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A simulation study of a monolithic reactor for the catalytic oxidation of Volatile Organic Compounds
(VOC) over a Mn-Cu mixed oxide catalyst is presented. A heterogeneous 1D mathematical model is
selected to describe the performance of the reactor under adiabatic and steady-state operation.
Internal (washcoat) mass transport limitations and external (gas-solid) mass and heat transport limita-
tions in the reactor are taken into account.
Proper quantification and analysis of both, internal and external resistances contribute to design and

operate the reactor under conditions that favour VOC abatement.
The influence of the heat effects and different operating variables and design parameters on the reactor

performance are analysed, aiming to meet environmental standards of VOC emissions with the lowest
preheating energy requirements.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction VOCs are mostly generated by chemical and petrochemical
Emission control of hazardous air pollutants, including Volatile
Organic Compounds (VOCs), is one of the priorities for environ-
mental catalysis because of its many harmful effects on health
and the environment [1].
industries. These emissions should be treated to reduce their con-
centration to the permitted levels currently established by global
environmental standards. The European Commission sets an emis-
sion limit value (ELV) of 20 mg C/Nm3 in a stream discharged into
the atmosphere [2].

Catalytic oxidation is a particularly suitable technology for
treating large flows of low VOC concentrations [1,3].

Considerable efforts have been directed towards obtaining suit-
able catalysts for catalytic oxidation of VOCs [4–6]. It has been

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2016.05.055&domain=pdf
http://dx.doi.org/10.1016/j.cej.2016.05.055
mailto:mlrodri@unsl.edu.ar
http://dx.doi.org/10.1016/j.cej.2016.05.055
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej


Notation

av gas-solid interfacial area, m2/m3

Al lateral area, m2, calculated as AL ¼ 4ðb� 2dwÞCNL
Ao open frontal area, m2, calculated as Ao ¼ ðb� 2dwÞ2CN
AT transversal area, m2, calculated as Ar ¼ b2CN
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, molj/
m3 or mg C/m3

Css,j concentration of j component at surface of the solid
phase, molj/m3 or mg C/m3

CVOC
⁄ emission limit value of VOC, mg C/m3

CN channels number, dimensionless
Cpj specific heat of j component, kJ/(kmol K)
De,j effective diffusion coefficient for j component, m2/s
Ei activation energy of i reaction, J/ mol
GHSV gas-hourly space velocity, 1/h
he convective heat transfer coefficient, J/(s m2 K)
kg,j convective mass transfer coefficient from gas to solid

interface, m3
f /(m2 s)

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
mw catalyst mass, g
P pressure, atm
qgen heat generation rate, J/(m3 h), calculated as

qgen ¼ g1;intr
S
1ð�DHr1Þ þ g2;intr

S
2ð�DHr2Þ

Q0 volumetric feed flow rate, N m3/h
ri reaction rate of i reaction, i = 1, 2, mol/(m3

w s)
rBi reaction rate of i reaction at gas phase, i = 1, 2, mol/

(m3
w s)

reffi effective reaction rate of i reaction, i = 1, 2, mol/(m3
w s)

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

w s)
R universal gas constant, J/(mol K)
T gas phase temperature, �C
TS solid phase temperature, �C
T0,min minimum inlet temperature, �C
us average gas velocity, m/s
Vg gas volume, m3

Vw washcoat volume, m3

x transversal coordinate, m
yj molar fraction of j component, dimensionless
z axial coordinate, m
C carbon

C2H5OH ethanol
C2H4O acetaldehyde
CO2 carbon dioxide
H2O water
LHHW Langmuir-Hinshelwood
O2 oxygen

Greek letters
dw washcoat thickness, lm
DHo

ri heat of i reaction at standard conditions, J/mol
DHri heat of i reaction, J/mol
DT total temperature gradient (inlet-outlet) in the gas

phase, �C
DTs-g interfacial temperature gradient, �C
DTs-g,max maximum interfacial temperature gradient, �C
gi,ext external effectiveness factor of i reaction, dimensionless
gi,int internal effectiveness factor of i reaction, dimensionless
gi;ext axially averaged external effectiveness factor of i reac-

tion, dimensionless
gi;int axially averaged internal effectiveness factor of i reac-

tion, dimensionless
qw washcoat density, kg/m3

Subscripts
Ac acetaldehyde
Et ethanol
ext external
i i reaction
int internal
j j component
max maximum
min minimum
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
⁄ reference condition
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demonstrated that Mn–Cu mixed oxide catalysts are highly active
at moderate temperatures for the catalytic oxidation of a wide
variety of VOCs [7]. Catalysts have a finite life in terms of activity,
and exposure to high temperature over time reduces the catalytic
activity [4,8]. Additionally, for large flow rates, the preheating of
the gaseous stream to achieve the required temperature levels that
guarantee full VOCs conversion, produces a significant operative
cost [9]. Recuperative catalytic conversion is a promising choice
to preheat the gaseous stream, in which the thermal energy in
the effluent gas is exchanged with the influent [10] but is not
always suitable when the stream presents temporal emissions
patterns.

