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Catalytic combustion of volatile organic compounds
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Abstract

Despite the success of adsorption and thermal incineration of (C)VOC emissions, there is still a need for research on techniques which are
both economically more favorable and actually destroy the pollutants rather than merely remove them for recycling elsewhere in the biosphere.
The catalytic destruction of (C)VOC to CO2, H2O and HCl/Cl2 appears very promising in this context and is the subject of the present paper.

The experiments mainly investigate the catalytic combustion of eight target compounds, all of which are commonly encountered in (C)VOC
emissions and/or act as precursors for the formation of PCDD/F.

Available literature on the different catalysts active in the oxidation of (C)VOC is reviewed and the transition metal oxide complex
V2O5–WO3/TiO2 appears most suitable for the current application. Different reactor geometries (e.g. fixed pellet beds, honeycombs, etc.) are
also described. In this research a novel catalyst type is introduced, consisting of a V2O5–WO3/TiO2 coated metal fiber fleece.

The conversion of (C)VOC by thermo-catalytic reactions is governed by both reaction kinetics and reaction equilibrium. Full conversion
of all investigated VOC to CO2, Cl2, HCl and H2O is thermodynamically feasible within the range of experimental conditions used in this
work (260–340◦C, feed concentrations 30–60 ppm).

A first-order rate equation is proposed for the (C)VOC oxidation reactions. The apparent rate constant is a combination of reaction kinetics
and mass transfer effects.

The oxidation efficiencies were measured with various (C)VOC in the temperature range of 260–340◦C. Literature data for oxidation
reactions in fixed beds and honeycomb reactors are included in the assessment.

Mass transfer resistances are calculated and are generally negligible for fleece reactors and fixed pellet beds, but can be of importance for
honeycomb monoliths.

The experimental investigations demonstrate: (i) that the conversion of the hydrocarbons is independent of the oxygen concentration,
corresponding to a zero-order dependency of the reaction rate; (ii) that the conversion of the hydrocarbons is a first-order reaction in the
(C)VOC; (iii) that the oxidation of the (C)VOC proceeds to a higher extent with increasing temperature, with multiple chlorine substitution
enhancing the reactivity; (iv) that the reaction rate constant follows an Arrhenius dependency.

The reaction rate constantkr (s−1) and the activation energyE (kJ/mol) are determined from the experimental results. The activation energy
is related to the characteristics of the (C)VOC under scrutiny and correlated in terms of the molecular weight.

Thekr-values are system-dependent and hence limited in design application to the specific VOC-catalyst combination being studied. To
achieve system-independency,kr-values are transformed into an alternative kinetic constantK (m3/(m2 u)) expressed per unit of catalyst
surface and thus independent of the amount of catalyst present in the reactor. Largely different experimental data can be fitted in terms of this
approach. Results are thereafter used to define the Arrhenius pre-exponential factorA∗, itself expressed in terms of the activation entropy.

Destruction efficiencies for any given reactor set-up can be predicted fromE- andA∗-correlations. The excellent comparison of predicted
and measured destruction efficiencies for a group of chlorinated aromatics stresses the validity of the design approach.

Abbreviations:BET, Brunauer–Emmett–Teller method for determination of surface area; CVOC, chlorinated volatile organic compounds; DClPh,
dichlorophenol; GC, gas chromatography; HpCDD/F, heptachlorinated dibenzo-p-dioxin and dibenzofuran, respectively; HxCB, hexachlorobenzene; HxCDD/F,
hexachlorinated dibenzo-p-dioxin and dibenzofuran, respectively; MSWI, municipal solid waste incinerator; OCDD/F, octachlorinated dibenzo-p-dioxin and
dibenzofuran, respectively; PCB, polychlorinated biphenyls; PCBz, polychlorinated benzenes; PCDD/F, polychlorinated dibenzo-p-dioxins and dibenzofu-
ran, respectively; PCPh, polychlorinated phenols; PeCB, pentachlorinated benzene; PeCDD/F, pentachlorinated dibenzo-p-dioxin and dibenzofuran, respec-
tively; PeClPh, pentachlorophenol; SCR, selective catalytic reduction; TCDD/F, tetrachlorinated dibenzo-p-dioxin and dibenzofuran, respectively; TeCB,
tetrachlorobenzene; TeClPh, tetrachlorophenol; TriCB, trichlorobenzene; TriClPh, trichlorophenol; VO(acac)2, vanadyl acetylacetonate; VOC, volatile organic
compounds
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Since laboratory-scale experiments using PCDD/F are impossible, pilot and full-scale tests of PCDD/F oxidation undertaken in Flemish
MSWIs and obtained from literature are reported. From the data it is clear that: (i) destruction efficiencies are normally excellent; (ii) the
efficiencies increase with increasing operating temperature; (iii) the higher degree of chlorination does not markedly affect the destruction
efficiency.

Finally, all experimental findings are used in design recommendations for the catalytic oxidation of (C)VOC and PCDD/F. Predicted values
of the acceptable space velocity correspond with the cited industrial values, thus stressing the validity of the design strategy and equations
developed in the present paper.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Among the different techniques that can be applied to
control the emissions of (C)VOC and PCDD/F, adsorp-
tion on activated carbon and thermal oxidation appeared
to be the most appropriate abatement methods[1]. At
present, the principal technology is adsorption on activated
carbon [2], which however transfers the environmental
burden from the gas to a solid phase, to be disposed off.
Direct combustion has been the conventional incinera-
tion treatment for (C)VOCs, but temperatures exceeding
800–1200◦C are required to achieve complete destruction.
This results in high operating costs. Incomplete combustion
can give rise to a variety of by-products and insufficient
control of the cooling trajectory causes the formation of
PCDD/F in the flue gas[3,4]. Nitrogen oxides are also
exceedingly formed in these high temperature combustion
processes.

There is therefore a need for research on techniques which
are both economically feasible (low energy consumption)
and actually destroy the pollutants rather than merely re-
move them for recycling elsewhere in the biosphere. The
catalytic destruction of (C)VOC to CO2, H2O and HCl/Cl2
appears very promising in this context and is the subject of
the present paper.

The potential of catalytic oxidation will be investigated
through experiments with VOC and CVOC. These com-
pounds are not only encountered frequently in industrial
applications, but are also used in this research to simu-
late the behavior of PCDD/F towards catalytic destruc-
tion. Laboratory experiments with PCDD/F are impossi-
ble since the compounds are not available as commercial
chemicals and would moreover be highly hazardous due
to the toxicity of PCDD/F. The paper will however dis-
cuss pilot plant PCDD/F-results obtained at the MSWI
of Roeselare (Belgium) and review large scale MSWI
data.

Target pollutants such as mono and dichlorobenzene or
chlorophenols are structurally related to PCDD/F and are
often cited as precursors in the formation of these polyaro-
matic compounds[5]. These and other (C)VOC will be used
in the experimental work.

2. Literature survey on catalytic (C)VOC oxidation
processes

There have been a number of reports and patents on cat-
alytic processes for the oxidation of CVOC[6–8], mostly
related to the development of catalysts based on noble met-
als or transition metal oxides.

Noble metal catalysts are claimed to be highly effec-
tive, but their high cost and poor stability, especially in
the presence of Cl2 and HCl (produced when oxidizing
CVOC) have limited their development[9]. A literature sum-
mary for (C)VOC oxidation over noble metal catalysts and
(non-vanadia) transition metal oxides is given in reference
[10].

Supported transition metal oxides of chromium, man-
ganese, nickel, copper and cobalt[11–13] and other acidic
oxide materials such as zeolites and TiO2/SiO2 [14] have
been extensively studied, but generally they have low ac-
tivity and are often subject to deactivation when used for
CVOC oxidation. A catalyst based on oxides of copper and
manganese supported on sodium carbonate (to capture the
halogens formed) has been reported[15]. Chromium triox-
ide supported on porous carbon is also very active[16], but
the high toxicity of chromium causes serious disposal prob-
lems with this system.

Finally, the V2O5–WO3/TiO2 catalyst has been recog-
nized as combining a high activity and selectivity together
with a strong stability in the Cl2–HCl environment. The pres-
ence of the tungsten oxide prohibits catalyst poisoning by
sulfur dioxide[17]. This type of catalyst is moreover con-
sidered state-of-the-art for the selective catalytic reduction
(SCR) of NOx emissions by NH3, thus making the combined
removal of NOx and CVOCs possible, which obviously en-
hances the economic advantages of the system and makes
the technique especially useful for the treatment of flue gases
from, e.g. industrial or municipal waste incinerators.

A detailed review of published research concerning
(C)VOC destruction using vanadia catalysts is given in
Appendix A. Although the catalysts vary considerably in
composition and reactor type, almost complete (C)VOC
destruction can be achieved at sufficiently high temperature
and residence time.
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Nomenclature

A pre-exponential factor (s−1)
Am geometric catalyst surface (m2)
A∗ system-independent pre-exponential factor

(m3/(m2 h))
AP catalyst surface per unit reactor volume

(m2/m3)
AV area velocity= gas flow rate per unit of

catalyst surface (m3/(m2 h))
CO2 bulk concentration of oxygen (mol/m3)
CHC bulk concentration of the hydrocarbon

(mol/m3)
Cs,HC concentration of hydrocarbon at the

catalyst surface (mol/m3)
Cs,O2 concentration of oxygen at the

catalyst surface (mol/m3)
d thickness of the filter cake or fleece (m)
dp particle diameter (m)
d0 characteristic dimension of the catalyst

geometry (m)
De effective diffusivity of hydrocarbon in

catalyst material (m2/s)
DHC diffusivity of hydrocarbon in air (m2/s)
E activation energy (kJ/mol)
Eb bond energy (kJ/mol)
fv fractional coverage of the catalyst carrier (–)
h Planck constant (6.6256× 10−34 J s)
�Hr reaction energy (J/mol)
kB Boltzmann constant (1.38× 10−23 J/K)
kF Freundlich constant (mg/g)
km mass transfer coefficient (m/s)
kr intrinsic reaction rate constant (s−1)
k0 apparent reaction rate constant (s−1)
K system-independent intrinsic reaction rate

constant (m3/(m2 h))
L length of the fibers= width of the

square fleece (m)
MW molecular weight (Da)
n, m reaction rate exponents (–)
Nh number of fibers stacked over the fleece

height (–)
Nl number of fibers per horizontal layer (–)
NT total number of fibers in the fleece (–)
Q flow rate (m3/s)
R universal gas constant (J/(mol K))
RHC rate of reaction (mol/(m3 s))
Re Reynolds number (–)
Sc Schmidt number (–)
Sh Sherwood number (–)
SV space velocity (s−1)
�S activation entropy (J/(mol K))
t residence time (s)
T temperature (◦C or K)

u gas velocity (m/s)
V catalyst volume (m3)
Vm the fiber volume (m3)

Greek letters
δ thickness of catalyst washcoat (m)
ε porosity (–)
η destruction efficiency (–)
φ catalyst effectiveness factor (–)
φT Thiele modulus (–)

Since a catalyst’s activity is mostly limited to its outer
surface, there is a strong economic incentive to disperse this
expensive component as finely as possible on some sort of
inert or moderately active support. As shown inAppendix
A, titania and�-alumina are the most commonly encoun-
tered supports for the V2O5 catalyst. Both materials display
good dispersion properties, a high degree of porosity and
are relatively easily coated with active components. Some
reports also mention zirconia, silica and lanthana carriers. In
general, a higher (C)VOC oxidation activity was noticed for
titania supported catalysts[18], which instigated our choice
for this type of support.

Catalyst systems are encountered in a large variety of de-
signs. The catalyst can serve as its own support. This is
the case in the frequently used pelleted catalysts that are
mostly spherical and have diameters ranging from 2 to 5 mm.
The mass transfer resistance will be important in large par-
ticles, while a significantly higher pressure drop will be
experienced in a fixed bed of smaller particles. The Shell
catalysts, which contain catalytic species concentrated near
the particles’ outer surface, are a possible remedy for this
dilemma. Other important disadvantages of fixed bed cata-
lysts are possible maldistributions resulting in non-uniform
access of reactants to the catalytic surface and unfavorable
local process conditions.

