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Abstract

The releases of chlorinated volatile organic compounds (CVOCs) are controlled by strict
regulations setting high demands for the abatement systems. Low temperature catalytic oxidation
is a viable technology to economically destroy these often refractory emissions. Catalysts applied
in the oxidation of CVOCs should be highly active and selective but also maintain a high
resistance towards deactivation. 

In this study, a total of 33 different γ-Al2O3 containing metallic monoliths were studied in
dichloromethane (DCM) and 25 of them in perchloroethylene (PCE) oxidation. The active
compounds used were Pt, Pd, Rh or V2O5 alone or as mixtures. The catalysts were divided into
three different testing sets: industrial, CVOC and research catalysts. ICP-OES, physisorption,
chemisorption, XRD, UV-vis DRS, isotopic oxygen exchange, IC, NH3-TPD, H2-TPR and
FESEM-EDS were used to characterise the catalysts. 

Screening of the industrial catalysts revealed that the addition of V2O5 improved the
performance of the catalyst. DCM abatement was easily affected by the addition of VOC or water,
but the effect on the PCE oxidation was only minor. Based on these screening tests, a set of CVOC
catalysts were developed and installed into an industrial incinerator. The comparison between the
laboratory and industrial scale studies showed that DCM oxidation in an industrial incinerator
could be predicted relatively well. Instead, PCE was always seen to be oxidised far better in an
industrial unit indicating that the transient oxidation conditions are beneficial for the PCE
oxidation. Before starting the experiments with research catalysts, the water feed was optimised
to 1.5 wt.%. Besides enhancing the HCl yields, water improved the DCM and PCE conversions.
In the absence of oxygen, i.e. during destructive adsorption, the presence of water was seen to have
an even more pronounced effect on the HCl formation and on the catalysts’ stability. In the DCM
oxidation, the addition of the active compound on the catalyst support improved the selectivity,
while the enhancing effect on the DCM conversion was only small. The high acidity together with
the increased reducibility was seen to lead to an active catalyst. Among the research catalysts Pt/Al2O3
was the most active in the DCM oxidation. With PCE the addition of the active compound proved
to be very beneficial also for the PCE conversion. Now Pt and Pd supported on Al2O3-CeO2 were
the most active. The enhanced reducibility was seen to be the key feature of the catalyst in PCE
oxidation. 

Keywords: acidity, catalytic oxidation, chlorinated volatile organic compound, CVOC,
DCM, destructive adsorption, dichloromethane, emission abatement, PCE,
perchloroethylene, reducibility
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Tiivistelmä

Klooratuille orgaanisille hiilivedyille (CVOC) on asetettu tiukat päästörajoitukset niiden haital-
listen vaikutusten takia. Tästä johtuen myös puhdistusmenetelmien tulee olla tehokkaita. Kata-
lyyttinen puhdistus on teknologia, jolla nämä usein vaikeasti käsiteltävät yhdisteet voidaan
taloudellisesti tuhota. Käytettävien katalyyttien tulee olla aktiivisia ja selektiivisiä sekä hyvin
kestäviä. 

Tässä työssä tutkittiin yhteensä 33 erilaista γ-Al2O3-pohjaista hapetuskatalyyttiä metyleenik-
loridin (DCM) käsittelyssä, niistä 25 testattiin myös perkloorietyleenin (PCE) hapetuksessa.
Aktiivisina metalleina katalyyteissä käytettiin platinaa, palladiumia, rhodiumia ja vanadiinia
yksin tai seoksina. Katalyytit jaettiin kolmeen ryhmään: teolliset-, CVOC- ja tutkimuskatalyytit.
Aktiivisuuskokeiden lisäksi katalyyttejä karakterisoitiin ICP-OES-, fysiorptio-, kemisorptio-,
XRD-, UV-vis DRS-, isotooppivaihto-, IC-, NH3-TPD-, H2-TPR- ja FESEM-EDS-pintatutki-
musmenetelmillä. 