An accurate determination and setting of the minimal inlet
temperature of the gaseous stream according to its flow rate and
VOC inlet concentration as an anticipative control strategy, would
contribute to reaching the ELV of VOCs emissions with minimum
economic loss.

In the last three decades, the success of monoliths as converters
of engine emissions has encouraged researchers to improve other
gas phase reactions by using monolithic catalysts and reactors
[11]. The major advantages of this design are low pressure drops
under high fluid throughputs leading to an energy-efficient opera-
tion, short diffusion path in the catalyst and high external surface
area, among others [11,12]. All these advantages become mono-
liths particularly appropriate for catalytic combustion [12,13].

Detailed modelling and simulation play a very important role in
the designs of these systems [14–17]. Since catalytic combustion
reactions are extremely fast, both inter-phase and intra-phase
transport limitations are likely to be significant and have to be
properly considered to analyse a reactor performance. Numerous
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Fig. 1. (a) Schematic representation of the monolithic reactor. (b) Representation of
the mass and heat transfer resistances considered in a differential control volume.
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theoretical studies have been conducted with the aim of under-
standing the effect of these resistances. Internal diffusion limita-
tion could be significant when temperature is high (>430–530 �C)
even with very thin washcoat thickness [15,18]. Geometrical
parameters also have a relevant influence on internal diffusion lim-
itation, Leung et al. [19] and Kolaczkowski and Serbetcioglu [15]
studied CO oxidation over noble metals based catalyst systems.
They demonstrated that the internal diffusion is strongly affected
by the catalyst accumulation in the corners of the channels. A sim-
ilar conclusion was reached by Tomašić and Gomzi [20] when they
performed 2-D simulation of NO decomposition in a catalytic
monolith reactor. Hayes et al. [21], investigated the influence of
washcoat and channel shape on the mass transfer concluding that
the internal diffusion affects the magnitude of the external mass
transfer resistance. The washcoat thickness, the channel radius,
including its non-uniformity around the channel, and the angular
diffusion in the washcoat caused by variable thickness are the
three factors that determine the rates of mass transfer.

Holmgren and Andersson [22] observed that for CO oxidation,
external mass transfer became the controlling step at temperatures
as low as 300 �C. In addition the combination of external mass and
heat transfer could make the effect even stronger [15], which could
not be neglected during kinetics study or scale-up design.

Design variables such as opening and cross-sectional shape of
the monolith channels also have a significant influence on the heat
transfer properties. Kolodziej and Lojewska [23] studied the effi-
ciencies of different units of short-channel structures built of dif-
ferently shaped (triangular, parallel plates and square) for
combustion of air pollutants in terms of the mass and heat trans-
port and the reaction kinetics. Groppi et al. [24] demonstrated that
the light-off position inside the reactor is anticipated when
increasing the channels diameter and is also associated with
square channel cross sections. As a general fact, monoliths with
worse transport properties exhibit better light-off characteristics
[25,26].

In this work, we present a theoretical study of a monolithic
reactor for the catalytic oxidation of ethanol over a Mn-Cu mixed
oxide catalyst using Langmuir-Hinshelwood kinetic expressions.
A heterogeneous 1D mathematical model is selected to describe
the performance of a pilot scale reactor of square channel section
under adiabatic and steady-state operation.

The study explores and evaluates the relative importance of
internal (washcoat) mass transport limitations and external (gas-
solid) mass and heat transport limitations in the reactor with the
aim of defining the conditions that meet environmental standards
of VOC emissions with the lowest preheating energy requirements
under different operating scenarios. There are also explored geo-
metric conditions that increase external temperature gradients
and favour VOCs abatement.

From the results is also possible determine the range of opera-
tion conditions where simplified models (isothermal heteroge-
neous model and adiabatic pseudohomogenous model) can
significantly over- or underestimate the outlet VOC concentration,
leading respectively, to undesirable situations of excessive pre-
heating of the air stream to meet VOC emissions specifications
or, conversely, to risky conditions of incomplete VOC abatement.
2. Mathematical model

2.1. Model equations

Fig. 1a shows the schematic representation of the design under
study. A stream of ethanol diluted in air enters the ceramic mono-
lithic reactor. Channels of square section are impregnated with the
Mn–Cu mixed oxide catalyst [27]. Fig. 1b illustrates the mass and
heat transfer resistances considered in a differential control
volume.

A heterogeneous 1-D mathematical model is proposed to simu-
late the adiabatic and steady state operation of the monolith reac-
tor, 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) Concentration and temperature variations in radial direction
(plug flow) are neglected [28].

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

and heat Peclet numbers are much higher than 50) [28].
(e) Internal and external mass transfer diffusional limitations

are considered as well as external heat transfer resistances.
(f) Isothermal conditions in the catalyst layer are assumed from

the evaluation of Biot number [29] and Prater number [30],
both values are much less than one.
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(g) Inside the channel the flow is unidirectional
(h) A single channel is assumed to be representative of the

whole reactor: the velocity distribution is uniform among
the channels, the catalyst is equally distributed and there
is no radial heat loss [16].