Alternatively, the support can be applied on the surfaces of
a honeycomb-like monolithic block. The total walled area of
all of these small channels provides a high specific geometric
surface area, which explains the high volumetric activity
of the monolith honeycomb reactor. The flow through the
straight channels of the honeycomb reactor of the monolithic
matrix is subject to very low pressure drops, which may be
greater by two or three orders of magnitude in a packed bed
with the same external geometric surface area[19].

Other possible support materials are parallel plates and
fiber pads and gauzes. These types of catalysts are obtained
by depositing the catalytic material onto a stainless steel
net or perforated metal plate. As in the case of honey-
comb matrices, the parallel plates are assembled in modules
and inserted into the reactor in layers. Metal gauzes are
manufactured by weaving techniques and more recently
also by computer-controlled knitting. Knitted webs are
less fragile than their woven counterparts and their bulky
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Fig. 1. Cross-sectional view of a catalytic filter[52].

three-dimensional structure gives them additional surface
area. Wire life is longer than for traditional gauzes and
mechanical damage leading to catalyst loss is reduced.
Moreover, it appears that gas flow through knitted gauzes
leads to less solid particles being trapped on the surface.

Catalytic combustion processes mostly use honeycomb or
fixed bed reactors. This work presents a novel catalytic con-
cept where the catalyst is deposited on the fibers of a sin-
tered metal fleece. This system has the advantage of high
mass transfer efficiency between the gas stream and the cat-
alyst, with low pressure drop, and if required combining the
catalytic destruction of (C)VOCs with particulate removal
(dedusting efficiency> 99.9% pure) [20], thus avoiding
pore clogging and/or catalyst poisoning by fly-ash compo-
nents (Fig. 1). Since (C)VOCs are known to adsorb readily
onto dust particles (e.g. adsorption of PCDD/F on fly ash in
MSWIs), efficient dedusting of the gas stream can be nec-
essary to meet the required emission standards. An equiva-
lent Teflon support, but with embedded catalyst, the Goretex
RemediaTM filter, has also been studied.

The final choice between the different available catalyst
systems depends on the application and personal preference.

3. Theoretical treatment of catalytic combustion

3.1. Chemical equilibrium for catalytic oxidation reactions

The conversion of CVOCs by thermo-catalytic reactions
is governed by both reaction kinetics and reaction equilib-
rium. Prior to assessing the kinetics of the oxidation reac-
tions, it is important to study the complex equilibria of the
destruction reactions within the further applied temperature
range of 260–340◦C. These equilibria can be studied either
by solving the simultaneous equilibrium expressions or min-
imizing the total free energy. Both approaches are presented
by AspenPlus (version 10.2) and detailed in Ref.[10].

The calculation by the simultaneous equilibrium method
is hereafter illustrated for the oxidation of trichloroethylene.
The oxidation of trichloroethylene can proceed through dif-
ferent pathways. The following reaction scheme can be pro-

posed[21]:

(1) C2HCl3 + O2 → 2CO+ HCl + Cl2
(2) CO+ 1

2O2 → CO2
(3) C2HCl3 + 2O2 → 2CO2 + HCl + Cl2
(4) C2HCl3 + Cl2 → C2Cl4 + HCl
(5) C2Cl4 + 2O2 → 2CO2 + 2Cl2
(6) 2HCl+ 1

2O2 → H2O + Cl2

Reaction (6) is the well-known Deacon reaction which
occurs since water, oxygen and chlorine are present in the
reaction environment. Reactions (1) and (2), and (4) and (5)
are clearly not independent. The overall equilibrium is hence
determined by reactions (2) and (4).

The equilibrium was calculated in the temperature range
of 200–400◦C for a reaction environment with 21 mol% O2
and a pollutant feed concentration of 5 mol% trichloroethy-
lene. The values of the equilibrium constants were in the or-
der of 1020 for reactions (2)–(4), and approximately 65 for
reaction (5). It is thus theoretically possible to fully oxidize
trichloroethylene to CO2, Cl2, HCl and H2O.

The equilibrium calculations were validated in the exper-
imental investigations as detailed further in the paper.

For other groups of experimentally investigated VOCs
(alcohols, aromatics, chlorinated aromatics), representative
compounds were examined in a similar way. Results of
calculations for methanol, benzene, monochlorobenzene,
1,2-dichlorobenzene and toluene[10] confirm that full con-
version of all investigated VOCs to CO2, Cl2, HCl and
H2O is thermodynamically feasible within the range of
experimental conditions used in this work (260–340◦C,
feed concentrations 30–60 ppm). For some compounds, e.g.
monochlorobenzene, a small fraction will still be present
at equilibrium when starting from an extremely high inlet
concentration (e.g. 4.8 mol%), thus implying that a total
removal of this compound from the inlet stream is im-
possible no matter how long a reaction time is used. The
oxygen depletion is also clearly illustrated in the respec-
tive amounts of HCl and Cl2 being present in the reaction
products (Deacon reaction).

3.2. Catalytic combustion kinetics

3.2.1. Generalities
Catalytic combustion involves the use of a solid catalyst.

The role of the catalyst is to provide an alternative reaction
pathway between reactants and products by lowering the
activation energy of the reaction. For combustion reactions,
the energy of the products is always lower than the energy
of the reactants. The reaction is hence accompanied by a
significant release of thermal energy. This also means that
the activation energy for the reverse reaction is very much
higher than for the forward reaction, which explains the high
equilibrium yield for these reactions.

The catalyst activity only influences the reaction kinetics.
Reactions that are thermodynamically impossible, cannot
take place even in the presence of a catalyst.
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A rise in temperature also increases the reaction rate since
the average level of energy of the molecules also increases
and a higher fraction will possess the necessary activation
energy for reaction. The operational costs will however in-
crease and unwanted by-products may be formed at high
temperatures.

The use of a catalyst offers an additional advantage, i.e. its
selectivity, as it often suppresses the formation of reaction
by-products. This results in an optimal use of the reactants
and in a reduction of the possibly generated waste stream.

3.3. Reaction rate equation

Literature involving kinetic rate expressions for the
oxidation of (C)VOCs is very limited. The reaction
mechanism is believed to involve either a reaction be-
tween adsorbed oxygen and adsorbed reactant molecules
(Langmuir–Hinshelwood mechanism) or a reaction between
chemisorbed oxygen and the gas-phase reactant (Eley–
Rideal mechanism).

Both mechanisms are based on the Langmuir model[22]
for the description of the adsorption steps and the surface
reaction is considered to be the rate determining step.

The rate equation can be expressed in terms of catalyst
volume and substance concentration:

−RHC = k0C
n
HCC

m
O2

= φkrC
n
s,HCC

m
s,O2

(1)

with RHC being the rate of reaction of the hydrocarbon,
defined in mol/(m3 s), k0 the apparent rate constant given
in s−1, CHC the bulk concentration of the hydrocarbon
(mol/m3), CO2 the bulk concentration of oxygen (mol/m3),
φ the effectiveness factor (–),kr the reaction rate constant
(s−1), Cs,HC the concentration of hydrocarbon at the cata-
lyst surface (mol/m3), Cs,O2 the concentration of oxygen at
the catalyst surface (mol/m3) and n, m the rate exponents
of the reaction (n = 1 andm = 0, seeSection 5.1).

Experimental results will prove that there is no substantial
internal diffusion resistance in the wash coat of the fleece
(φ = 1) and that the catalytic combustion of hydrocarbons
is of the zero-order with respect of oxygen. The equation
can hence be written as a power law expression of first order
with respect of the bulk concentration of the hydrocarbon:

RHC = dCHC

dt
= − krCHC

1 + (krV/kmA)
(2)

withV/A = catalyst volume(m3)/geometric catalyst surface
(m2) = d = thickness of catalyst washcoat,km the mass
transfer coefficient of HC (m/s).

After integration and combination withEq. (1), Eq. (2)
results in:

CHC

CHC,0
= exp(−k0t) (3)

or

ln(1 − η) = −k0t (4)

with CHC,0 being the initial bulk concentration of the hy-
drocarbon (mol/m3) andη = CHC,0 − CHC/CHC,0 the de-
struction efficiency of the reaction (dimensionless).

The apparent rate constantk0 is a combination of reaction
kinetics and mass transfer rate:

1

k0
= δ

km
+ 1

kr
(5)

The effect of catalytic reactor geometry on the mass transfer
resistance and apparent rate constant will be illustrated in
the experimental discussion.

4. Experimental

4.1. Laboratory investigations

4.1.1. Target (C)VOC
The experiments were conducted mainly to study

the catalytic combustion of eight target compounds
(Fig. 2): benzene (Bz), monochlorobenzene (MCB),
1.2-dichlorobenzene (DCB), 2-chlorophenol (MClPh),
trichloroethylene (TCE), 1,1,1-trichloroethane (TCA),
toluene (TOL) and methylcyclohexane (MCH). All target
compounds are commonly encountered in (C)VOC emis-
sions and some of them are suspected precursors for the
formation of PCDD/F. They therefore need emission abate-
ment and are potential candidates for catalytic combustion.
As illustrated inTable 1, the compounds show structural
difference and similarity, which could provide an insight
into the mechanism of the catalytic oxidation.

Since the objective was to expand experimental findings to
PCDD/F destruction, and since laboratory experiments with
single/mixed PCDD/F congeners are impossible (commer-
cially not available and extremely toxic), the target (C)VOC
selection was also determined by other factors:

• Polychlorinated benzenes, chlorinated phenols and PCB
are formed alongside PCDD/F and their concentrations

Fig. 2. Chemical structure of the target compounds.
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Table 1
Objectives of the experiments

Comparison of compounds Examined effect on catalytic activity

Benzene, MCB and DCB Degree of chlorine substitution
DCB and MClPh Chlorine vs. hydroxyl substitution
TCE and TCA Chlorinated,

unsaturated vs.
saturated molecule

Toluene and
methylcyclohexane

Non-chlorinated,
unsaturated vs.
saturated molecule

are proportional to the PCDD/F concentration[10]. They
can be used as marker components, but must also be elim-
inated from the emitted gases.

• Chlorophenols and other aromatic and even aliphatic com-
pounds are recognized as precursors to PCDD/F forma-
tion. Their abatement is hence an important preventive
measure to PCDD/F formation.

• By investigating the influence of the number of chlorine
substituents, of the presence of hydroxylgroups, of the
saturated versus unsaturated and of the cyclic versus the
aliphatic nature of the molecules, underlying combustion
mechanisms might be derived which can be extrapolated
to PCB and PCDD/F. This strategy of extrapolation will be
used in the discussion of the experiments, where predicted
PCDD/F destruction efficiencies and literature data will
be assessed.

4.1.2. Selection of the catalyst
As reviewed inSection 2, the V2O5–WO3/TiO2 cata-

lyst has been recognized as combining high activity and
selectivity together with a strong stability in Cl2–HCl en-
vironments. The catalyst system used in the investigations
contains a well-known concentration of V2O5, WO3 and
TiO2 deposited on a sintered metal fleece.

4.1.3. Preparation of the catalyst and coating of the
sintered metal fleece support

Three different coating techniques were developed in
collaboration with the Laboratory of Adsorption and Catal-
ysis of the University of Antwerp (Belgium), i.e. dipping,
spraying and chemical vapor deposition (CVD). In order
to remove any surface contamination and guarantee a good
adhesion of the oxides on the metal fleece surface, the
virgin metal fleece was precalcined overnight in ambient
air from room temperature to 450◦C at a heating rate of
1◦C/min. The mixed titanium–tungsten oxide coating solu-
tion was prepared by dissolving titanium (IV) isopropoxide
and tungsten (VI) chloride in isopropanol with a complex-
ing agent. Some distilled water and nitric acid, dissolved
in isopropanol, were slowly added to the Ti–W-solution
under vigorous stirring. The components were added in
such ratios that the required molar gel composition was
obtained. Gelation occurred within 8 h and the resulting gel
was aged for 16 h. Vanadyl acetylacetonate (VO(acac)2)

was dissolved in the resulting Ti–W-gel. The entire mixture
was aged for another 24 h. All solutions were prepared at
least 24 h in advance of the coating process.

