 8444
Monolithic material cordierite (2MgO	2Al2O3	5SiO2)
Support Nyacol
Catalytic material Mn � Cu

Average washcoat thickness, dw 30 mm

Washcoat density, rw 4030 kg/m3

Washcoat mass, mw 443 g
Inlet temperature, T0 180 �C
Pressure, P 1 atm
Volumetric feed flow rate, Q0 33.6 m3/h
Gas-hourly space velocity, GHSV 3.06 � 105 1/h
Inlet VOC concentration, C0Et 1000 mg C/m3
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important to note that despite the gas-solid specific area (av)
exhibits a slight decrease as RNC increases (see Table 6), this effect is
not significant and the temperature drop over the film is
dominated by the behaviour of the internal mass transfer
resistances.

Fig. 5 presents curves of the effective reaction rates for reactions

1 and 2 (ref f
1 and ref f

2 ), for two of the curvature radius analysed
previously (RNC= 0 and RNC= 0.6). It is clear that the ethanol

consumption rate (ref f
1 ) deteriorates in the first section of the

channels (z < 2.5 cm) when RCN increases. The reduction in the

acetaldehyde consumption rate (ref f
2 ) is much more pronounced,

particularly in the second half of the reactor length. The curve of

ref f
2 corresponding to RNC= 0 shows a well-defined maximum,
located near the axial position of the maximum observed in the
temperature drop over the film (Fig. 4, curve for RCN= 0). This is
reasonable, because the total heat generation rate is dominated by
the heat released in the second reaction, much more exothermic
than r1 (compare the values of �DHo

r1 and �DHo
r2 in Table 2). At the

reactor outlet (z = 10 cm), ref f
2 corresponding to RNC= 0 is close to

zero, due to the conversion of acetaldehyde is practically complete.

Conversely, curve of ref f
2 corresponding to RNC= 0.6 presents its

maximum value at the reactor outlet, which is consistent with a
condition of incomplete VOC depletion (see Fig. 2).

The reduction observed in the effective reaction rates is directly
related to the behaviour of the averaged internal effectiveness
factors (h1 and h2). The averaged internal effectiveness factor of i
reaction (hi) is obtained as the weighted average of the local
effectiveness factor for i reaction in k slice (hi;k) multiplied by the
weight factor of each slice (wk) (see Eq. (5)).

The average internal effectiveness factors of reaction 1 (h1) for
the four RNC values are presented in Fig. 6a. A non-monotonous
behaviour is registered, with a climb in the first quarter of the
reactor length, achieving then a plateau zone and finally a decrease
in the last quarter of the reactor length. This behaviour is
associated with the kinetic expression for reaction 1 (LHHW type)
which has been reported in the literature [34,36]. The significant
Table 6
Operative and geometrical parameters for the conditions of Fig. 2.

RNC CVOC,z=L
[mg C/m3]

DTg
[� C]

av
[m2

w/m3
w]

DTmax,s-g

[� C]

0 4.5 45.8 32411.50 3.2
0.3. 13.2 45.5 30553.97 3.0
0.5 102.6 44.1 29692.14 2.4
0.6 228.7 39.3 29370.00 1.9

Fig. 5. Axial profiles of effective reaction rate 1 (ref f
1 ) (left ordinate axis) for

RNC= 0 and 0.6. Axial profiles of effective reaction rate 2 (ref f2 ) (right ordinate
axis) for RNC= 0 and 0.6, for the conditions of Fig. 2.
decline observed in the averaged effectiveness factor as the non-
uniformity of the coating increases is consistent with the shift to
the right of the ethanol concentration profiles shown in Fig. 2 for
the higher RCN values. Fig. 6b shows the corresponding axial



Fig. 6. a) Axial profiles of average internal effectiveness factor of reaction 1 (h1), b)
Axial profiles of average internal effectiveness factor of reaction 2 (h2) for the
conditions of Fig. 2.