By assuming that the distribution of the washcoat is uniform
around the perimeter of the cell, the catalyst layer may then be
modelled as a slab of thickness dw.

The catalytic combustion of ethanol is evaluated by means of
the kinetic model proposed by Campesi et al. [31]. Two series reac-
tions 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, the mass balances corre-
sponding to ethanol and acetaldehyde are enough to know the
extent of reaction 1 (e1) and 2 (e2). The concentrations of the
remaining species CO2, O2, N2 and H2O are obtained from the molar
balances as function of the parameters e1 and e2 [32].

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

Gas phase
Mass balances

dCEt

dz
¼ � Vw

usVg
g1;intr

S
1 ð3Þ

dCAc

dz
¼ Vw

usVg
g1;intr

S
1 � g2;intr

S
2

� �
ð4Þ

gi;int ¼
R Vw

0 riðCs;jÞdVw

VwriðCS
j Þ

¼ reffi

rSi
ð5Þ

Heat balance

dT
dz

¼ Vw

usVg

g1;intr
S
1ð�DHr1Þ þ g2;intr

S
2ð�DHr2ÞP6

j¼1CpjCj

ð6Þ

Inlet conditions:
At z=0:

CEt ¼ C0Et; CAc ¼ C0Ac; T ¼ T0 ð7Þ
Table 1
Reaction system and kinetic expressions [31].

Reaction system Kinetic expressions

C2H6O + (1/2)O2 ? C2H4O + H2O r1 ¼ kref ;1 exp �ðE1=RÞð1=T�1=Tref Þ½ �CEt

1þKcEt CEtþKcAcCAc

(1)

C2H4O + (5/2)O2 ? 2CO2 + 2H2O r2 ¼ kref ;2 exp �ðE2=RÞð1=T�1=Tref Þ½ �KcA
1þKcEtCEtþKcAcCAc

(2)

Table 2
Kinetic parameters [31] 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�1 mol/(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) � 102 m3/mol
�DHo

r1 1.73 � 105 J/mol

�DHo
r2 1.10 � 106 J/ mol
Solid phase
Mass balances (washcoat)

De;Et
d2Cs;Et

dx2
¼ �Vw

Vg
r1ðCs;jÞ ð8Þ

De;Ac
d2Cs;Ac

dx2
¼ Vw

Vg
ðr1ðCs;jÞ � r2ðCs;jÞÞ ð9Þ

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

kg;jðCj � CS
s;jÞ ¼ �De;j

dCs;j

dx

� �����
x¼0

ð10Þ

At x = dw (washcoat-cordierite surface):

dCs;j

dx
¼ 0 with j ¼ Et;Ac ð11Þ

Heat balance

avheðTS � TÞ ¼ g1;intr
S
1ð�DHr1Þ þ g2;intr

S
2ð�DHr2Þ ð12Þ

Physical parameters of the catalyst (mean pore radius, washcoat
porosity and tortuosity factor) [33] and physical and thermody-
namic properties of the components are extracted from the open lit-
erature [32,34].

The convective mass and heat transfer coefficients are obtained
from the Nusselt expression applicable to square-channel struc-
tured reactors proposed by Hawthorn [35]. Molecular binary diffu-
sivity is calculated following Fuller, Schettler and Giddings’s [36]
semi empirical equation. Molecular mixed diffusivity for diluted
systems, Knudsen diffusivity and effective diffusivity are calculated
according to Froment and Bischoff’s [37] guidelines.

2.2. Numerical solution

The differential equations for the gas phase are integrated using
the Gear method [38]. The differential equations for the washcoat
are discretized by means of second order finite differences, using a
grid of equally spaced points. For each axial position, the nonlinear
algebraic equations generated by the interior grid points are solved
through a Quasi-Newton algorithm.

3. Results and discussion

3.1. Influence of inlet temperature (T0)

Fig. 2 illustrates the influence of the inlet temperature on the
outlet concentration of the carbonaceous species involved in the
reactions: ethanol, acetaldehyde and carbon dioxide, as well as
the total outlet VOC concentration (ethanol + acetaldehyde). These
results are obtained at both constant ethanol inlet concentration
(C0Et = 1000 mg C/m3) and constant gas hourly space velocity
(GHSV = 3.04 � 105 1/h). GHSV is calculated as the ratio between
the volumetric flow rate at normal conditions and the total volume
of the catalyst. The main operative conditions and design parame-
ters are summarized in Table 3.

The behaviour of the ethanol concentration is monotonically in
decrease with inlet temperature while carbon dioxide concentra-
tion displays a continuous raise due to the evolution of reaction
2. Acetaldehyde concentration exhibits the typical behaviour of
an intermediary species, this is, firstly it presents an ascending
zone at temperatures at which is mainly produced, reaching a
maximum at T0 = 169 �C, beyond which the concentration shows
a descending zone because the acetaldehyde consumption is
favoured by high temperatures.
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Fig. 2. Influence of the inlet temperature, on both the outlet concentration of the carbonaceous species (left ordinate axis) and total temperature gradient in the gas phase
(right ordinate axis) for GHSV = 3.04 � 105 1/h, b = 1.115 mm, dw = 20 lm, CN = 13,950 and L = 10 cm.