Although the CVD process is the most efficient coating
technique, it is also the most expensive one. Industrial ap-
plication for large filter candles is tedious since the elements
have to be placed in a sealed vessel of appropriate dimen-
sions. The method was therefore abandoned.

Dip coating requires numerous successive cycles of dip-
ping and drying. It is a very time-consuming method and
not used in the research.

In spray coating, the precalcined fleece is mounted onto
a spinning plate and V–Ti–W solution is pressure sprayed
using N2. After several hours of spraying, followed by am-
bient drying, the metal fleece is calcined at 450◦C during
24 h. This application technique uses a considerably reduced
quantity of sol–gel in comparison with a dip process. Spray
coating is satisfactory since the fiber-web has no internal
pores and only the external surfaces need coating. It is a
widely applicable method due to its adaptability to almost
any condition, shape or size of the object. The wastage of
catalyst solution due to overspray can be limited by using
both a constant spinning speed and solution flow rate; the
spinning rate was moreover adjusted to the viscosity of the
solution.

4.1.4. Catalytic fleeces used in the research

4.1.4.1. Sintered metal fleeces (Bekaert).Sintered metal
fleece carriers were obtained from Bekaert Advanced Fil-
tration (Belgium) and spraycoated with the mixed catalyst.
The metal fleeces used have thickness of 1000�m and dif-
fer in fiber diameter (2 or 4�m). The absolute density of the
fibers is 8320 kg/m3. The medium can be approximated by
the square mesh ofFig. 3. Given the geometry of the fleece,
the following characteristics are important:

• m: weight of the fleece,
• d: total thickness of the fleece,
• L: length of the fibers, is supposed to be equal to the width

of the square fleece,
• df : fiber diameter,

Fig. 3. Schematic (idealized) representation of a unit-cell of the fiber
fleece.
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Table 2
Characteristics of the tested metal fleeces

Fleece thickness,d (�m) 1000 1000
Fiber diameter,df (�m) 4 2
Width, L (m) 0.090 0.090
Weight, m (g) 10.1 9.6
Porosity,ε (–) 0.85 0.86
Nh 250 500
NT 1074296 4297183
Nl 4297 8594
d0 (�m) 8.5 16.9
Am (m2) 1.22 2.43
Vm (m3) 1.22 × 10−6 1.22 × 10−6

BET (m2/g) 25 30
wt.% V2O5 3.2 3.5
wt.% TiO2 2.7 2
wt.% WO3 1 1
Washcoat thickness,δ (�m) 0.15 0.07
Coating method Spray Spray

• ε: porosity of the 1− m/dL28320,
• Nh: number of fibers stacked over the fleece height=
d/df ,

• NT: total number of fibers in the fleece= (1 − ε)L2d/

L(πd2
f /4)• Nl : number of fibers per horizontal layer= NT/Nh,

• d0: average distance between two fibers in the layer=
L − Nhdf /Nh,

• Am: geometric surface area of the catalyst= NTπdfL,
• Vm: fiber volume= NT(πd

2
f /4)L,

• the BET-surface area, determined by N2 adsorption–
desorption at−196◦C in a Quantachrome Autosorb
Automated Gas Sorption System (Micropore version
2.48),

• the fractional composition of the catalyst, determined by
ICP-MS after dissolving the fleece, and

• the thickness of the catalyst washcoat on the fleece fibers,
δ, calculated from the catalyst composition, the weight
of the fleece and the density of V2O5, TiO2 and WO3
(respectively, 3.36, 3.84 and 7.16 g/cm3).

Numerical values of these characteristics are summarized
in Table 2.

Fig. 4. Experimental set-up.

4.1.4.2. Goretex Remedia® catalytic fleeces. As previ-
ously described in detail[23], this catalytic filter system is
manufactured by W.L. Gore & Associates, Inc. (Gore) and
sold under the trade name REMEDIA D/F Catalytic Filter
System®. The catalyst is incorporated into a dispersion of
PTFE. After drying, the dispersion is extruded into a thin
tape. The tape is stretched and chopped into short staple
fibers. The staple fibers are needle-punched into a PTFE
scrim to form a coherent felt. In the last step of this process,
a microporous membrane is laminated to the felt forming
the final product, the Goretex REMEDIA® catalytically
active filter.

The fleeces tested in this research had a thickness 980�m,
a cross-sectional area of 0.09 m× 0.09 m and a porosity of
0.6. The fleeces had an average weight of 8.3 g and contained
7.5 wt.% V2O5 for a BET of 85 m2/g.

4.1.5. Experimental set-up and procedure
Oxidation reactions were carried out in the experimental

set-up ofFig. 4. The outlet and inlet sections were stuffed
with metal wool to ensure uniform distribution of air and
VOC. A residence time distribution measurement proved
that no dead area was present. The wool of the outlet sec-
tion was mixed with porous Ca(OH)2-pellets to capture the
possible reaction byproducts HCl and Cl2.

The feed stream was preheated to a given temperature at a
given feed rate (up to 1 N m3/h). The flow rate of VOC was
set by altering the speed of the piston-pump discharge. A
fraction of the influent and effluent air stream was analyzed
by a Shimadzu gas chromatograph (type GC-14A) equipped
with FID-detector. CO and CO2 were monitored separately
using a Testotherm monitor. Samples were also taken on
activated carbon probes that were subsequently desorbed
with CS2 and analyzed by GC-MS. The concentrations of the
injected and residual (C)VOC as well as other chlorinated
and non-chlorinated by-products could hence be determined.

4.2. Industrial investigations

As stated before, laboratory experiments using PCDD/F
are hardly possible as these components are not commer-
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cially available. Experiments are therefore commonly car-
ried out either on a side-stream of an existing MSWI-plant
after the boiler and primary dedusting in the case of pilot
studies, or in a full-scale catalytic filter.

The former approach was used by the authors at the MSWI
of Roeselare (IVRO) and various researchers quoted in the
literature. Data from full-scale operation were collected by
the authors in the Flemish MWSIs using catalytic filters and
were also taken from literature.

It should moreover be remembered that some data are
rather inaccurate due to the concentration of some congeners
below the detection limit, but accounted for at this limit
concentration and hence resulting in too low a destruction
efficiency.

At the MSWI of IVRO (Roeselare), measurements were
carried out on a by-pass stream (approximately 3000 N m3/h)
of the IVRO flue gas. The experimental set-up was equipped
with the Goretex REMEDIA fleece.

5. Results of laboratory investigations

5.1. Preliminary observations

(i) Prior to performing decomposition reactions using the
catalytic fleece, the possible effect of the virgin sintered
metal fleece and associated stainless steel reactor and
packing was studied at temperatures between 250 and
325◦C. The results showed no destruction effect.

(ii) As suggested by Weber et al.[23], a distinction should
be made between the removal (ηr) and the destruc-
tion (ηd) efficiency, the difference being the concentra-
tion of possibly adsorbed (C)VOC on the catalyst. This
phenomenon generally occurs at temperatures below
200◦C. Both efficiencies are defined as:

ηr = Cin − Cout

Cin
and ηd = Cin − (Cout + Cads)

Cin
(6)

Although our experiments were carried out at tempera-
tures in excess of 250◦C, the possible effect of adsorp-
tion was studied by testing a catalytic fleece used in the
reaction of TCE and toluene for adsorbed components.
Parts of the fleece were extracted with CS2 and/or i-
propanol, and the extracts were analyzed by GC. No
traces of the components were found, thus stressing the
fact that adsorption is negligible in the experiments. Re-
moval and destruction efficiencies are therefore equal
and further indicated in the text asη.

(iii) The effect of the oxygen concentration was also stud-
ied. The measured outlet concentration of VOCs for
varying vol.% of oxygen is given inFig. 5. Since the
outlet concentration is independent of the oxygen con-
tent of the feed gas, it is clear that the rate of reaction
is of zero-order with respect to O2 within the tested
concentration range (>3 vol.% O2).

Fig. 5. Effect of the oxygen concentration in the reactor on VOC-oxidation.

Similar results have been given in literature[24], and
are also included inFig. 5. The oxygen concentration
has a marked effect below 3 vol.%.

The zero-order dependency is attributed to the
catalyst surface being saturated with dissociatively
chemisorbed oxygen:

O2 + ( ) → (O2) → 2(O)

with ( ) and (O) representing a reduced and oxidized
site, respectively. This dissociative chemisorption is
followed by direct reaction of the gaseous VOC[21]
with (O) and corresponds with the Eley–Rideal mech-
anism.

(iv) The influence of the inlet concentration of VOC was
tested for varying feed concentrations of TCE and
toluene at constant contact time over the fleece.Fig. 6
shows that the feed concentration does not affect the
conversion, thus proving the first-order reaction for
the VOCs. The same result was obtained by Krish-
namoorthy et al.[24] for different concentrations of
1,2-dichlorobenzene and is also illustrated inFig. 6.

(v) The selectivity of the catalyst was tested for TCE (see
Section 3.1) and other target (C)VOC. When, e.g. using
TCE, on-line GC-analysis (and GC-analysis of samples
taken on active carbon probes) of the reactor outlet
confirmed the absence of C2Cl4, while no traces of
CO were detected by on-line IR analysis. The chlorine
balance could not be measured since HCl and Cl2 are
immediately captured on the Ca(OH)2 pellets after the

Fig. 6. Effect of the inlet concentration of VOC on oxidation.
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Fig. 7. Experimental destruction yields for target VOC.

catalytic fleece. No detectable reaction products other
than CO2 and H2O were present when testing other
(C)VOC. It can therefore be concluded that the catalyst
shows indeed an excellent selectivity.

5.2. Summary of experimental data

5.2.1. Benzene, monochlorobenzene, 1,2-dichlorobenzene
and 2-chlorophenol

Benzene, monochlorobenzene, 1,2-dichlorobenzene and
2-chlorophenol were chosen as target components to study
the effect of the chlorination degree and the presence of a
hydroxylgroup on the destruction efficiency of an aromatic
molecule.

The experimental results are illustrated inFig. 7 The in-
vestigated components auto-ignite at temperatures in excess
of 550◦C. Therefore, the use of the catalyst presents a re-
duction of at least 300◦C in comparison with the homoge-
neous oxidation reaction.

The oxidation rate of the benzenes appears to increase
with increasing chlorination degree. This can be explained
by both a reduction of activation energy (as will be shown
later) and by a change in volatility and adsorption char-
acteristics with chlorination degree[23]. The volatility of
the benzenes decreases with increasing chlorination degree
as can be derived from the boiling points (80◦C for ben-
zene, 131◦C for monochlorobenzene and 180◦C for 1,2-
dichlorobenzene). The higher chlorinated forms are there-
fore longer retained on the catalyst, thus increasing their
chance of oxidation.

There are however two competing effects depending on
the chlorination degree. This is illustrated by the differ-
ence in oxidation behavior between 2-chlorophenol and
1,2-chlorobenzene, compounds with comparable volatili-
ties (boiling points are, respectively, 176 and 180◦C). The
second effect to be taken into account is the electron with-
drawal from the aromatic ring structure by substituents
with a very negative electron affinity[25]. This explains
the lower oxidation rate of 1,2-dichlorobenzene in com-
parison with 2-chlorophenol, since a chlorine substituent
has a higher negative electron affinity (−348 kJ/mol) than a
hydroxylgroup (−219 kJ/mol)[26].