Koetulokset osoittivat, että vanadiini paransi teollisuuskatalyyttien aktiivisuutta ja selektiivi-
syyttä. VOC-yhdisteen tai veden lisäys paransi DCM:n hapettumista, mutta PCE:n hapettumi-
seen niillä ei ollut vaikutusta. Testien perusteella kehitettiin CVOC-katalyytit, jotka asennettiin
teolliseen polttolaitokseen. Laboratoriossa ja teollisuudessa tehdyissä testeissä havaittiin, että
DCM:n hapettuminen oli laboratoriokokeiden perusteella ennustettavissa. Sen sijaan PCE hapet-
tui teollisuudessa aina paljon paremmin kuin laboratorio-olosuhteissa. Tämä osoittaa, että muut-
tuvat hapettumisolosuhteet vaikuttivat positiivisesti PCE:n hapettumiseen. Veden määrä syöttö-
virrassa optimoitiin 1,5 %:iin ennen tutkimuskatalyyttien testausta. Selektiivisyyden lisäksi vesi
paransi DCM:n ja PCE:n konversiota. Hapettomissa olosuhteissa, ts. tuhoavien adsorptiokokei-
den aikana, vesi paransi reaktion selektiivisyyttä HCl:ksi ja CO2:ksi vielä entisestään. Tämän
lisäksi vesi lisäsi katalyytin stabiilisuutta. DCM:n hapetuksessa aktiivisen metallin lisäys paran-
si selektiivisyyttä, mutta sen sijaan vaikutus DCM:n konversioon oli hyvin pieni. Tulokset osoit-
tivat, että aktiivisella DCM:n hapetuskatalyytillä tulee olla korkea happamuus ja hyvä pelkisty-
vyys. Pt/Al2O3 oli testatuista tutkimuskatalyyteistä aktiivisin. PCE:n hapetuksessa aktiivisen
metallin lisäys paransi selektiivisyyden lisäksi huomattavasti myös konversiota. Katalyytin
lisääntyneen pelkistymiskyvyn todettiin olevan keskeisin ominaisuus PCE:n hapettumisessa.
Pt/Al2O3-CeO2 ja Pd/Al2O3-CeO2 olivat tutkimuskatalyyteistä aktiivisimpia. 

Asiasanat: CVOC, happamuus, katalyyttinen hapetus, klooratut orgaaniset hiilivedyt,
metyleenikloridi, pelkistyvyys, perkloorietyleeni, päästöjen käsittely, tuhoava adsorptio
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1 Introduction and aims 

Based on the subjective identification of air pollution effects, such as visibility, 

smell, breathing problems, tear formation, plant damages, corrosion, materials 

deterioration and photochemical ozone formation, six principal air pollutants have 

been identified as follows: particles, sulphur dioxide, carbon monoxide, nitrogen 

oxides, non-methane hydrocarbons (NMVOC) and ozone. These are the most 

common air pollutants in urban centers where populations are concentrated. 

(Moroz 1989) Today, when an air pollution effect is observed, in addition to these 

principal pollutants, many other emissions need to be considered. According to 

Santen (1999), the most important environmentally harmful compounds emitted 

into the air are nitrogen oxides (N2O and NOx), chlorofluorocarbons (CFC), 

sulphur dioxide (SO2) and volatile organic compounds (VOCs). Furthermore, air 

and gaseous pollutants can be divided into eight different categories as follows: 

particulate matter (PM), acid gases (SOx, NOx, HCl, etc.), greenhouse gases (COx, 

NOx, PFCs – perfluorocarbons, etc.), ozone depletion substances (ODS – freons, 

halon, etc.), volatile organic compounds (VOC), toxic gases (Hg, dioxins, etc.), 

radioactive gases (isotopes of C, Rn, I, Cs,. etc.) and biological cells and bacteria 

(Chang 2001). Depending on the source, many other classifications for air 

emissions can be found. 

1.1 Volatile organic compounds (VOCs) 

Volatile organic compounds (VOCs) are commonly present in the atmosphere at 

ground level in all urban and industrial areas. There are many hundreds of 

compounds which can be considered VOCs, depending on the definitions. A loose 

definition for VOC would be that it is any carbon-containing compound found in 

the atmosphere, excluding elemental carbon, carbon monoxide and carbon 

dioxide. The loose definition also includes semi-volatile organic compounds, i.e., 

compounds adsorbed onto the surface of atmospheric suspended particulate 

matter. One of the strict definitions for VOC is that the term refers to compounds 

present in the atmosphere as vapours, but which under normal conditions (NTP) 

would be liquids or solids. (Derwent 1995) Also in EU legislation, several 

definitions for VOC can be found. The one used in the VOC directive (Directive 

1999/13/EC) and now in the industrial emission (IE) directive (Directive 

2010/75/EU) states that VOC ‘‘means any organic compound as well as the 

fraction of creosote, having at 293.15 K a vapour pressure of 0.01 kPa or more, or 
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having a corresponding volatility under the particular conditions of use’’. This 

VOC definition includes chlorine substituted organic compounds, i.e., chlorinated 

volatile organic compounds (CVOCs). In the IE directive (Directive 2010/75/EU) 

CVOCs belong to the group of halogenated VOCs. 