Table 3
Operative and geometrical parameters.

Parameter Value

Channel length, L 0.10 m
Channel width = height, b 1115 lm
Cell density 400 cpsi
Channels number, CN 13,950
Monolithic material cordierite (2MgO�2Al2O3�5SiO2)
Support Nyacol
Catalytic material Mn–Cu
Washcoat thickness, dw 20 lm
Washcoat density, qw 4030 kg/m3

Washcoat mass, mw 665 g
Inlet temperature, T0 160–200 �C
Inlet pressure, P0 1 atm
Volumetric feed flow rate, Q0 37.2 m3/h
Gas-hourly space velocity, GHSV 3.04 � 105 1/h
Inlet VOC concentration, C0Et 50–1500 mg C/m3
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The total VOC concentration curve presents a continuous
decrease with T0, overlapping with the acetaldehyde curve at tem-
peratures at which ethanol concentration has been almost totally
consumed.

To accomplish VOC emissions standards, outlet VOC concentra-
tions must be lower than 20 mg C/m3. This limit concentration
value is called CVOC

⁄ and the minimum inlet temperature that
achieves CVOC

⁄ is called T0,min (see Fig. 2).
Fig. 2 also shows the total temperature gradient (inlet-outlet) in

the gas phase (DT) at the right ordinate axis. DT increases with the
inlet temperature in accordance with the increase in the VOC con-
versions (higher heat generation). When the total VOC conversion
is achieved, DT reaches 46 �C, the value of the adiabatic tempera-
ture rise for these inlet conditions.

Fig. 3 presents ignition curves for three different inlet ethanol
concentration values (C0Et = 500, 1000 and 1500 mg C/m3) at con-
stant space velocity (GHSV = 3.04 � 105 1/h).

The increase in C0Et leads to more significant thermal
effects within the reactor. DT increases from 24 �C (for C0Et =
500 mg C/m3) to almost 70 �C (for C0Et = 1500 mg C/m3).

As C0Et increases, the intensification of the heat effects causes
faster consumption of VOCs. As a consequence, the ignition curves
become sharper and the value of T0,min decreases. This diminution
in the minimum inlet temperature to satisfy the emission
standards would be even more pronounced in metallic monoliths,
because of the heat conduction towards the reactor inlet occurring
through the solid phase. This heat feedback contributes to the reac-
tion ignition and has not been taken into account in the present
work, due to ceramic monoliths with low thermal conductivities
are considered.

Fig. 4 shows the minimum inlet temperatures to ensure the
environmental specifications (20 mg C/m3) at different inlet
ethanol concentrations, for the same space velocity
(GHSV = 3.04 � 105 1/h) and design parameters (b = 1.115 mm,
dw = 20 lm, CN = 13950, L = 10 cm). The right ordinate axis exhibits
both the reactor temperature rise (DT) and the maximum temper-
ature drop over the external film along the reactor (or maximum
interfacial temperature gradient) (DTs-g,max).

At low values of C0Et the heat effects are mild, and higher inlet
temperatures are needed to achieve CVOC

⁄ , i.e., higher T0,min are nec-
essary to reach the higher required VOC conversions. For the case
of C0Et = 450 mg C/m3, the inlet temperature to reduce the involved
VOCs to the desirable value reaches its maximum value, i.e, T0,min -
� 181.4 �C. Further increments of C0Et leads to more significant
temperature gradients in the monolith, it can be noticed the
increase of both, DT and DTs-g,max. These higher thermal effects

accelerate the effective reaction rates (reff1 and reff2 ), as a conse-
quence lower T0,min are required to meet the outlet specification.

Maximum difference between bulk and surface temperatures
(DTs-g,max) may be considered significant for C0Et higher than
1000 mg C/m3, and for 1500 mg/m3 the interfacial thermal gradi-
ent rises up to 12 �C.

Four different operative conditions are shown in Fig. 4: points A,
B, C and D. Four C0Et are selected (C0Et = 150, 500, 1000 and
1500 mg C/m3) at the same inlet temperature (T0 = 180 �C). The
representation demonstrates that for the lowest C0Et value
(150 mg C/m3, condition A), an inlet temperature of 180 �C is high
enough to meet the specification. For an intermediate C0Et value
(500 mg C/m3, condition B) the temperature is not enough to
reduce the VOC content. For the two highest C0Et values (1000
and 1500 mg C/m3, conditions C and D, respectively) T0 enables
meet the standards once again.