Fig. 8. Experimental destruction efficiencies for non-chlorinated com-
pounds.

The effect of the increased redox potential by chlorine
substitution is however not noticed when comparing the ox-
idation rates of the benzene, monochlorobenzene and 1,2-
dichlorobenzene because their boiling points are so far apart
that the effects of volatility and adsorption are dominant.

5.2.2. TCE and toluene versus TCA and methylcyclohexane
The effect of double bonds (C=C) on the oxidation

behavior of a molecule is investigated by comparison of
the destruction efficiencies for trichloroethylene (TCE)
and toluene on the one hand and, respectively, 1,1,1-trich-
loroethane (TCA) and methylcyclohexane on the other hand.

Fig. 8demonstrates that the oxidation of toluene proceeds
to a higher extent than the oxidation of its corresponding un-
saturated molecule, methylcyclohexane, because the unsat-
urated bonds are more readily ionized or polarized[27,28].

Fig. 9 however shows the opposite behavior for the chlo-
rinated hydrocarbons TCE and TCA, yet similar to that
reported by Windawi and Wyat[29] and Gonzalez-Velasco
et al. [30] for the oxidation of TCE, dichloroethane and
several other CVOC over Pt and Pd catalysts.

Chlorinated alkanes are oxidized more readily than chlori-
nated alkenes. This can be explained by the high electroneg-
ativity of chlorine: the electronic charge of the molecules
is drawn towards the chlorine atoms, which protects the
molecules from oxidation. This effect is more pronounced
in alkenes since the electrons in an unsaturated bond have a
greater mobility.

Fig. 9. Experimental destruction efficiencies of TCE and TCA.
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Fig. 10. Experimental destruction efficiencies for Goretex REMEDIA®.

When looking at the rather low destruction efficiencies
for, e.g. TCE and methylcyclohexane, one must remember
that the microreactor used in these experiments contained
two fleeces, each of 1 mm thickness, and had a residence
time of approximately 26 ms only. For the first-order reac-
tion of VOC-oxidation, an exponential relationship exists
between destruction efficiency and residence time. An in-
crease in residence time will therefore significantly increase
the destruction yield. A higher residence time can easily be
obtained by increasing the catalytic fleece surface, e.g. by
adding or using thicker fleeces. For example, the residence
time in the reactor can be doubled by inserting two extra
fleeces. The destruction efficiency of TCE, a compound that
is known as difficult to oxidize, will then increase from 30
to 52% (300◦C, k0 = 13.9 s−1). At a fourfold of the origi-
nal residence time, i.e. with a fleece of 8 mm thickness, the
destruction efficiency will increase to 76%.

For the experiments however, we deliberately chose to
work with these low residence times because no kinetic data
can be deduced when the destruction efficiencies of virtually
all investigated compounds are 100%.

5.2.3. Oxidation of (C)VOC over Goretex REMEDIA®

fleece
The results of the tests for several (C)VOC are illustrated

in Fig. 10. Results are in line with the sintered metal fleece
although the reaction appears to proceed at the same rate for
slightly lower temperatures due to the very high concentra-
tion of V2O5.

5.3. Evaluation of the contribution of mass transfer to the
measured kinetics

5.3.1. External mass transfer resistance
The reaction rate equation involves reaction kinetics and

mass transfer resistance. The mass transfer coefficient,km,
can be calculated from the Sherwood number, itself being a
function of the Reynolds number:

km = ShDHC

d0
(7)

with Shbeing the Sherwood number,DHC the diffusivity of
the hydrocarbon in air at temperatureT (◦C) (m2/s) andd0
the characteristic dimension of the catalyst geometry (m).

To assess the mass transfer impact, its effect was calcu-
lated for the tested flow rate (Q) of 0.91 N m3/h at an av-
erage experimental temperature (T) of 300◦C. Under these
conditions, the following properties prevail:

• The residence time in each fleece is 12.9 × 10−3 s and is
calculated as follows:

t = εL2d

Q(T + 273/273)
(8)

with ε being the overall voidage of the fleece (–),L the
width of the square fleece (m) andd the thickness of the
fleece (m).

• The experimental superficial gas velocity is 0.066 m/s
(=(Q/L2)(T + 273/273)), resulting in a Reynolds num-
ber in the order of 10−2.

• For small values of the Reynolds number (	1), the Sher-
wood number can be calculated as:Sh ≈ 0.12Re1.06

[31], and amounts to 1.1 × 10−3 for the 2�m fleece and
2.2 × 10−3 for the 4�m fleece.

• The diffusivity in air for the examined components is of
the order of 2.5 × 10−5 m2/s (Table 3) and can be calcu-
lated from[32].

As a result of the low values ofSh, DHC and d0, the
value of the mass transfer coefficientkm is of the order of
3 × 10−3 m/s for the examined components.

Given the washcoat thickness,δ, from Table 2and having
experimentally measured the apparent reaction rate constant
k0, it is now possible to determine the intrinsic reaction rate
constant kr. From the results inTable 3, it is evident that the
external mass transfer resistance can be neglected and that
the apparent and intrinsic reaction rate constant are equal,
thus

ln(1 − η) = −krt (9)

A similar conclusion is obtained for the gas flow through the
fine web of the Goretex REMEDIA® filter. The effect of the
mass transfer resistance in different reactor geometries (e.g.
honeycomb, fixed bed reactor) will be assessed inSection
6.2.

5.3.2. Internal mass transfer resistance
In the previous section, the pore diffusion resistance was

assumed to be negligible. The effectiveness factor,φ, can be
evaluated as a function of the Thiele modulus,φT:

φ = 1

φT

(
1

tanh 3φT
− 1

3φT

)
(10)

Eq. (10)was derived for the case of spherical pellets and a
first-order reaction. The effect of catalyst shape on theφ-
versus-φT relationship however has been examined by sev-
eral investigators[33,34]and the shape of the catalyst is not
significant for a first-order reaction[35].
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Table 3
Contribution of external mass transfer resistance to the apparent rate constant

DHC (×10−5 m2/s) δ/km (×10−5 s) 1/k0 (×10−2 s) 1/kr (×10−2 s) (δ/km)/(1/k0) (%)

Benzene 2.81 6.02 11.6 11.6 0.05
Monochlorobenzene 2.50 6.77 4.10 4.09 0.17
1,2-Dichlorobenzene 2.28 7.40 2.15 2.14 0.34
2-Chlorophenol 2.22 7.60 1.12 1.12 0.68
TCE 2.61 6.47 7.19 7.19 0.09
TCA 2.57 6.59 3.73 3.72 0.18
Toluene 2.52 6.70 2.69 2.68 0.25
Methylcyclohexane 2.25 7.52 14.1 14.1 0.05

The Thiele modulus,φT, is calculated as

φT = V

Am

√
kr

De
= δ

√
kr

De
(11)

with De being the effective diffusivity of VOC in the cata-
lyst material (m2/s), estimated between 10−6 (random pore
model) and 10−7 m2/s (parallel pore model)[36]. The Thiele
modulus has a maximum value in the order of 10−5 for the
experiments ofTable 3, which implies that the internal dif-
fusion resistance is negligible. This was to be expected be-
cause the catalyst is applied as a very thin washcoat onto
the fibers.

6. Transformation and discussion of the laboratory
experimental results

6.1. The Arrhenius dependency of the reaction rate
constant and temperature

Since exothermic reactions transform reactants into prod-
ucts with a lower level of potential energy, one might be
tempted to conclude that these reactions will proceed spon-
taneously to their products. Were this true, no life would
exist on earth, because the numerous carbon compounds
that are present in and essential to all living organisms
would spontaneously combust in the presence of oxygen to
give carbon dioxide, a more stable carbon compound. The
combustion of methane, for example, does not occur spon-
taneously, but requires an initiating energy in the form of a
spark or a flame. The flaw in this reasoning is that it focuses
only on the initial (reactants) and final (product) energy
states of reactions. To understand why some reactions oc-
cur readily, almost spontaneously, whereas others are slow,
even to the point of being unobservable, the intermediate
stages of reactions need to be considered.

In order to transform the reactants into products, there
must be a rearrangement of chemical bonds, which in the first
instance, requires that some bonds are broken. The minimum
level of energy needed to break these bonds, manifests itself
as the activation energy (E). Only those molecule collisions
which possess at least this minimum energy threshold can
react to form products.

The source of the activation energy which enables a re-
action to occur is often heat. At a higher temperature, more
collisions will occur and a higher fraction of the collisions
will possess the necessary activation energy for reaction.
This temperature dependence of the reaction rate constant
is expressed by the Arrhenius equation:

kr = Aexp

(
− E

RT

)
(12)

As stated before, catalytic combustion involves the use of
a solid catalyst, which provides an alternative pathway be-
tween reactants and products and thus lowers the activation
energy of the reaction. Because of the exponential relation-
ship of kr and E, small changes in activation energy will
cause relatively large changes in reaction rate.

The oxidation also proceeds to a higher extent with in-
creasing temperature. The activation energy,E, represents
the energetics of reaction initiation on the surface of the
catalyst. Provided that rapid and sufficient adsorption is
possible[30], the breaking of the strongest bond within the
initial (C)VOC or its eventual reaction intermediate can be
considered as the probable rate-controlling process. These
rate-factors are further included in the pre-exponential
factor, A, a probabilistic factor which incorporates the ad-
ditional requirements for the reaction to proceed at a given
rate. The pre-exponential factor therefore also includes
catalyst specific characteristics (e.g. type of catalyst, crys-
talline structure of the washcoat, number of active sites)
and changes in the pre-exponential factor,A, have been
previously correlated with deactivation of the catalyst[37].

6.2. Transformed experimental data: ln kr versus 1/T and
the activation energy

The reaction rate constants are calculated from the exper-
imental destruction yields byEq. (9)and plotted against 1/T
(Figs. 11–13). The linear relationships obtained confirm the
Arrhenius dependency.

The activation energy is calculated from the slope of the
curves and results are given inTable 4. This table also com-
pares the catalytic activation energies with the activation en-
ergies for the thermal (homogeneous) oxidation[38]. It is
obvious that the use of the catalyst significantly decreases
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Fig. 11. Arrhenius dependency of reaction rate constant and temperature
for benzene, monochlorobenzene, 1.2-dichlorobenzene and 2-chlorophe-
nol.

Fig. 12. Arrhenius dependency of reaction rate constant and
temperature for toluene, methylcyclohexane, trichloroethylene and
1,1,1-trichloroethane.

Fig. 13. Arrhenius dependency for Goretex REMEDIA®.

Table 4
Activation energy for the catalytic oxidation reaction

Activation energy (kJ/mol)

Catalytic reaction Thermala

2-Chlorophenol 66.3 187.8
Benzene 58.4 189.9
Monochlorobenzene 42.9 188.1
1,2-Dichlorobenzene 37.3 187.1
Methylcyclohexane 62.4 189.1
Toluene 60.2 189.3
Trichloroethylene (TCE) 53.1 187.7
1,1,1-Trichloroethane (TCA) 40.4 187.6

a Calculated by the prediction method of[38].

Table 5
Activation energies for chlorinated benzenes calculated from literature
data

Activation energy
(kJ/mol)

Author

Monochlorobenzene 47.0 Ide et al.[39]
1,2-Dichlorobenzene 40.8 Weber et al.[40]
1,2,3-Trichlorobenzene 30.4 Weber et al.[40]
1,2,4,5-Tetrachlorobenzene 23.7 Weber et al.[40]
Hexachlorobenzene 18.2 Weber et al.[40]
Hexachlorobenzene 18.0 Hagenmaier[41]

the activation energy in comparison with the homogeneous
oxidation reaction.