1.1.1 Sources and concerns of chlorinated volatile organic 

compounds (CVOCs) 

Almost all the emissions of chlorinated volatile organic compounds (CVOC) 

released into the atmosphere result from human actions. Chlorinated volatile 

organic compounds (CVOCs) are widely used in industry as solvents, dry 

cleaning agents, degreasing agents, and intermediates in the production of plastics, 

synthetic resins and pharmaceuticals (Manahan 1991, Koyer-Golkowska et al. 

2004). Many CVOCs are directly harmful to health and the environment as 

carcinogens, mutagens and toxins. After chemical reactions, CVOCs cause a 

number of indirect pollution problems such as ozone and smog formation in the 

troposphere and depletion of the ozone layer in the stratosphere. The most 

persistent compounds can lead to biological accumulation, causing toxic CVOC 

levels in foodstuffs. (Derwent 1995, Manahan 1991, Moretti 2001) The global 

warming potential (GWP) of 100 years for CVOCs ranges from 10 to 1800 (the 

GWP for CO2 is 1) (IPCC 2001). Because of their harmful properties, the release 

of CVOCs into the environment is controlled by increasingly stringent regulations 

setting high demands for CVOC abatement systems. 

1.1.2 Reduction of CVOC emissions 

Reduction of VOC emissions achieved by modifying the process equipment, by 

selecting more benign raw materials, and/or by changing the processes where 

VOC emissions originate from are the most effective and preferred methods as 

they are primary emission control methods. If the primary methods are not 

feasible, secondary abatement methods should be used. Secondary methods can 

also be called add-on-control or end-of-pipe techniques and are further classified 

into two sub groups, namely recovery and destruction. (Derwent 1995, Khan & 

Ghoshal 2000) High-value VOCs favour recovery methods whereas mixtures of 

VOCs or low-value solvents favour destruction-based methods. A major 

advantage in the destruction-based abatement is that there is no requirement for 

the subsequent disposal of the recovered VOC. It is also possible to use hybrid 
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systems, where different techniques are combined for the enhanced abatement of 

VOCs. (Engleman 2000, Moretti 2001, Everaert & Bayens 2004, Liotta 2010) 

The main selection criteria for the VOC abatement technologies are costs, 

VOC concentration, vent-gas flow rate, and the required control level, i.e., 

regulatory factors. The cost of treating streams containing halogenated volatile 

organics is estimated to be at least double the cost of treating simple non-

halogenated streams. (Engleman 2000, Moretti 2001) The most efficient and 

widely-used method for the destruction of VOCs in gas effluent streams is 

oxidation, also called incineration or combustion. Combustion can be divided into 

thermal and catalytic methods. The low temperature catalytic oxidation appears to 

be a viable and effective technology for meeting the environmental and economic 

requirements in VOC oxidation. (Derwent 1995, Hayes & Kolaczkowski 1997, 

Everaert & Bayens 2004, Liotta 2010)  

1.2 Catalytic oxidation of CVOCs 

Catalytic oxidation is a suitable method for the abatement of VOCs containing 

chlorinated solvents (CVOCs). Catalytic abatement is a particularly preferable 

method when mixtures of several compounds and low concentrations of 

halogenated VOCs are present in the emission. (Derwent 1995, Centi 2001, 

Moretti 2001, Everaert & Bayens 2004, Liotta 2010, Ojala et al. 2011) Catalytic 

incinerators operate very similarly to thermal oxidisers. Hayes & Kolaczkowski 

(1997) summarised the fundamental differences between catalytic oxidation and 

conventional combustion as follows: 

– conventional combustion occurs in the presence of flame, whereas catalytic 

oxidation is a flameless process 

– the operational temperatures in conventional combustion are generally higher 

than in catalytic oxidation 

– nitrogen oxide emissions are lower in catalytic oxidation 

– conventional combustion can only exist if the fuel to air ratio is correct, 

catalytic oxidation is not so restricted 

– catalytic oxidation offers fewer limitations in reactor design. 