Fig. 7. a) Ethanol concentration cross-section profiles for RCN= 0.5 at z = 8 cm, b)
acetaldehyde concentration cross-section profiles for RCN= 0.5 at z = 8 cm, for the
conditions of Fig. 2.
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profiles to the averaged internal effectiveness factor of reaction 2

(h2), defined as the ratio between ref f
2 and rS2. Close to the reactor

inlet, where acetaldehyde is mainly generated (see Fig. 2)
effectiveness factors are higher than one, because the concentra-
tion of acetaldehyde inside the washcoat is higher than that of the
surface; an analogous behaviour is exhibited by the reaction rate,

i.e., ref f
2 > rS2 which has been reported previously for a uniform

washcoat [36]. This tendency is more pronounced as the non-
uniformity of the washcoat increases (higher RCN), because of
influence of the thicker slices near the corner of the channel. In
contrast, at the reactor outlet, the acetaldehyde is being mainly
consumed and h2 is less than 1. In this zone of the reactor the
effectiveness factor values drop for higher RCN values, which
correspond with the delayed acetaldehyde consumption observed
in Fig. 2 in the last 30% of the channel length. In the reactor core, h2
presents a plateau with a value close to 1, due to for high
concentration of acetaldehyde reaction 2 behaves approximately
as a zero order reaction (see Eq. (2)).

Fig. 7a and b shows ethanol and acetaldehyde concentration
cross-section profiles for a given curvature radius (RCN = 0.5), a
fixed axial position (z = 8 cm) and four different slices of the 1/8
washcoat area (s1, s3, s6 and s8). Fig. 7a illustrates that more
pronounced ethanol concentration gradients occur for the slices
near the corner (s6 and s8) due to the accumulation of catalytic
material. As a consequence, the local internal effectiveness factor
for reaction 1 (h1;k) decrease notoriously, reaching a low value of
0.231 in the thickest slice (s8), which has a thickness of 116 mm (see
Table 4). For RCN= 0.5, the weight factors of the two slices near the
corner almost reach the 45% of the cross-section area (w7 = 0.179
and w8 = 0.267), which strongly influence the averaged internal
effectiveness factor of reaction 1 (h1 = 0.533) (see Fig. 6a for
RCN= 0.5 at z = 8 cm). An analogous behaviour is observed for the
acetaldehyde concentration cross-section profiles in the four
selected slices, as shown in Fig. 7b.

Fig. 8a shows the acetaldehyde concentration cross-section
profiles for RCN= 0.5 at an axial position near the reactor inlet
(z = 0.001 cm). In this axial position the profiles are growing into
the catalytic coating, because r1 > r2 (acetaldehyde is mainly
produced). As in the previous case, the higher concentration
gradients are found in the thicker slices; however, at this axial
position the acetaldehyde is diffusing from the core of the
washcoat to the surface. The corresponding cross-section profiles
of reaction rate r2 are shown in Fig. 8b. It is clear that r2 increases
towards the interior of the washcoat, which is consistent with the
values of the local effectiveness factors reported in Fig. 8a (h2 > 1).



Fig. 8. a) Acetaldehyde concentration cross-section profiles for RCN= 0.5 at
z = 0.001 cm, b) reaction rate 2 (r2) cross-section profiles for RCN = 0.5 at
z = 0.001 cm for the conditions of Fig. 2.

Fig. 9. a) Axial concentration profiles of ethanol and acetaldehyde for the
isothermal model for RNC= 0 and 0.5. T0 = 198.8 �C, C0Et = 1000 mg C/m3, GHSV = 3.06

� 105 1/h, dw = 30 mm, b = 1.115 mm, L = 10 cm b) Axial concentration profiles of
ethanol and acetaldehyde for the adiabatic model for RNC= 0 and 0.5.

T0 = 179.6 �C, C0Et = 1000 mg C/m3, GHSV = 3.06 � 105 1/h, dw = 30 mm, b = 1.115 mm,
L = 10 cm.

Fig. 10. Axial temperatures profiles in the gas phases for RNC= 0 (continuous line)
and RNC= 0.5 (dashed lines), for the isothermal and adiabatic model for the same
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Thus, h2 varies from 1.816 for s1 to 2.233 for s8, resulting in an
averaged value h2 = 2.1.

As before, the averaged internal effectiveness factor of reaction
2 is strongly affected by the weight factors of the slices near the
corner, which shows the higher relative areas. Fig. 8a also shows
the acetaldehyde concentration cross-section profile correspond-
ing to RNC= 0. In this idealized case dw = 30 mm is comprised
between the thickness of slices s3 and s6 for RNC= 0.5, and the
concentration profile is located between them.