The calculated values are between 37.3 and 58.4 kJ/mol
for the benzenes and 66.3 kJ/mol for 2-chlorophenol. The
activation energies are higher for the less or non-chlorinated
benzenes. This observation can be confirmed by the re-
sults of Ide et al.[39], Weber et al.[40] and Hagenmaier
[41], where destruction efficiencies for monochlorobenzene,
1,2,3-trichlorobenzene, 1,2,4,5-tetrachlorobenzene and hex-
achlorobenzene are reported. From these data, the activation
energies are calculated and presented inTable 5.

The decrease in activation energy with increasing chlo-
rination degree could be attributed to the lower energy of
C–Cl bonds as compared to C–H bonds, respectively, 330
and 414 kJ/mol[42].

The activation energies of own and literature data are fur-
ther discussed inSection 6.3.

The higher activation energy for TCE in comparison with
TCA can be tentatively attributed to the lower energy of
C–C bonds as compared to C=C bonds (347 kJ/mol versus
620 kJ/mol[26]). The activation energy for TCE over the
V2O5–WO3/TiO2 also appears to be significantly lower than
the value reported for Pt and PdO/�-Al2O3 catalysts (81.2
and 142.3 kJ/mol, respectively)[37], which illustrates the
strong affinity of vanadia for chlorine.

The higher activation energies for 2-chlorophenol, toluene
and methylcyclohexane can be explained by the occurrence
of highly stable reaction intermediates. The oxidation of the
methyl-substituted ring structures includes the formation of
an aldehyde or ketone as reaction intermediate, and in the
oxidation pathway of 2-chlorophenol an aldehyde is formed.
The further oxidation of this aldehyde or ketone includes the
breaking of the very strong C=O bond (728 kJ/mol) which
is most likely the rate-controlling step of the entire reac-
tion pathway. The high stability of the reaction intermediate
therefore determines the activation energies for these com-
pounds, which are significantly higher than for the benzenes,
TCE and TCA where the strongest bonds are, respectively,
the C=C (620 kJ/mol) and C–H (415 kJ/mol) bonds.

6.3. Data treatment

6.3.1. Introduction
The experimental results of destruction efficiencies of the

present work and of the literature can be transformed into
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the reaction rate constants, accounting for the reaction time
and possible mass transfer limitations[10]. The reaction rate
constant,kr, can thereafter be used to define the parameters
of the Arrhenius dependency, i.e. the activation energy,E,
and the pre-exponential factor,A.

When assessing literature data on catalytic combustion
kinetics, extreme caution is needed since various authors use
different approaches in their experiments and data treatment.
There are:

(i) various forms of the rate expressions with reaction rates
based on catalyst volume, catalyst external surface area,
catalyst mass;

(ii) various ways of transforming kinetic constants using
the space velocity (SV), the area velocity (AV) and/or
the specific catalyst surface area (AP):

SV = gas flow rate

reactor volume
,

at actual

(
m3/h

m3

)
or standard

(
N m3/h

m3

)
conditions

AV = gas flow rate

catalyst surface area
,

expressed as
m3

m2 h
or

N m3

m2 h

AP = catalyst surface area

reactor volume

(
m2

m3

)

(iii) various ways of accounting for the catalyst coverage of
the carrier material, i.e. in fractions or multiples of a
monolayer coverage, including or omitting the possible
catalytic effect of the carrier material itself;

(iv) different ways to include or omit influences of the car-
rier/catalyst geometry on the mass transfer resistance
present in the system. The mass transfer resistance
is overlooked by many authors, but will hereafter be
shown to be important for some geometries.

As far as reaction kinetics are concerned, aspects (i)–(iv)
can easily be accounted for and kinetic data transformed into
the common s−1 kinetic constant or expressed as m3/(h m2),
thus independent of the catalytic set-up used. The aspects (i)
and (iv) however are linked and some detailed calculations
are necessary to enable the comparison of kinetic data ob-
tained from different reactor geometries. The assessment of
the mass transfer resistance in the catalytic fleeces used in
the present research has been given inSection 5. A similar
evaluation is shown in the following section for a honeycomb
layout and for a fixed bed of catalytic pellets, both types of
geometries commonly used in experiments. The compari-
son of kinetic data is thereafter illustrated for the oxidation
of o-dichlorobenzene in the cases of a honeycomb set-up
[39] and fixed pellet beds with different vanadia loadings
[23,24,40].

Fig. 14. Mass balance over an infinitesimal section of the reactor.

6.3.2. The effect of mass transfer resistances in the
reaction rate expression

6.3.2.1. The honeycomb reactor of Ide et al.The cat-
alytic reactor used by Ide et al.[39] for the oxidation of
hydrocarbons consists of a honeycomb monolith (dimen-
sions 150 mm× 150 mm× 800 mm, 26× 26 cells) coated
with a V2O5–WO3/TiO2 catalytic layer (thicknessδ =
30�m). From the given geometric surface area of the unit
(582 m2/m3), the inner dimension of the square honeycomb
cells (d0) is calculated to be 4.8 mm.

A mass balance over a section of the reactor with length
dz (Fig. 14) yields:

uS(CHC(z) − CHC(z + dz)) − φkrCs,HC dV = 0 (13)

with u being the gas velocity in the reactor (m/s);Sthe cross-
sectional area(m2) = d2

0 × 26× 26; dV the catalyst volume
(m3) = 4d0 × δ×26×26×dz; CHC the bulk concentration
of VOC (mol/m3); φ the effectiveness factor (the internal
mass transfer resistance will be shown to be negligible:φ ≈
1); kr the intrinsic kinetic reaction constant (s−1); Cs,HC the
concentration of VOC at the catalyst surface (mol/m3).

A mass balance around the catalyst specifies that the rate
of disappearance of VOC by reaction must equal the rate of
transport of VOC to the catalyst surface:

φkrCs,HCV = kAm(CHC − Cs,HC) (14)

with V/Am = catalyst volume(m3)/geometric catalyst
surface(m2) = d and km = external mass transfer coeffi-
cient (m/s).

The external mass transfer coefficient for the honeycomb
configuration,km, can be obtained using the correlation for
laminar flow in cylindrical ducts or channels[43] since the
values of the Sherwood number in square channels approach
the values for cylindrical ducts as the corners are rounded
and filled with washcoat[44]:

Sh= 3.36

(
1 + 0.095

(
d0

L

)
Re Sc

)0.45

(15)

with Shbeing the Sherwood number (–);L the length of the
honeycomb unit= 800 mm;Re the Reynolds number (–)
based on the inner cell diameterd0; Scthe Schmidt number
(–) = kmd0/DHC; DHC the diffusivity of VOC in air (m2/s)
(seeTable 3).

A combination ofEqs. (13) and (14)yields the relation-
ship between the surface concentration and the bulk concen-
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Table 6
Evaluation of mass transfer resistance in the honeycomb reactor experiments of Ide et al.[39] (MCB: monochlorobenzene)

η (%) DHC (m2/s) Sc (–) Sh (–) km (m/s) k0 (s−1) kr (s−1) (d0/4km)/(1/λ) =
CHC − Cs,HC/CHC (%)

Toluene 66 2.52× 10−5 1.89 3.98 2.07× 10−2 5.611 336.6 33
MCB 15 2.50× 10−5 1.91 3.99 2.06× 10−2 0.845 35.9 5

Experiments conducted at 300◦C, Re= 422.

tration:

Cs = 1

1 + φkrδ/km
Cb (16)

By incorporatingEq. (16)in Eq. (13)and subsequent inte-
gration, the VOC conversion,η, is defined by

1 − η = exp(−k0t) with
1

k0
= d0

4φkrδ
+ d0

4km
(17)

The apparent reaction rate constant,k0, is determined from
the measured destruction efficiency,η, and the reaction time,
t, with the use ofEq. (17). The intrinsic reaction rate constant
kr can then be calculated as follows:

kr = λd0km

δφ(4km − k0d0)
(18)

The external mass transfer can be assessed by calculating the
contribution of mass transfer to the overall kinetic constant
k0 (Eq. (17)) and comparing the bulk concentration and the
surface concentration of VOC:

Cb − Cs

Cb
= 1

1 + km/φδkr
= d0/4km

1/k0
(19)

Numerical results for the reactor of Ide et al.[39] are il-
lustrated inTable 6and demonstrate that mass transfer is
not negligible in this reactor geometry. The omission of
the mass transfer resistance can only be considered in the
case of VOCs with very low destruction efficiencies, such
as monochlorobenzene, where the kinetic constant is so low
that the chemical reaction becomes the rate limiting step of
the mechanism.

In the calculations ofTable 6the internal mass transfer re-
sistance was omitted (effectiveness factorφ = 1). Diffusion
in the catalyst washcoat is not a rate-controlling step due
to the very thin layer of catalyst applied to the honeycomb
structure (δ = 30�m). This can be verified usingEqs. (10)
and (11). The effective diffusivity of the VOC in the cata-
lyst pores is estimated between 10−6 (random pore model)
and 10−7 m2/s (parallel pore model)[36]. The Thiele modu-
lus,φT, varies between 0.11 (monochlorobenzene) and 0.25
(toluene), which implies that the internal diffusion resistance
is negligible (0.96< φ < 0.99).

6.3.2.2. The fixed pellet bed of Krishnamoorthy et al.Kr-
ishnamoorthy et al.[24] use a fixed bed of TiO2-pellets
coated with V2O5 and WO3 for the oxidation of o-
dichlorobenzene. Experiments were carried out with three
pellet beds with varying vanadia content: 5.8, 3.6 and

0.8 wt.% V2O5 and a tungsten content of approximately
0.8 wt.% WO3.

The fixed-bed reactor is best approached by a pseudo-
homogeneous plug-flow model[36]. Reaction rate equations
of Section 3can therefore also be applied for this reactor
system.

The mass transfer contributions will be evaluated for the
experiments at 300◦C with the three different vanadia load-
ings. The fixed bed reactor contains 500 mg of pellets and
the gas flow rate is 0.027 N m3/h. At 300◦C, this results in
a residence time of 32 ms.

From analyzing a large number of packed bed data, us-
ing the dispersed plug-flow model, Wakao and Kaguei[45]
propose the following correlation for the determination of
the external mass transfer coefficient,km:

Sh= kmdp

DHC
= 2 + 1.1Sc1/3 Re0.6 (20)

with Sh being the Sherwood number (–);dp the parti-
cle diameter(m) = 140�m; DHC the diffusivity of o-
dichlorobenzene in air (m2/s) Scthe Schmidt number(–) =
2.09; Re the Reynolds number (–), based on the particle
diameter, is 0.044.

Application of this correlation yields a Sherwood number
of 2.2 and a mass transfer coefficient,km, of 0.36 m/s.

Considering the composition and diameter of the pel-
let and the density of the catalyst material (3.357 g/cm3

for V2O5, 3.84 g/cm3 for TiO2 and 7.16 g/cm3 for WO3),
the thickness of the catalyst washcoat,δ, can be esti-
mated at 1.7�m (5.8 wt.%), 1.1�m (3.6 wt.%) and 0.2�m
(0.8 wt.%), respectively.

The numerical evaluation is given inTable 7and shows
clearly that both the external and internal mass transfer re-
sistances are negligible.

Table 7
Evaluation of mass transfer resistances in fixed bed reactor

V2O5 (wt.%)

5.8 3.6 0.8

η (–) 0.77 0.41 0.24
k0 (s−1) 46.3 16.6 8.6
δ/km (s) 4.9× 10−6 3.1 × 10−6 6.4 × 10−7

(δ/km)/(1/k0) (%) 0.023 0.01 0.0005
φT (–) 0.005 0.002 0.0003
φ (–) 1 1 1
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Fig. 15. Overview of the Arrhenius relationship for the oxidation ofo-dichlorobenzene for various vanadia catalysts.

6.3.3. The reaction rate constant (kr) and the activation
energy (E)

6.3.3.1. Illustration of results for o-dichlorobenzene (DCB).
Fig. 15 illustrates the results obtained. Althoughkr-values
differ by an order of magnitude at a given value of 1/T,
the slopes of the graphs are fairly constant and define the
activation energy which varies from 34.9 to 42.2 kJ/mol,
with an average value of 39.6 kJ/mol.