Axial concentration profiles of ethanol and acetaldehyde for
these four operating conditions are exhibited in Fig. 5a. Ethanol
shows more pronounced decreasing profiles as C0Et is increased,
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and for all the cases ethanol is completely removed. The acetalde-
hyde curves present the expected maximum, which is more rele-
vant as C0Et increases. As described above, for the low C0Et value
(150 mg C/m3, condition A) it is possible to reach the standard,
i.e. the acetaldehyde concentration (CAc) is lower than 20 mg C/
m3 at the reactor outlet. This does not occur for C0Et = 500 mg C/
m3 (condition B) being CAc at z = 10 cm clearly higher than
20 mg C/m3. Finally, for the two highest values of C0Et, CAc � 0 at
z = 10 cm (conditions C and D). For C0Et = 1000 mg C/m3 the com-
plete VOC abatement is achieved at z � 9.5 cm, while for
C0Et = 1500 mg c/m3 a complete VOC elimination is reached at
z � 7.6 cm due to further contribution of the thermal effects.
Fig. 5b displays the corresponding axial temperature profiles in
the gas and solid phases. The total temperature rises are more
relevant as C0Et increases: DT is 6 �C for C0Et = 150 mg C/m3 and
DT is almost 70 �C for C0Et = 1500 mg C/m3. The axial profiles of
the interfacial temperature differences, DTs-g, are presented in
Fig. 5c. The maximum temperature gradient over the external film
is around 3 �C for C0Et = 1000 mg C/m3 and almost 14 �C for
C0Et = 1500 mg C/m3.

In Fig. 6, the curves of T0,min obtained from the adiabatic hetero-
geneous model and an idealized isothermal heterogeneous model
are compared.

For the isothermal model, the mass balances in gas and solid
phase remain unchanged (Eqs. (3)–(5) and (8)–(11)), however the
heat effects of the reaction rates are neglected (DHri � 0) and the
axial gas phase temperature is constant and equal to the solid
phase temperature.
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Both models overlap at low C0Et values, for which the thermal
effects are low. In the case of the adiabatic model, a maximum in
the T0,min curve there exists, i.e, (T0,min)max, above which the mono-
lithic reactor should be operated to ensure the allowed VOC emis-
sion for the entire C0Et range. For the isothermal conditions,
continuous increases in T0,min with C0Et would be necessary to meet



Fig. 6. T0,min for different C0Et. Comparison between the adiabatic and the
isothermal models for the conditions of Fig. 4.
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VOC emissions specifications. However, this will not be the case
when large scale monolithic reactors are being used for VOC
abatement.

3.2. Influence of inlet flow rate (Q0)

Fig. 7 shows the influence of the gas hourly space velocity on
the values of T0,min by varying the inlet flow rate (Q0). A reference
value of Q0

⁄ = 37.2 Nm3/h is considered (intermediate curve). As
Q0 increases, higher inlet temperatures are required, to satisfy
the outlet specifications. This increase in the values of T0,min with
Q0 is necessary to compensate the lower residence times. More-
over, an additional amount of heat is required to achieve the ener-
getic supply to preheat larger air streams.

Three different operative conditions are indicated in Fig. 7:
points A, B and C, which are selected for a given value of C0Et
(1000 mg C/m3) at different Q0.

Fig. 8 exhibits the axial temperature profiles in the gas and solid
phases for the three operative conditions specified above. In all the
cases, the temperature profiles have a moderate increase of tem-
perature in more than half of the reactor length, showing a steeper
temperature elevation in the final zone of the reactor, where
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mainly proceeds the acetaldehyde consumption by reaction 2, sig-
nificantly more exothermic than reaction 1 (Table 2). The three
temperature profiles for the gas phase are almost parallel, achiev-
ing a similar total temperature increase (�45 �C), due to the VOC
concentrations at both reactor inlet (1000 mg C/m3) and reactor
outlet (20 mg C/m3) are the same for all the cases. As Q0 increases
the temperature level in the reactor rises, this leads to faster
effective reaction rates, i.e. higher heat generation rates. As a
consequence, DTs-g becomes more relevant. This is confirmed by
inspection of the curves: the temperature profiles for both phases
tend to separate as Q0 increases.

Fig. 9a shows axial profiles of effective reaction rate 1 (left ordi-

nate axis) for the operating conditions of Fig. 8. The reff1 profiles are
descending in agreement with the ethanol depletion. As Q0

increases reff1 is higher because of the higher T0,min required to meet
the specifications. The internal effectiveness factors of reaction 1

(g1;int), defined as the ratio between reff1 and rS1 are presented in
Fig. 9a (right ordinate axis). A non-monotonous behaviour is regis-
tered, with a climb in the first quarter of the reactor length, achiev-
ing then a plateau zone and finally a decrease in the last quarter of
the reactor length. g1;int show the lower values in zones where
acetaldehyde concentration is low. This behaviour is associated
with the kinetic expression for reaction 1 (LHHW type) and the rel-

ative behaviour between reff1 and rS1 in different axial positions
inside the reactor. Non-monotonous behaviours in the effective-
ness factors have been reported in the literature for LHHW kinetics
expressions [16].The highest temperatures associated with the
high flow rates tend to increment the mass transfer resistances
in the washcoat and the lowest g1;int are found. Fig. 9b shows the
corresponding axial profiles of effective reaction rate 2 (left ordi-

nate axis). The reff2 profiles present a maximum in axial positions
where acetaldehyde is mainly consumed. As expected, for higher
Q0, the temperatures inside the reactor are higher (see Fig. 8), this