3.2. Non-uniform coating and thermal effects

To analyse the effect of the non-uniformity of the coating on
thermal effects, it is useful to compare the simulation results for
two different thermal regimes: adiabatic vs. isothermal. The
hypothetical isothermal conditions are represented by making the
heat of reactions null in the reactor model. As a common basis of
comparison, the same feed flowrate and feed composition (C0Et =
1000 mg C/m3, GHSV = 3.06�105 h�1) are adopted. The inlet
temperatures (T0) are selected to set the outlet composition just
in the limit of the environmental specification of VOC emissions
(ELV = 20 mg C/m3). For the isothermal model the ELV is achieved at
T0 = 198.8 �C, while for the adiabatic model the ELV is achieved at
T0 = 179.6 �C (for the idealized case RNC= 0).
Fig. 9a and b shows axial concentration profiles of ethanol and
acetaldehyde, respectively, for isothermal and adiabatic models
and two different values of the curvature radius (RNC= 0 and 0.5). In
the isothermal case (Fig. 9a), the increase in the RNC causes a
decrease in the VOC conversion. At the reactor outlet the VOC
conditions of Fig. 9a and b.



Fig. 12. Axial concentration profiles of acetaldehyde for the same conditions of
Fig. 11.
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concentration for RNC= 0.5 (59.1 mg C/m3) is almost three times
higher than that achieved for RNC= 0. For the more realistic
adiabatic condition (Fig. 9b), the increase in RNC causes a deeper
decrease in the VOC conversion. In fact, the outlet VOC
concentration for RNC= 0.5 is now 202.6 mg C/m3, i.e, the increase
in the pollutant emission caused by the washcoat non-uniformity
is more than three times that of the isothermal case.

Fig. 10 shows the corresponding temperature profiles for the
conditions of Fig. 9. For the isothermal model, a single temperature
profile at 198.8 �C represents both situations: RNC = 0 and RNC= 0.5.
Conversely, when the model is solved for adiabatic conditions, the
total temperature rise in the gas phase for RNC= 0.5 is lower than
that of the idealized catalyst distribution. The accumulation of
catalytic material in the corner of the channels causes a drop in the
effective reaction rates, which leads to lower heat generation rates
and therefore lower temperature rises. This thermal effect
reinforces the decrease of VOC conversion observed under
isothermal conditions. Furthermore, gas-solid temperature gra-
dients also diminish: for RNC= 0, the maximum temperature drop
over the film is 3.1 �C, while for RNC= 0.5 the maximum
temperature drop is 2.3 �C (results not shown in Figs. 9 and 10).
This attenuation in the interfacial temperature gradients also
contributes to worsening the emission of VOCs.

3.3. Influence of inlet ethanol concentration (C0Et) under non-uniform
coating

Since the feed concentration may fluctuate temporarily in
practice (VOC abatement under variable emission patterns) it is
important to evaluate the effect of C0Et on the outlet variables when
non-uniform catalyst distribution occurs.

Figs. 11–13 illustrate the influence of the inlet ethanol
concentration on the reactor behaviour. The results correspond
to three different inlet ethanol concentration values (C0Et = 700,
1000 and 1300 mg C/m3) and two normalized curvature radius
(RNC= 0 and 0.5) at constant inlet temperature (T0 = 180 �C) and
constant gas hourly space velocity (GHSV = 3.06 � 105 h�1).

As C0Et increases, the intensification of the heat effects (higher
DTg inlet-outlet and higher DTs-g,max) causes faster consumption of
VOCs for both RNC= 0 and RNC= 0.5. The effect of the catalyst non-
uniformity on the pollutant emission, however, will depend on the
selected operating condition. For the highest C0Et value, almost
complete VOC abatement is achieved in both cases, RNC= 0 and
Fig. 11. Axial concentration profiles of ethanol for two curvature normalized radius
(RNC= 0 ad 0.5) and three levels of ethanol concentration inlet (C0Et = 700, 1000 and

1300 mg C/m3). T0 = 180 �C, GHSV = 3.06 � 105 1/h, dw = 30 mm, b = 1.115 mm,
L = 10 cm.
RNC= 0.5. Accordingly, the outlet temperature is the same: 239.7 �C
(see Fig.13, curves for C0Et = 1300 mg C/m3). However, it is clear that
for RNC= 0.5 the complete VOC abatement occurs at an axial
position closer to the reactor outlet (Fig. 12).

For C0Et = 1000 mg C/m3 and RNC= 0 it is possible to ensure the
environmental specifications of VOC emission, while for RNC= 0.5
the ELV has been exceeded (Fig. 12). The total temperature rise for
RNC= 0.5 is around 5 �C lower than that achieved for RNC= 0 (see
Fig. 13). At this intermediate feed concentration, the non-
uniformity of the catalyst makes the reactor length insufficient
to satisfy the process requirements.

Finally, for the lowest C0Et value it is not possible to accomplish
VOC emissions standards in either case. The feed preheating
becomes deficient (T0 excessively low), i.e., even an ideal catalyst
distribution (RNC= 0) does not guarantee the fulfilment of the
specifications.