Whereas the activation energy is a function of the com-
bined characteristics of VOC and catalyst only, and hence a
known parameter for the system, the kinetic constant itself
and the pre-exponential factor are not only defined by the
VOC under scrutiny, but also by the intrinsic properties of
the catalyst such as matrix geometry, percentage of cover-
age of the carrier, total available surface area of the catalyst
etc. This explains the inadequacy of thekr-approach for a
generalized design strategy.

6.3.3.2. Illustration of results for all VOCs (own experi-
ments and literature). Similar kr-results have been pre-
sented for own VOC-experiments inSection 5. Literature
data were dealt within the same way and all data confirm
the Arrhenius linearity of lnkr versus 1/T, thus defining the

activation energy for each of the VOCs considered. The re-
sults are presented inTable 8.

In homogeneous VOC-oxidation reactions, the activation
energy is correlated as a function of the molecular weight
and type of VOC according to[38]:

E = a − bMW (21)

with a andb being slightly different constants for alkanes,
aromatics, etc. The molecular weight is considered the key
parameter in the kinetic energy of the molecule and in the
efficiency of impact with the other reactant.

This simpleE-versus-MW dependency does no longer
hold for heterogeneous reactions. Certainly, the molecular
weight still plays a key role as demonstrated inFig. 16.
The exponential function obtained for benzene, its chlori-
nated compounds and PCDD/F has a regression coefficient
of 97.1%. TheE(MW)-relationship for chlorinated phenols
is still obvious although the regression coefficient is 89%
only, due to the large deviation of 2-chlorophenol (MClPh).

The decreasing activation energy can still be explained
by the increasing inherent energy of the large molecules (in-
creasing the efficiency of impact with the catalyst), although
other effects need to be accounted for, such as adsorption,
VOC-volatility, steric hindrance, molecular polarization,
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Table 8
Activation energy for VOCs

VOC E (kJ/mol) Reference

Benzene (Bz) 62.2 Ide et al.[39]
Benzene (Bz) 58.4 This work (metal fiber fleece)
Monochlorobenzene (MCB) 42.9 This work (metal fiber fleece)
Dichlorobenzene (DCB) 39.6 Average
Trichlorobenzene (TriCB) 30.4 Weber et al.[40]
Tetrachlorobenzene (TeCB) 23.7 Weber et al.[40]
Hexachlorobenzene (HxCB) 18.2 Weber et al.[40]
Hexachlorobenzene (HxCB) 18.0 Hagenmaier et al.[41]
PCDD 10.5 Liljelind et al.[51]
PCDF 13.1 Liljelind et al.[51]
PCDD/F 13.7 Fritsky et al.[52]
2-Chlorophenol (MClPh) 56.2 Ide et al.[39]
2-Chlorophenol (MClPh) 62.7 This work (Goretex Remedia)
2-Chlorophenol (MClPh) 66.3 This work (metal fiber fleece)
Dichlorophenol (DClPh) 27.7 Liljelind et al.[51]
Trichlorophenol (TriClPh) 19.1 Liljelind et al.[51]
Tetrachlorophenol (TeClPh) 16.3 Liljelind et al.[51]
Pentachlorophenol (PeClPh) 13.3 Liljelind et al.[51]
Toluene 63.6 This work (Goretex Remedia)
Toluene 60.2 This work (metal fiber fleece)
Methylcyclohexane 62.4 This work (metal fiber fleece)
Cyclohexane 38.5 This work (metal fiber fleece)
Ethylacetate 27.5 This work (metal fiber fleece)
Acetone 49.0 This work (metal fiber fleece)
1,1,1-Trichloroethane 40.4 This work (metal fiber fleece)
Trichloroethylene 53.1 This work (metal fiber fleece)
Propanol 46.9 This work (Goretex Remedia)
Propanol 42.6 This work (metal fiber fleece)
Butanol 44.0 This work (metal fiber fleece)

ionic strength, etc. Some of these effects also vary with the
molecular weight, such as the enhanced adsorption of the
larger molecules at the catalyst surface (as tentatively char-
acterized by, e.g. the Freundlich constant,kF, in Fig. 17),
the volatility (quantified, e.g. by the normal boiling temper-
ature or the vapor pressure) and the steric effects. They are
therefore incorporated into theE-versus-MW dependency.

Other effects are more difficult to take into account.
Various researchers have indicated that the energy of the

Fig. 16. Activation energy vs. molecular weight for various VOCs.

strongest bond (Eb) within the VOC partly explained the
difference in activation energy. Competing individual bonds
within the investigated VOCs are C–Cl (330 kJ/mol), C=O
(728 kJ/mol), C=C (620 kJ/mol), C–C (280 kJ/mol) and
C–H (414 kJ/mol). This is a tentative explanation only,
since it is unknown: (i) how the bonding energy will alter
when the molecule is adsorbed and phenomena such as
steric hindrance, molecule polarization and ionic strength
are not accounted for; (ii) how the bonds are influenced by
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Fig. 17. Freundlich constant vs. molecular weight for various VOCs (Bz,
MCB, DCB, TriCB, HxCB, toluene, MClPh, propanol, methylcyclohex-
ane, cyclohexane, ethylacetate, 1,1,1-trichloroethane, trichloroethylene and
acetone).

electronegative substituents (e.g. chlorine) being present.
The effect of chlorine substitution in the benzene molecule
is illustrated inFig. 18. In terms of the cited bond energy,
it appears that multiple chlorine substitution increasingly
destabilizes the C=C bond, thus rendering the C–Cl bond
dominant.

Although the presence of certain bonds can qualitatively
explain differences in the activation energy, it is however
impossible to present a generalized function ofE versus
Eb, since the dominantEb is not clearly defined. It is
therefore recommended to use the values of the experimen-
tally defined activation energies and the derivedE(MW)-
correlations rather than assuming subjective relationships
including the bond energy.

6.3.4. Transformation of the rate constant kr into a
system-independent constant K

As shown before, it is obvious that the kinetic constant
is not only defined by the VOC under scrutiny, but also
by the intrinsic properties of the catalyst itself. In order to
generalize the kinetic expressions, catalyst properties are
included by introducing the previously cited parameters AV
(m3/(m2 h)), AP (m2/m3) and SV (h−1).

In doing so, a catalyst independent kinetic constant,K, is
introduced:

K

(
m3

m2 h

)
= 3600kr

AP
= 3600krAV

SV
(22)

Fig. 18. Effect of chlorine substitution in benzene on the activation energy.

The surface area of the catalyst is determined by the mea-
sured BET-value (m2/g), the weight of the catalyst present
(g) and the fractional coverage of the carrier,fv.

Previous investigations have demonstrated that the cata-
lyst is present as a monolayer and in full coverage provided
the vanadia content is 0.145 wt.% V2O5/m2 [46] or 13�mol
V5+/m2 [47]. Both values closely agree and their average
value for full coverage is 0.1315 wt.% V2O5/m2. The per-
centage of coverage is thus determined by the percentage of
V2O5 present in the washcoat.

Application of these definitions to the different experi-
mental investigations, determines the characteristic values
of AV, AP and fv, as illustrated inTable 9.

Results ofkr in s−1 can thus be transformed intoK-values.
Values foro-dichlorobenzene are again illustrated below for
the various investigations, first (Fig. 19) for the experiments
of Krishnamoorthy with three types of pellets only differing
in V2O5-content (5.8, 3.6 and 0.8 wt.%), thereafter (Fig. 20)
for all available data ono-dichlorobenzene.

TheK-values for the results of Krishnamoorthy (Fig. 19)
with the catalyst applied by a single technique on an identi-
cal carrier correlate very well (R2 = 0.93). When introduc-
ing K-values for different carrier geometries, coating proce-
dures and reaction circumstances, the correlation is less out-
spoken (R2 = 0.84). ObtainedK-values are however within
the same order of magnitude for the various experiments
with different types of vanadia catalysts and performed un-
der varying circumstances. The remaining discrepancy is
probably due to the uncertainty of the V2O5-crystal occur-
rence resulting from the largely different coating techniques
applied[10]. The approach is however a meaningful step in
the prediction of a design value for a reaction rate constant
which is independent of the vanadia content and catalyst
characteristics.

From the definition of the catalyst independent kinetic
constant,K, in Eq. (22), it is obvious that this constant has the
same temperature dependency as the kinetic constantkr. The
Arrhenius dependency can therefore also be expressed forK:

K (m3/m2 h) = A∗ exp

(
− E

RT

)
with

A∗ = 3600A

AP
= 3600AV

SV
(23)
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Table 9
Reactor characteristics for the experiments ofFig. 15

Reference AV (m3/(m2 h)) SV (h−1) fv (–) AP (m2/m3)

∗ This work 4.05× 10−3 139181 0.97–0.89 34365679
� Krishnamoorthy et al.[24] 2.84 × 10−3 113341 0.52 39908803
� Krishnamoorthy et al.[24] 5.10 × 10−3 113341 0.32 22223725
� Weber et al.[40] 3.80 × 10−4 9777 0.90 25728947
× Weber et al.[40] 4.35 × 10−4 9777 0.79 22475862
� Krishnamoorthy et al.[24] 2.26 × 10−2 113341 0.07 5015088

Note: AV and SV are given at a reference temperature of 300◦C.

Fig. 19. Reaction rate constant (K), independent of catalyst coverage, for the experiments of Krishnamoorthy et al.[24] on o-dichlorobenzene.

with Ebeing the activation energy, as summarized inTable 8,
and A∗ (m3/m2 h) the pre-exponential factor, which is of
course proportional to the pre-exponential factor for the cal-
culation ofkr. The Arrhenius dependency ofK is illustrated
in Fig. 21for various VOCs investigated in this work.

6.3.5. The pre-exponential factor A∗

6.3.5.1. Transformation into system-independency.As
illustrated in Fig. 15, kr and henceA-values are system-
dependent and thus limited in design application to the
specific catalyst layout under scrutiny. The characteristics of
the catalyst reactor have been introduced through the defi-

Fig. 20. K-values foro-dichlorobenzene for all available data.

nition of K (Eq. (22)), which is presented inFig. 21for own
experiments. In doing so, general design data are obtained.

These exponential data again define:

(i) the activation energy, which is identical to thekr-based
values, the slope remaining unchanged through intro-
ducing the system-dependent but constant AP, AV and
SV-values (Eqs. (22) and (23));

(ii) the system-independent pre-exponential factorA∗.

6.3.5.2. Correlating A∗. The validity of the Arrhenius
equation encourages further probing into the concept of
the energy barrier for reactions. Over the 100-year span
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Fig. 21. Experimental results in terms of system-independent kinetic constantK.

of time since it was introduced, various efforts have been
made to develop theories for reactions that could lead
to predicting the value of rate constants. These include
various collision theories, mostly for homogeneous reac-
tions, and the transition-state, or activated-complex, the-
ory for homogeneous and heterogeneous reactions[35,
48–50].

The transition-state theory provides a general concept in-
volving the formation of an activated complex, the energy
of which constitutes the barrier for forward reactions. It as-
sumes an infinite number of active sites being available for
the reactants. In this theory, reactants are assumed to be
at equilibrium with an activated complex. The rate of re-
action is expressed in terms of the number of such com-
plexes crossing through the transition state. As a result of
the theory, the rate constant of the reaction can be expressed
as:

K ≈ en
kBT

h
exp

(
�S

R

)
exp

(
− E

RT

)
= A∗ exp

(
− E

RT

)
(24)

with kB, h andR, respectively, being the Boltzmann, Planck
and universal gas constants. The number of molecules par-
ticipating in the reaction is given by parametern. It is clear
that A∗ is a function of the entropy of activation (�S), and
is therefore related to the difference in entropy between the
activated state and the reactants.