leads to faster reaction rates and the maximum values of reff2 are
found when Q0 increases. The internal effectiveness factor of reac-
tion 2 (g2;int) is also included in Fig. 9b; g2;int is defined as the ratio

between reff2 and rS2. In the first zone of the reactor, where acetalde-
hyde is mainly generated, g2;int is higher than 1. Conversely, in the
last zone of the reactor where acetaldehyde is mainly consumed
g2;int is lower than 1. This drop is more pronounced at high Q0 val-
ues, since the reactor operates at high temperatures levels and
internal mass transfer resistances become more relevant. In the
middle of the reactor, g2;int present a plateau zone with a value
close to 1. Again, when acetaldehyde concentration is low, reaction
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2 behaves as a first order reaction (see Eq. (2)) and g2;int takes val-
ues different to one. In zones where acetaldehyde concentration is
high enough, reaction 2 approximates to a zero order reaction and
g2;int � 1.

Fig. 10 displays the external effectiveness factors of reaction 1
(Fig. 10a), external effectiveness factor of reaction 2 (Fig. 10b), as
well as interfacial temperatures gradients (Fig. 10c), for the opera-
tive conditions selected in Fig. 7 (points A, B and C). gi;ext is defined

as the ratio between rSi and rBi . As it can be observed, g1;ext and g2;ext

exceed the unity in axial positions where the temperature drop
over the film achieves their maximum value. This behaviour is
favoured at high Q0. In these situations, the heat generation rate
is higher and, as a consequence, the maximum temperature drop
over the film increases and its axial position shifts to the entrance
(from z = 9.84 cm to 9.15 cm, see Fig. 10c).

The axial position where DTs-g,max are located coincide not only
with the maximum slopes in the gas-phase axial temperature pro-

files (see Fig. 8), but also with the position where reff2 achieved their
maximums values (see Fig. 9b). Notice that heat of reaction 2 is
clearly higher than heat of reaction 1 (DHr2 > DHr1).

For the highest flow rate considered (Q0 = 2Q0
⁄), at axial posi-

tions where DTs-g,max is located rS1 is almost 20% greater than rB1
(Fig. 10a) and rS2 is 40% superior than rB2 (Fig. 10b). This higher
sensibility of r2 with temperature finds its explanation in the
activation energy values (E2 > E1, see Table 2).

Fig. 11 showsDTs-g vs. the heat generation rates (qgen) defined as
the right hand side of Eq. (12)), for the operating conditions
indicated in Fig. 7. As it can be observed, the three cases are situ-
ated over a same straight line, which slope is defined as the inverse
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of the product avhe (see Eq. (12)). The slope is nearly the same in
the three cases due to he has a slight dependence with us (Q0)
and the interfacial area remains unchanged (e.g. the same design
parameters are considered).

However, the heat generation increases with Q0 due to the fact
that higher temperatures are required to eliminate the increasing
molar flows of VOC fed to the monolith. While DT is the same in
all the cases, increasing DTs-g are needed to transfer the heat gen-
erated from the solid phase. The maximum heat generation are
located at axial positions where the DTs-g,max are found, these posi-
tions are indicated on Fig. 11.

Fig. 12a displays concentration cross-section profiles of ethanol
and acetaldehyde at the reactor inlet (z = 0 cm). As expected, the
0 2 4 6 8 10 12 14 16 18 20
700

750

800

850

900

950

1000

1050

Q
0
=0.5Q*

0

Q
0
=Q*

0

Q
0
=2Q*

0

C
A

c  [m
g C

/m
3]C

E
t [m

g 
C

/m
3 ]

x [μm]

(a)

(b)

0

50

100

150

200

250

0 2 4 6 8 10 12 14 16 18 20
0

1

2

3

4

5

Q
0
=0.5Q*

0

Q
0
=Q*

0

Q
0
=2Q*

0

C
A

c  [m
g C

/m
3]C

E
t [m

g 
C

/m
3 ]

x [μm]Gas-solid
interface

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
320

Fig. 12. (a) Concentration cross-section profiles of ethanol (left ordinate axis) and
acetaldehyde (first right ordinate axis) in the gas phase and the washcoat at the
reactor inlet (z = 0 cm). (b) Concentration cross-section profiles of ethanol (left
ordinate axis) and acetaldehyde (first right ordinate axis) at an axial position near
the reactor outlet (z = 9.5 cm), for the operating conditions selected in Fig. 7 (points
A, B and C).

Table 4
Geometrical parameter and operative conditions for the conditions of Fig. 13.

Washcoat thickness
(dw) [m]

Open frontal area
(Ao) [m2]

Washcoat volume
(Vw) [m3]

Washcoat m
(mw) [kg]

20 � 10�6 0.0297 1.65 � 104 0.6656
30 � 10�6 0.0289 2.46 � 104 0.9917
40 � 10�6 0.0281 3.26 � 104 1.3133
50 � 10�6 0.0273 4.05 � 104 1.6303
60 � 10�6 0.0266 4.82 � 104 1.9429
70 � 10�6 0.0258 5.59 � 104 2.2510
80 � 10�6 0.0250 6.34 � 104 2.5546
ethanol profiles decrease along the x coordinate, while acetalde-
hyde profiles increase with x, because of the prevalence of the gen-
eration rate (r1). As Q0 increases, external and internal
concentration gradients for ethanol and acetaldehyde are more
pronounced due to the fact that higher T0,min are needed.