3.4. Influence of the inlet temperature (T0)

Fig. 14 shows the light-off curves for the three levels of ethanol
inlet concentration (C0Et= 700, 1000 and 1300 mg C/m3) and the
two values of normalized curvature radius (RNC= 0 and 0.5)
selected previously. In the ordinate axis, the variable CVOC
represents the concentration of unconverted volatile organic
Fig. 13. Axial temperatures profiles in the gas (continuous line) and solid (dashed
lines) phases for the same conditions of Fig. 11.



Fig. 14. Influence of the inlet temperature on the outlet concentration of the
carbonaceous species (CVOC). Remaining conditions are the same as in Fig. 11.
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compounds (ethanol + acetaldehyde) at the reactor outlet. As C0Et
increases, light-off curves are steeper due to the higher thermal
effects and lower inlet temperatures are needed to reach the ELV of
VOC. For the idealized case (RNC= 0), the feed stream has to be
preheated (at least) up to 181, 179.5 and 178 �C to satisfy the ELV, as
the feed concentration raises from 700 to 1300 mg C/m3. This
behaviour has been discussed in a previous contribution [36]. It is
important to note that as C0Et increases the light-off curves for both
normalized curvature radius (RNC= 0 and 0.5) tend to distance
themselves from each other. For C0Et = 1300 mg C/m3, the highest
difference in CVOC between both catalyst distribution is registered
at T0 = 178 �C (DCVOC= 442 mg C/m3). This maximum difference is
around 228 mg C/m3 for C0Et = 1000 mg C/m3 (at T0 = 179.2 �C) and
finally, DCVOC = 105 mg C/m3 for C0Et = 700 mg C/m3 (at T0 = 180.7
�C).

Consequently, as the thermal effects are more significant, the
non-uniformity of the catalyst coating has a stronger influence on
the outlet conversion of VOCs. The common model assumption of
Fig. 15. Influence of the inlet temperature on the total temperature rise in the gas
phase. Remaining conditions are the same as in Fig. 11.
ideal catalytic material distribution (RNC= 0) can lead to predict
VOC concentrations significantly lower than the real ones.

The corresponding total temperature rises (DTg) in gas phase
are shown in Fig. 15. It is clear that once T0 is high enough to reach
the ELV, DTg becomes constant at the value of the adiabatic
temperature rise (DTad = 32.1, 46.1, 59.9 �C for C0Et = 700, 1000 and
1300 mg C/m3, respectively). Again, as the feed concentration rises,
the differences between the curves of DTg corresponding to both
curvature radius becomes more pronounced. Under these con-
ditions, the temperature of the gas stream leaving the monolith
can be considerably overestimated if RNC= 0 is assumed.

4. Conclusions

A steady-state 1-D heterogeneous mathematical model is used
to evaluate the influence of the catalyst distribution inside the
channels on the performance of a monolith for VOCs abatement.

The accumulation of catalytic material in the corners of the
channels, estimated by the curvature radius (RNC), can deteriorate
significantly the reaction rates inside the washcoat. For higher
values of RNC, the averaged effectiveness factors drop significantly,
leading to conditions of incomplete VOC conversion.

In presence of high feed concentrations of VOCs, the tempera-
ture rises are significant, which magnify the effect of the non-
uniformity in the catalytic material. As RNC increases, the lower
heat generation rates cause lower temperature levels along the
reactor length. This result, together with the lower temperature
differences in the gas-solid interface, contributes to reduce the
effective reaction rates. Consequently, higher inlet temperatures
and/or lower space velocities will be necessary to reach the
Emission Limit Value of VOC (ELV = 20 mg C/m3).

The light-off curves are strongly affected by the value of the
curvature radius, i.e, if the catalyst accumulation phenomenon is
neglected the differences in the predictions of the unconverted
VOCs concentrations can be significant.

The usual modelling assumption of ideal catalytic material
distribution (RNC= 0) can result in predicting VOC conversions and
outlet gas temperatures higher than the real ones. This overesti-
mation in the outlet variables is clearly non-conservative and may
lead to unsuitable designs of the monolith reactor and the
preheating zone of the gas stream.

The present simulation results, obtained for an adiabatic
catalytic reactor operating at steady-state conditions and for a
single pollutant (ethanol) in the feed stream, can be useful for
further investigations focused on non-adiabatic monoliths, multi-
ple reactants and/or transient conditions caused by variable
emission patterns of VOCs.
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