For catalytic reactions,�S should be negative because
of the immobility of the chemisorbed complex. Values of
�Scan be determined from the experimental linear form of
ln K versus 1/T. This has been performed for the data of the
present research and corresponding literature data. In trying
to correlate the obtained�S-values with relevant VOC and
catalyst parameters, the best regression (R2 = 0.98) was
obtained in terms of the activation energy (Fig. 22) with

�S (J/mol K) = 2.25E − 337 with E in kJ/mol (25)

The existence of this dependency illustrates that for the stud-
ied VOC-catalyst systems, identical parameters determine
the activation energy and the reaction rate.

It was previously demonstrated that the activation energy
E is a combined function of mainly the molecular weight
of the VOC, its adsorption characteristics and its volatility,
which are moreover linearly dependent for the examined
compounds. The concept of the activated complex relies on
the same parameters of adsorption, volatility, molecule size
and the proportionality with the activation energy is hence
not surprising.

6.3.6. Overall comparison of predicted and experimental
results

Having correlated the activation entropy,�S, in terms of
the activation energy,E, and E in terms of the molecular
weight, it is now possible to calculateK-values, transform
them intokr-values using the system-dependent characteris-
tics (AP or AV and SV) and predict destruction efficiencies,
taking into account the mass transfer limitations discussed
previously.

The comparison of predicted and experimental data is
illustrated inFig. 23 for the group of chlorinated aromatic

Fig. 22. Activation entropy vs. activation energy for investigated VOCs.
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Fig. 23. Comparison of predicted and experimental destruction yields for chlorinated aromatics.

compounds. Although there remains a considerable scatter
(R2 = 0.92), the data points are centered around the diag-
onal of the graph, thus stressing the validity of the design
approach.

7. Pilot-scale and full-scale results

Data were obtained at the 3000 N m3/h pilot-scale of
IVRO. The results are given inTable 10, which also in-
cludes results of Liljelind et al.[51] and full-scale data
of Fritsky et al.[52]. These are the only literature reports
where the various congeners are measured separately.

From the data it is clear that: (i) destruction efficiencies
are normally excellent, with lower quoted values due to the
use of the detection limit as exit concentration; (ii) the effi-
ciencies increase with increasing operating temperature; (iii)
the higher degree of chlorination does not markedly affect
the destruction efficiency.

The Fritsky et al.[52] paper moreover reports an overall
PCDD/F removal efficiency of 91.3% at an operating tem-
perature of 194◦C.

The overall activation energy calculated from the results
reported by Fritsky et al.[52] is 13.7 kJ/mol. The average ac-

tivation energy calculated from the results of Liljelind et al.
[51] is 13.1 kJ/mol for PCDD and 10.5 kJ/mol for PCDF.
These data have already been included in the treatment of
Section 6.3.

The catalytic destruction of PCDD/F being relatively new,
literature data on separate PCDD/F destruction efficiencies
are scarce. The final PCDD/F abatement (after carbon ad-
sorption) is often combined with a vanadia catalyzed SCR

Table 10
PCDD/F catalytic destruction efficiencies (%)

Own results
IVRO (230◦C)

Liljelind et al.
[51] (230◦C)

Fritsky et al.[52]
(202◦C)

TCDD 99.10 92.0 94.44
PeCDD 98.86 97.0 95.45
HxCDD 97.30 95.0 90.63
HpCDD 96.72 92.0 92.82
OCDD 96.98 94.0 97.69

Average PCDD 97.8 94.0 95.2
TCDF 99.42 99.0 95.20
PeCDF 99.46 99.0 94.68
HxCDF 99.70 98.0 93.24
HpCDF 99.61 99.0 93.46
OCDF 99.61 97.0 98.84

Average PCDF 99.6 98.4 95.1
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deNOx using NH3. These SCR-data should be considered
with extreme caution since the inlet PCDD/F-concentrations
are extremely low due to the adsorption pretreatment thus
producing rather inaccurate destruction data.

The author reviewed the data available from Flemish
MSWIs (two units apply a separate catalytic destruction,
whereas one plant combines entrained-phase adsorption and
SCR-deNOx). These data are given inTable 11. Results of
the PCDD/F destruction efficiencies at MSWI 10 over the
past 24 months have confirmed the excellent performance.
Temperatures ranged from 209 to 230◦C and inlet PCDD/F
concentrations varied between 0.3 and 6.7 ng TEQ/N m3-
dry at 11% O2. The measured efficiencies ranged from
98.2 to 98.9%. A slight temperature dependency is found
(adding 0.5% from 205 to 235◦C).

The full-scale separate PCDD/F abatement reactors score
average efficiencies largely in excess of 95%.

The full-scale SCR-units should not be compared with
the separate units, since SCR-deNOx normally requires tem-
peratures around 300◦C, where PCDD/F de novo synthesis
could occur thus reducing the destruction efficiency.

8. Final design recommendations for the catalytic
oxidation of CVOC and PCDD/F

8.1. Preliminary observations

It should be remembered that most of the experimental
investigations operate at conditions favoring the reaction to
proceed at low to medium yields, since results at over 90%
destruction efficiency will not allow the accurate determi-
nation of kinetic constants and activation energies. To pro-
duce useable results, experiments—including the work of
this thesis—are carried out at: (i) high values of SV (h−1),
i.e. low contact times, as illustrated inTable 9and (ii) low
to medium reaction temperatures.

Literature data on industrial scale CVOC catalytic com-
bustion however operate at slightly higher temperatures,
longer contact times (SV between 10000 and 40000 h−1)
and possibly include mass transfer resistances when honey-
comb geometries are used.

The Goretex REMEDIA® fleece reactor operates at tem-
peratures between 220 and 250◦C, for SV-values between
10000 and 20000 h−1. The mass transfer is negligible in the
Goretex fleece.

Increasing the time of reaction, thus reducing the SV-
values, is quite simply achieved by reducing the superfi-
cial gas velocity of the reactor, or increasing the thickness
of the catalyst bed or fleece. The Bekaert fleece of 1 mm
thickness, operating at 2 m3/h (300◦C) yields a residence
time of 12.4 ms (SV≈ 290 000 h−1). If operated at 2 or
10 mm thickness, the residence time is increased to 24.8 or
124 ms, respectively, with corresponding SV of 145 000 or
29 000 h−1. The sintering of thicker fiber webs will then be
needed and is technically easy to achieve.

Fig. 24. Space velocity and temperature required for given destruction
yields ofo-dichlorobenzene (DCB) and PCDD/F with a metal fiber fleece
(AP = 35× 106 m2/m3).

8.2. Design values of a fleece reactor

In order to expand the experimental results to high de-
struction efficiencies and define the operating parameters to
achieve these yields, calculations ofSection 6were repeated
for the metal fiber fleece as used in our experimental work
(AP = 35× 106 m2/m3). Given temperatures and required
conversion yields determine the acceptable contact time, ex-
pressed through the space velocity, SV (h−1).

By way of example, these calculations have been made
for o-dichlorobenzene (DCB) and PCDD/F, using experi-
mental activation energies and entropies. Results are shown
in Fig. 24 and stress the importance of operating at as a
high temperature as is economically justified. The contact
time can be read from the figure for a given temperature,
a known catalyst configuration (AP) and a required con-
version.

High destruction yields require lower SV-values than
those used in the own and literature research, thus demand-

Fig. 25. Space velocity and temperature required for given destruction
yields of PCDD/F with Goretex REMEDIA® (AP = 130× 106 m2/m3).
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Table 11
Review of full-scale destruction efficiencies

Reference Operating temperature (◦C) Destruction efficiency (%)

Separate PCDD/F abatement
MSWI 5-Flanders 210–240 98.3–99.4
MSWI 10-Flanders 209–240 93.3–98.9
Fritsky et al.[52] 202 95.1
Frings et al.[53] 190–240 99.0
Boos et al.[47] 280 97

Combined PCDD/F polishing and SCR-deNOx

Carlsson et al.[54] 325 80
MSWI 8-Flanders 214 95.4–98.3
Tartler et al.[55] 300 61.8
Ishida et al.[56] 200 83.3
Kamiyama et al.[57] 230 94.5

ing reduced superficial velocities and/or increased fleece
thicknesses.

The calculation for the Goretex REMEDIA® fleece with
average AP of 130× 106 m2/m3 and expected PCDD/F de-
struction efficiency between 92 and 98% is illustrated in
Fig. 25. Predicted SV-values correspond with the cited in-
dustrial values, thus stressing the validity of the design ap-
proach suggested in this work.

9. Conclusions

Experimental investigations using a novel catalyst-coated
sintered metal fleece are reported in this paper. Thin metal
fibers are sintered (non woven) to fleece of various thickness,
structure and porosity and with excellent dedusting capaci-
ties. The V2O5–WO3/TiO2 catalyst was applied by the spray
coating technique, thus combining the catalytic destruction
of (C)VOC and dedusting, if required.

Destruction efficiencies were measured with various
(C)VOC in the temperature range of 260–340◦C. Literature
data for oxidation reactions in fixed beds and honeycomb
reactors are included in the assessment.

Mass transfer resistances are calculated and are generally
negligible for fleece reactors and fixed pellet beds, but can
be of importance for honeycomb monoliths.

The experimental investigations demonstrate: (i) that the
conversion of the hydrocarbons is independent of the oxygen
concentration, corresponding to a zero-order dependency of
the reaction rate; (ii) that the conversion of the hydrocarbons
is a first-order reaction in the (C)VOC; (iii) that the oxidation
of the (C)VOC proceeds to a higher extent with increasing
temperature, with multiple chlorine substitution enhancing
the reactivity; (iv) that the reaction rate constant follows an
Arrhenius-dependency.

The reaction rate constantkr (s−1) and the activation en-
ergy E (kJ/mol) are determined from the experimental re-
sults. The activation energy is related to the characteristics
of the (C)VOC under scrutiny and correlated in terms of the
molecular weight.

The kr-values are system-dependent and hence limited
in design application to the specific VOC-catalyst com-
bination being studied. To achieve system-independency,
kr-values are transformed into an alternative kinetic con-
stant K (m3/(m2u)) expressed per unit of catalyst surface
and thus independent of the amount of catalyst present
in the reactor. In doing so, largely different experimen-
tal data can be fitted in terms of thisK-approach. Results
are thereafter used to define the Arrhenius pre-exponential
factor (A∗), itself expressed in terms of the activation
entropy.

Destruction efficiencies for any given reactor set-up can be
predicted fromE- andA∗-correlations. The excellent com-
parison of predicted and measured destruction efficiencies
for a group of chlorinated aromatics stresses the validity of
the design approach.

Since laboratory-scale experiments using PCDD/F are im-
possible, pilot and full-scale tests of PCDD/F oxidation un-
dertaken in Flemish MSWIs and obtained from literature are
reported. From the data it is clear that: (i) destruction effi-
ciencies are normally excellent; (ii) the efficiencies increase
with increasing operating temperature; (iii) the higher de-
gree of chlorination does not markedly affect the destruction
efficiency.