Fig. 12b shows concentration cross-section profiles of ethanol
and acetaldehyde at an axial position near the reactor outlet
(z = 9.5 cm). At this axial position, ethanol is almost depleted and
prevails acetaldehyde consumption due to decreasing concentra-
tion cross-section profiles of the intermediary are observed. As
Q0 increases, it is necessary eliminate higher molar flows of VOCs.
As a consequence, steeper external and internal concentration
cross-section profiles of ethanol and acetaldehyde are detected.
3.3. Influence of design parameters on the reactor performance

3.3.1. Influence of washcoat thickness (dw)
To analyse the effect of washcoat thickness, this geometrical

parameter is increased from its reference value, dw = 20 lm, up to
dw = 80 lm. The remaining parameters are kept constant
(b = 1.5 mm, CN = 13,950, L = 10 cm). The results are obtained at
constant ethanol inlet concentration (C0Et = 1000 mg C/m3), con-
stant inlet temperature (T0 = 178 �C) and constant space velocity
(GHSV = 2.61 � 105 1/h). To maintain constant the space velocity,
Q0 is increased as dw rises. Table 4 shows the geometrical parame-
ters and operative conditions that have been modified for each
thickness value. Table 5 lists Reynolds numbers and convective
mass and heat transfer coefficients for each case.

Fig. 13 shows the outlet VOC concentration (CVOC) for different
washcoat thickness for both models, adiabatic heterogeneous and
adiabatic pseudohomogeneous models.

In the case of the pseudohomogeneous model the internal and
external mass transport resistances and the interfacial tempera-
ture gradients have been neglected, consequently the effectiveness
factors in the mass and heat balances of gas phase are set equal to 1
(see Eqs. (3)–(7)).

For the heterogeneous model, it can be observed that CVOC
increases with dw. When the washcoat thickness (dw) is over
42 lm, VOC emissions exceed the allowable value (CVOC⁄ = 20 -
mg C/m3). As a result of the low evolution of the reaction rates
(low VOC outlet conversion), the total heat generation is lower
and the reactor temperature rise decrease (see the curve corre-
sponding to DT).

The internal effectiveness factors for both reactions, g1;int and
g2;int (axially averaged values) tend to decrease with dw, which is
consistent with the increment of the internal mass transfer resis-
tances for reactions 1 and 2. Notice in the case of g1;int this drop
is more pronounced than in the case of g2;int. As it was shown pre-
viously, in Fig. 9b, g2;int remains close to one in a wide zone of the
reactor, as a consequence g2;int is slightly lower than 1.

The axially averaged external effectiveness factors, g1;ext and
g2;ext , show a slight increase with dw, which is in accordance with
the loss in the interfacial area (av) (see Table 4). That is, lower
ass Inlet flow rate (Q0)
[Nm3/h]

Linear velocity (us)
[m/s]

Interfacial area (av)
[m2/m3]

43.20 0.4036 4.932 � 104

64.36 0.6181 3.265 � 104

85.23 0.8417 2.432 � 104

105.81 1.0750 1.931 � 104

126.10 1.3185 1.597 � 104

146.09 1.5728 1.359 � 104

165.79 1.8386 1.180 � 104



Table 6
Geometrical parameter and operative conditions for the conditions of Fig. 14.

Channel
width (b)
[m]

Channel
number (CN)
[adim]

Washcoat
thickness (dw)
[m]

Interfacial
area (av)
[m2/m3]

Lateral
area (Al)
[m]

0.250 � 10�3 277,388 4.40 � 10�6 21.900 � 104 26.80
0.500 � 10�3 69,347 8.81 � 10�6 10.950 � 104 13.40
1.115 � 10�3 13,950 20.00 � 10�6 4.912 � 104 6.00
1.500 � 10�3 7705 26.40 � 10�6 3.651 � 104 4.46
2.000 � 10�3 4334 35.20 � 10�6 2.738 � 104 3.35
2.400 � 10�3 3010 42.30 � 10�6 2.282 � 104 2.79

Table 5
Reynolds numbers and convective mass and heat transfer coefficients for the
conditions of Fig. 13.

Washcoat
thickness
(dw) [m]

Re Convective mass
transfer
coefficient kg1
[m/s]

Convective mass
transfer
coefficient kg2
[m/s]

Convective
heat transfer
coefficient he
[J/(s m2 K)]

20 � 10�6 18.43 0.58 0.58 80.36
30 � 10�6 27.83 0.59 0.59 81.76
40 � 10�6 37.38 0.60 0.60 83.21
50 � 10�6 47.07 0.61 0.61 84.68
60 � 10�6 56.93 0.62 0.62 86.20
70 � 10�6 66.96 0.63 0.63 87.75
80 � 10�6 77.17 0.64 0.64 89.35
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interfacial areas lead to higher interfacial temperature differences
and, consequently, to higher external effectiveness factors. It is
important to note that despite the external effectiveness factors
show an opposite behaviour respect internal effectiveness factors,
the last effect predominates and governs the process: the perfor-
mance of the monolithic reactor deteriorates with the increase in
the washcoat thickness.