In consequence, the main advantages in catalytic oxidation are that the need for 

auxiliary fuel is lower and the residence times are generally shorter, which leads 

to smaller abatement units. Due to the exothermic oxidation reactions, catalytic 

VOC oxidation can proceed even without external energy if the VOC 
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concentrations are high enough. These lead to lower purchase price of the 

abatement unit but also to lower operating costs in catalytic oxidation than in 

conventional combustion. Besides lower NOx emissions, the undesired formation 

of other harmful by-products can also be inhibited by selecting suitable catalysts 

and additives to be included in the reaction stream. (Hayes & Kolaczkowski 1997, 

Donley & Lewandowski 2000, González-Velasco et al. 2000, Khan & Ghoshal 

2000, Ojala et al. 2005) 

In a catalytic oxidation system, the incoming emission stream is preheated 

close to the oxidation temperature before it enters into the catalyst bed. To 

improve the energy economy of the system, recuperative or regenerative heat 

exchangers are often used in the preheating in order to utilise the heat released 

from the exothermic oxidation reaction. The heated gas stream then passes 

through the catalyst bed; oxygen and VOCs migrate to the catalyst surface by 

diffusion from the gas stream and are adsorbed on or near to the active sites 

where oxidation occurs. Next the reaction products are desorbed from the surface 

and they diffuse back to the gas stream. (Jennings 1985, Moretti 2001) 

The catalytic incinerator in this study is a regenerative flow-reversal –type 

reactor utilising two honeycomb systems including catalysts and regenerative 

ceramic heat exchangers. The incinerator is described in detail in Chapter 2.4.2. 

1.3 Catalysts for CVOC oxidation 

A catalyst is a substance that is introduced into the reaction stream with the 

intention of increasing the rate of reaction to the desired product or the rate of 

destruction of undesired compounds. In the reaction, a catalyst provides an 

alternative reaction pathway, which has lower activation energy than the un-

catalysed reaction. In the ideal case, a catalyst does not change during the reaction. 

Catalysts can be divided into homogeneous and heterogeneous catalysts. In 

general, catalytic oxidation applications apply heterogeneous catalysts which are 

retained in the combustion chamber. (Hayes & Kolaczkowski 1997) 

The catalysts applied in CVOC oxidation should be highly active at relatively 

low temperatures, maintain high resistance towards deactivation by chlorine and 

its compounds and have high selectivity towards CO2 and HCl. The reactivity of 

CVOCs in the catalytic oxidation, as well as the distribution of the reaction 

products, depends strongly on the catalyst used and the chemical structure of the 

oxidised compounds. (Sinquin et al. 2000, López-Fonseca et al. 2003a, López-

Fonseca et al. 2004) Among the large number of CVOCs which are discharged 
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into the environment, those compounds containing more chlorine atoms than 

hydrogen atoms cannot be totally converted by air to the most desirable chlorine-

containing product: HCl. Therefore, even more toxic products such as chlorine 

gas (Cl2) and phosgene (COCl2) can be formed. Incomplete combustion can also 

lead to a variety of other by-products. The undesired formation of CO as well as 

formyl chloride (HClCO) has been observed in the case of oxidation of C1 and C2 

chlorinated compounds. Even highly toxic dioxins and furans (PCDD/F) may be 

formed unintentionally during the low molecular weight CVOC incineration. 

(Alberici et al. 1998, Brink et al. 1998) Depending on the catalyst, both noble 

metal and metal-oxide catalysts can be active in the Deacon reaction, leading to 

the formation of molecular chlorine and undesired chlorinated compounds. To 

improve selectivity towards HCl, either a hydrogen-rich additive or water vapour 

should be added to the feed stream. (González-Velasco et al. 2000, Sinquin et al. 

2000, López-Fonseca et al. 2003b, López-Fonseca et al. 2004, Everaert & 

Baeyens 2004, Koyer-Golkowska et al. 2004, Wang et al. 2008) The total 

oxidation of VOC leads to CO2 and H2O as the main reaction products. In general 

the VOC oxidation can be described with the following simplified overall 

reaction model (Westbrook & Dryer 1981): 

 CnHm + 
m

(n )
4

 O2 → nCO2 + 
m

2
 H2O. (1) 

In CVOC oxidation the desired total oxidation products are CO2, H2O and HCl. 