Finally, all experimental findings are used in design rec-
ommendations for the catalytic oxidation of (C)VOC and
PCDD/F. Predicted values of the acceptable space velocity
correspond with the cited industrial values, thus stressing
the validity of the design strategy and equations developed
in the present chapter.
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Appendix A. Literature review on (C)VOC oxidation over vanadia catalysts

Catalyst/operating conditions/tested (C)VOC Results/comments

Mori, K., Inomata, M., 1984. J. Chem. Soc., Faraday Trans. I 80, 2655–2668
Unsupported V2O5, V2O5/TiO2 and V2O5/Al2O3 The catalyst activity was mainly determined by the

number of surface V=O species
350–400◦C The TiO2supported catalyst showed the highest activity
Benzene Zero-order kinetics in oxygen (for O2-concentration

>0.14 atm)
Activation energies

V2O5: 22 kcal/mol
V2O5/TiO2: 20–23 kcal/mol
V2O5/Al2O3: 29–32 kcal/mol

Hagenmaier, H., 1989. VDI Berichte 730, 239–254
Various metals and metal oxides CVOC oxidation does not produce PCDD/F
Various CVOC, but mostly PCDD/F Fly ash catalyzes the transition of congeners

PCBs and PCDD/F can be catalytically oxidized
(>99%) at 120–500◦C for residence times of 1–4 s
Copper oxides yield very high conversions at >250◦C
TCDF and hexachlorobenzene are virtually 100%
destroyed at 500◦C
SV should be<1,000 h−1

The author specifies the different applications of
catalytic CVOC destruction

Jin, L., Abraham, M.A., 1991. Ind. Eng. Chem. Res. 30, 89–95
V2O5-powder catalyst (fixed bed reactor) Small amounts of 1,2,4-trichlorobenzene were detected
288–343◦C First-order kinetics in both DCB and oxygen

concentration
1,4-Dichlorobenzene (DCB), 0.37 mol/l Surface reaction proceeds more slowly than adsorption

and is the rate limiting step in the oxidation mechanism
Activation energy for DCB= 24.9 kJ/mol

Boos, R., Budin, R., Hartl, H., Stock, M., Wurst, F., 1992. Chemosphere 25 (3), 375–382
V2O5–WO3/TiO2, honeycomb-type catalyst, 280◦C η(PCDD/F) between 89 and 96%
PCDD/F Combined deNOx possible (injection of NH3)

Frings, B., Marl, K., 1994. Umwelt-Special, K22
V2O5–WO3/TiO2 First-order kinetics in VOC
Honeycomb Reaction rate constants are given
2–4 wt.% V2O5 PCDD/F congeners are oxidized with equal efficiency
200–350◦C η(PCDD/F) 94.9% at 210◦C and >98% above 325◦C
PCDD/F, perchloroethylene, dichlorobenzene Simultaneous deNOx: η >70% and function of

operating temperature

Ide, Y., Kashiwabara, K., Okada, K., Mori, S., Hara, M., 1996. Chemosphere 32, 189–198
V2O5–WO3/TiO2 (SCR catalyst) η increases with increasing temperature or decreasing AV
Honeycomb catalyst First-order kinetics in VOC
210–260◦C NOx reduction possible with same catalyst
Bench scale test equipment Design equations for deNOx included
Field test equipment used on MSW flue gas η(PCDD/F) is approx. 90%
Benzene, toluene, polychlorobenzenes (PCBz),

polychlorophenols (PCPh), PCDD/F
Addition of NH3 does not affect PCDD/F-decomposition

η(PCBz) less than 30%
η(PCPh) >85%
Activation energy of PCPh is lower than that of PCBz
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Jones, J., Ross, J.R.H., 1997. Catalysis Today 35, 97–105
V2O5 (4 wt.%) supported on TiO2, ZrO2, SiO2,

Al2O3 and La2O3

100% conversion at temperatures >300◦C

Pellets in fixed bed CO2, H2O and HCl are the only reaction products
detected

140–500◦C Catalyst is stable in presence of HCl
Ethylchloride, monochlorobenzene Addition of WO3 improves the resistance to SO2

poisoning, but has no significant effect on catalytic
behavior

Oxidation reactions in presence of NO and NH3 deNOx data are also included

Krishnamoorthy, S., Baker, J.P., Amiridis, M.D., 1998. Catalysis Today 40, 39–46
V2O5/TiO2 catalyst with different V2O5 loadings

(0.8, 3.6 and 5.8 wt.%) and different additives
(none, WO3, MoO3 and ZnO)

DCB selected because of structural similarity to PCDD/F

Fixed bed reactor with pellets (80–120 mesh) No intraparticle diffusional limitations
100–500◦C TiO2 support also exhibits some activity for DCB

oxidation
1,2-Dichlorobenzene (DCB) First-order kinetics in DCB, zero order in O2

The addition of WO3, MoO3 or ZnO has a promoting
effect on SCR-activity (reduction of NOx in the presence
of NH3), but does not alter the DCB-oxidation activity
Addition of NH3 enhances oxidation of DCB
η increases with temperature and V2O5 loading
η > 80% atT > 330◦C and 5.8 wt.% V2O5
Activation energy: 30–37 kJ/mol
CO and CO2 are the only carbon-containing reaction
products
No catalyst deactivation after 100 h of operation at 723 K

Weber, R., Sakurai, T., Hagenmaier, H., 1999. Applied Catalysis B: Environmental 20, 249–256
V2O5–WO3/TiO2 h(PAH) > 95% andh(PCDD/F) > 98%
Honeycomb-type catalyst, crushed and used as fixed

bed
h(PCBz)= 99% above 300◦C and 50% at 200◦C

Average composition: 80 wt.% TiO2, 6–7 wt.% V2O5
and 5.5–6 wt.% WO3

At temperatures below 200◦C, removal is mainly
caused by adsorption on the catalyst

SV = 5000 h−1 (cf. SCR-catalyst in MSWIs) Higher chlorinated PCDD/F have lower oxidation rates
150–310◦C Oxidation rate of PCBz increases with chlorination

degree
PCDD/F, polychlorobenzenes (PCBz), polyaromatic

hydrocarbons (PAH)
An explanation for the high adsorption affinity of PAHs
and PCDD/F on the catalyst is given
Destruction results are explained by competing effects
of redox potential and volatility

Donghoon, S., Sangmin, C., Jeong-Eun, O., Yoon-Seok, C., 1999. Environ. Sci. Technol. 33, 2657–2666
V2O5–WO3/TiO2 Results of Frings et al. (1994) and Ide et al. (1996) are

used to develop an empirical correlation forη,
applicable at temperatures above 175◦C

PCDD/F

Krishnamoorthy, S., Rivas, J.A., Amiridis, M.D., 2000. J. Catal. 193, 264–272
Cr2O3, V2O5, MoO3, Fe2O3 and Co3O4 supported

on TiO2 and Al2O3

Cr2O3- and V2O5-based catalysts have highest activity

Metal oxide loadings (4.5–9 wt.%) are such that all
catalysts have same amount of metal on molar basis
(approx. 6× 10−4 mol/g)

TiO2-supported systems are more active than
Al2O3-systems
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Fixed bed reactor with pellets (80–120 mesh) TiO2 also exhibits some oxidation activity
SV = 25,000 h−1 Partial oxidation products (acetates, formeates, maleates

and phenolates) are detected on the catalyst surface
1,2-Dichlorobenzene (DCB), 600 ppmv Surface oxygen is involved in the oxidation reaction

Oxidation reaction operates via similar mechanism for
all investigated catalyst systems

Weber, R., Plinke, M., Xu, Z., 2000. Organohalogen Compounds 45, 427–430 and Weber, R., Plincke, M., Xu, Z.,
Wilken, M., 2001. Applied Catalysis B: Environmental 31, 195–207
V2O5–WO3/TiO2 on PTFE-filter medium Blank tests showed neither destruction nor adsorption

on uncoated PTFE-filter
Commercially available as REMEDIATM D/F by

W.L. Gore & Associates, Inc.
PCDD/F destruction efficiency in excess of 99% with
inlet concentrations of up to 100,000 ng/N m3

(PCDD/F-values in MWIs are typically
200–4000 ng/N m3)

8% V, <8% W Adsorption on catalytic filter is important forT< 200◦C
SV = 25,000 h−1, corresponds to typical filter

velocity for industrial cloth filters (1 m/min)
PCDD were removed with slightly higher efficiency
than PCDF

Laboratory set-up (200◦C) Destruction kinetics of PCDD/F decrease with
increasing chlorination degree

Field tests in MSWIs (185–220◦C) η(benzo[a]pyrene) > 99.9%,η(pyrene)= 99.8%,
η(naphthalene)= 75%

PCDD/F, non-chlorinated PAHs No catalyst deactivation after 2 years of operation in
MSWI, catalyst promises the same lifetime expectation
as the filter bag material (5 years)

Plinke, M., Fritsky, K., Ganatra, C.P., Wilken, M., Gass, H., Weber, R., Mogami, Y., 2000. Organohalogen
Compounds 45, 452–455
REMEDIATM D/F catalytic filter system by W.L.

Gore & Associates, Inc.
η(PCDD/F) > 99%

PCDD/F-removal data of plants operating with the
filter (incinerators, crematoria and steel mills)

PCDD/F are destroyed and not just adsorbed on catalyst
or dust cake

180–250◦C, filter velocity 1 m/min In 8 of the 14 examined plants, dust emissions cannot
exceed 1 mg/N m3 to comply to the
0.1 ngTEQ/N m3-norm
Seven plants operating with the filter for up to 3 years
have PCDD/F-emissions below 0.1 ngTEQ/N m3

Xu, Z., Fritsky, K., Graham, J., Dellinger, B., 2000. Organohalogen Compounds 45, 419–422
Lab-scale: V2O5/TiO2-powder catalyst, 230◦C,

PCDD/F (<100 ppb)
Lab-scale:η(PCDD/F) > 99.6%

Results of REMEDIATM D/F catalytic filter system
on medical waste incinerator are also reported
(194–204◦C)

Only inorganic reaction products were formed

No adsorbed TCDD was found on the catalyst
Medical waste incinerator: PCDD/F-emissions are
reduced from 2.57 to approx. 0.05 ng TEQ/N m3@11%
O2

Fritsky, K.J., Kumm, J.H., Wilken, M., 2001. J. Air & Waste Manage. Assoc. 51, 1642–1649
REMEDIATM D/F catalytic filter system by W.L.

Gore & Associates, Inc.
The total PCDD/F removal efficiency is 98.4%,
composed of a gas-phase destruction efficiency of
97.7% and a solid phase removal efficiency of 99.9%

Results of medical waste incinerator (136.4 tons per
day,=200◦C)

the clean gas PCDD/F concentration is
	0.1 ng TEQ/N m3-dry at 11% O2
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PCDD/F inlet concentration: 1.77 ng TEQ/N m3 in
gas phase and 0.80 ng TEQ/N m3 in solid phase

The particulate matter removal efficiency is 99.95%

Life expectancy of the filter system is 5 operating years

Liljelind, P., Unsworth, J., Maaskant, O., Marklund, S., 2001. Chemosphere 42, 615–623
TiO2–V2O5 extrudate (commercial catalyst for Shell

Denox System)
At low temperatures (100◦C) PCDD/F-removal is
mainly caused by adsorption on catalyst

100–250◦C At 230◦C all removal is by destruction
Operated at SV 8,000 and 40,000 h−1 η increases with temperature
PCDD/F, PCBs, PAHs, polychlorobenzenes (PCBz),

polychlorophenols (PCPh)
η(PCDD/F): >92.5% andη(PCBs): 46–76%
η(PAHs): 75–98%
η(PCBz): 33%, no adsorption observed
η(PCPh): 98%, no adsorption observed
Chloro-homologue profiles remain unaffected
PCPhs have higher activation energies than PAHs and
PCDD/F

Weber, R., Sakurai, T., 2001. Applied Catalysis B: Environmental 34, 113–127
V2O5–WO3/TiO2 Adsorption of PCB on catalyst (71% of PCB-feed at

150◦C, 12% at 210◦C and 0.05% at 250◦C)
Honeycomb-type catalyst, crushed and used as fixed

bed
η(PCB) > 99% forT > 200◦C

Average composition: 78.2 wt.% TiO2, 7.1 wt.%
V2O5 and 5.9 wt.% WO3

PCB destruction rate increases with decreasing
chlorination degree

SV = 5000 h−1 (cf. SCR-catalyst in MSWIs) PCB removal efficiency decreases with decreasing
chlorination degree

150–300◦C PCDF are formed during decomposition of PCB, but are
also oxidized on the catalyst

PCB T > 250◦C: no PCDF were detected
No PCDD, nor any other by-products, were detected
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