Fig. 13 also reveals that according to the predictions of the
pseudohomogeneos model, for the operating conditions selected,
VOCs would be completely removed (CVOC � 0) independently of
the washcoat thickness considered. This model performs a non-
realistic representation of the reactor performance with a clear
overestimation of VOC conversions, which is more evident as dw
increases.
3.3.2. Influence of channel width (b)
To analyse the effect of channel width (b), this geometrical

parameter is increased from 0.5 mm to 2.4 mm. With this purpose
the ethanol inlet concentration (C0Et = 1000 mg C/m3), the inlet
temperature (T0 = 180 �C), the inlet flow rate (Q0) and the gas
hourly space velocity (GHSV = 3.31 � 105 1/h) are maintained con-
stant. For all the cases analysed, the total transversal area
(AT = 0.01734 m2) is also maintained invariant. As b increases, dw
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and CN are jointly adjusted to keep constant the space velocity
(see Table 6). The rest of the design parameters remain unchanged
(see Table 3).

As b is increased, a noticeable loss in lateral (interfacial) area
occurs, as a consequence of both, the decrease in the channel num-
ber and the increase in the washcoat thickness. Fig. 14 illustrates
that higher washcoat thickness lead to drops in the averaged inter-
nal effectiveness factors, g1;int and g2;int. As explained before, g2;int is
less affected than g1;int by the increase in washcoat thickness.

Moreover, the loss in the interfacial area causes an increase in
the interfacial temperature gradient and the averaged external
effectiveness factors g1;ext and g2;ext become higher than one. This
effect is confirmed by the increase in the maximum gas-solid tem-
perature (DTs-g,max) as it is indicated in the second right ordinate
axis of Fig. 14. The higher sensibility of g2;ext than g1;ext with the loss
in the interfacial area (higher b) finds its explanation in the activa-
tion energy values of each reaction (E2 > E1).

Despite both effect are opposite, the external thermal resis-
tances control the process and lower VOC outlet concentrations
are achieved as the channel width is enlarged.

Under these conditions, the pseudohomogeneous model pre-
dicts an invariant CVOC at the reactor outlet. Conversely to the
results show in Fig. 13, in this case neglecting the transport resis-
tances lead to underestimate the VOC conversions. Except for the
smallest channels, the differences in the predictions between both
models are significant.
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4. Conclusions

From the previous results, the following main conclusions can
be summarized:

The minimum inlet temperature becomes a key parameter to
control and ensure environmental standards of VOC emissions
with low energy requirements are met, for different total gas flow
rates and inlet VOC concentrations. At high values of C0Et the heat
effects are greater and lower inlet temperatures are needed to
achieve CVOC

⁄ , i.e., for an increase of 1000 mg C/m3 in the inlet
ethanol concentration (from 500 to 1500 mg C/m3), the decrease
in T0,min is around 5 �C. The interfacial thermal gradient rises up
to 12 �C for the higher C0Et.

As Q0 increases, higher T0,min are required, reff1 and reff2 increase
leading to more pronounced concentration gradients of ethanol
and acetaldehyde inside de washcoat. As a consequence, axially
average internal effectiveness factors g1;int and g2;int diminish.

A diminution of the interfacial area of the monolithic reactor
result a key design parameter to achieve the consumption of VOCs.
As the channel width is increased, less interfacial area is available
to deposit the catalyst. If the washcoat thickness is increased in
order to maintain the total catalyst mass constant, lower internal
effectiveness factors are found. However, the loss in gas-solid area
amplifies the interfacial temperature gradients. These external
temperature gradients overcompensates the adverse effect of the
internal mass transfer resistances. Consequently, the VOC abate-
ment is favoured for the wider channels.

Notice that opposite conclusions can be obtained for lower val-
ues of ethanol feed concentrations. In fact, as ethanol inlet concen-
tration decreases, heat effects become less relevant, the influence
of the internal mass transfer resistances prevails and the smallest
values of channel width arise as the most convenient.

The washcoat thickness increase for a given channel width
leads to a loss in the interfacial area, and, consequently, to higher
interfacial temperature differences and higher external effective-
ness factors. Despite the external effectiveness factors show an
opposite behaviour respect internal effectiveness factors, the last
effect predominates and governs the process. When the washcoat
thickness (dw) is over 42 lm, g1;int is lower than 0.63 and g2;int is
lower than 0.93 for the conditions tested and VOC emissions
exceed the allowable value (CVOC⁄ = 20 mg C/m3).
Finally, it is important to remark the need of taking into account
the influence of the mass and heat transport resistances on the
reactor performance. Depending on the selected conditions, pseu-
dohomogeneous models can significantly over- or underestimate
the outlet VOC concentration, leading respectively, to undesirable
situations of excessive preheating of the air stream to meet VOC
emissions specifications or, conversely, to risky conditions of
incomplete VOC abatement.
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