Accordingly the combined reaction pathways for total oxidation of DCM (CH2Cl2) 

and PCE (C2Cl4), the model CVOCs in this study, can take the following forms 

(Pinard et al. 2003, Orbay et al. 2008): 

 CH2Cl2 + 2H2 + 2O2 →CO2 + 2H2O + 2HCl (2) 
 C2Cl4 + 6H2 + 4O2 → 2CO2 + 4H2O + 4HCl. (3) 

Studies on CVOC oxidation over different types of catalysts; for example 

supported noble metal catalysts, metal oxides, gold and V2O5 catalysts, zeolites, 

perovskites, and zirconia-alumina, show that noble metal catalysts are often more 

selective than metal-oxide-based catalysts or perovskites (Chen et al. 1996, 

Windawi & Zhang 1996, Chintawar & Greene 1997, Gonzáles-Velasco et al. 

1998, Feijen-Jeurissen et al. 1999, Haber et al. 1999, Padilla et al. 1999, Corella 

et al. 2000, González-Velasco et al. 2000, Sinquin et al. 2000, Yim et al. 2000, 

Musialik-Piotrowska & Syczewska 2002, López-Fonseca et al. 2003a, López-
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Fonseca et al. 2003b, Pinard et al. 2003, Koyer-Golkowska et al. 2004, Pinard et 

al. 2004, Liotta 2010, Matejová et al. 2012). 

Moreover, the destruction of CVOCs depends strongly on the catalyst support. 

For example, acidity plays an important role for saturated CVOCs since the 

adsorption of CVOCs on the catalyst surface occurs at acid sites through 

hydrogen bonding between Cl and the surface proton. On titania supported 

catalysts, radical initiation is suggested, since the light-off temperature is directly 

related to the energy required for a radical dissociation of the CVOC to be 

oxidised. (Bond & Rosa 1996, Ramachandran et al. 1996, Windawi & Zhang 

1996, Brink et al. 1998, Haber et al. 1999, López-Fonseca et al. 2003a, López-

Fonseca et al. 2003b, Wang et al. 2008, Ma et al. 2011, Maupin et al. 2012) 

1.4 Compounds and mixtures 

The total chlorine content of CVOCs has an essential role as C1 chlorinated 

hydrocarbons are catalytically more reactive than C2 chlorinated hydrocarbons 

and chlorobenzenes. Among C1 chlorinated hydrocarbons the reactivity increases 

with the increasing number of chlorine atoms and the decreasing number of C-H 

bonds on the molecule, i.e., catalytic reactivity of C1 chlorinated hydrocarbons 

increases with the decreasing energy for the C-Cl bond. In addition, the double 

bond has an effect on the reactivity, but contrary to VOCs, unsaturated CVOCs 

are more stable than saturated ones. (Koyer-Golkowska 2004, Windawi & Zhang 

1996) 

When mixtures of CVOCs and VOCs are oxidised, the destruction efficiency 

of each compound may increase or decrease. Generally over noble metal catalysts, 

the presence of hydrogen-rich compounds (for example water or VOC), has a 

beneficial effect on the selectivity towards HCl, but the conversion of CVOC may 

also be enhanced. On the other hand, CVOCs usually inhibit the oxidation of the 

added non-chlorinated VOCs. (Windawi & Zhang 1996, Sinquin et al. 2000, 

López-Fonseca et al. 2003b, Everaert & Baeyens 2004, López-Fonseca et al. 

2004, Musialik-Piotrowska & Syczewska 2002, Wang et al. 2008) Enhanced 

destruction of CVOCs is dependent on the VOC used, for example, unsaturated 

VOCs can strongly enhance the oxidation of unsaturated CVOCs while with 

saturated VOCs the effect is smaller (Windawi & Zhang 1996). 
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1.5 VOCs under study 

The three main chlorinated solvents used in Europe are methylene chloride 

(dichloromethane, DCM), perchloroethylene (PCE) and trichloroethylene (TCE) 

(ECSA 2011). Chlorinated solvents are not manufactured in Finland and since the 

1990’s their usage has decreased. The four most imported CVOCs are DCM, PCE, 

1,2-dichloroethane and TCE and in 2012 the amount of imports of these four 

compounds came to a total of 500 tonnes (Tulli 2013), whereas in 2003 the 

amount was 1 400 tonnes and in 1991 it was 2 000 tonnes (Pietiläinen 2005). In 

this study, DCM and PCE were chosen as the CVOC model compounds. The 

other two compounds selected for the first part of the study, known to be emitted 

at the same emission stream with DCM and PCE, were dimethylformamide 

(DMF) and oxitol (EGEE). 

In Europe, strict emission limit values have been set in the IE directive 

(Directive 2010/75/EU) for each of these compounds in relation to their hazard 

statements. The VOCs classified as carcinogens, mutagens, or toxic to 

reproduction assigned to carry the hazard statements H340, H350, H350i, H360D 

or H360F are instructed “to be replaced as far as possible by less harmful 

substances or mixtures within the shortest possible time”. If the substitution is not 

possible and the sum of the compounds “is greater than or equal to 10 g h-1, an 

emission limit value of 2 mg Nm-3 shall be complied with”. Therefore, for DMF, 

for example, the emission limit value is 0.61 ppm. For emissions of halogenated 

VOCs assigned with the hazard statements H341 (suspected of causing genetic 

defects) or H351 (suspected of causing cancer) and where the mass flow is greater 

than or equal to 100 g h-1, the set emission limit value is 20 mg Nm-3. (Directive 

2010/75/EU) The characteristics and emission limit values of the main 

compounds used in this study are listed in Table 1. 
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Table 1. Characteristics of the compounds used in the experiment (Directive 

2010/75/EU, ICSC 2006–2011). 

Compound 

Formula 

CAS No GHS* 

Classification 

Emission limit 

value 

Provider/ 

Purity 

Dichloromethane, 

DCM, CH2Cl2 

75-09-2 H351 20 mg Nm-3
STP

**
 

5.27 ppm 

Algol/ 

99.0%  

Tetrachloroethylene, 

PCE, C2Cl4 

127-18-4 H351, H411 20 mg Nm-3
STP 

2.70 ppm 

Algol/ 

99.0%  

N,N-dimethylformamide, 

DMF, C3H7NO 

68-12-2 H226, H312, H319, 

H332, H360 

2 mg Nm-3
STP 

0.61 ppm 

Telko Ltd/ 

98.0% 

Ethylene glycol monoethyl 

ether, EGEE, C4H10O2 

110-80-5 H226, H302, H312, 

H332, H360 

2 mg Nm-3
STP 

0.50 ppm 

Telko Ltd/ 

99.0% 

*The meaning of Hazard Statement(s) can be found in UNECE Annex 3 (2007). 

**STP: standard condition for temperature and pressure (273 K and 100 kPa). 

1.5.1 Dichloromethane 

Exposure to dichloromethane (DCM) causes skin and eye irritation and may 

affect the central nervous system, blood, liver, heart and lungs. Exposure to high 

concentrations can cause a lowering of consciousness and even death. Long-term 

or repeated exposure may cause dermatitis and have an effect on the central 

nervous system. DCM is labeled as suspected of causing cancer (H531). Due to 

high volatility, harmful concentrations in the air can be reached very quickly even 

at room temperature. At the moment DCM is not categorised as an 

environmentally harmful substance. (ICSC 2006–2011) DCM is used as a solvent 

in the medical industry, in bitumen laboratories and in washing liquids, among 

others (Pietiläinen 2005). Since June 2012 the use of paint removers containing 

more than 0.1 wt.% DCM has been prohibited in the European Union 

(Commission Regulation EU 276/2010). 

1.5.2 Perchloroethylene 

Short-term exposure to perchloroethylene (tetrachloroethylene, PCE) causes eye, 

skin and respiratory track irritation and it can have an effect on the central 

nervous system. Exposure to high concentrations may cause unconsciousness. 

Long-term or repeated exposure can cause dermatitis and damages to the liver and 

kidney. PCE is labelled as probably carcinogenic to humans (H351). A harmful 

concentration in the air via evaporation is reached rather slowly at room 
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temperature. In addition to health effects, PCE is harmful to the environment as it 

is toxic to aquatic organisms and it may cause long-term effects in the aquatic 

environment (H411). (ICSC 2006–2011) Besides being widely used in dry 

cleaning, PCE is used in the plastic and metal industry as a surface cleaning agent 

and as a solvent in the pharmaceutical industry (Pietiläinen 2005, TTL 2011). 

1.5.3 Dimethylformamide 

Short-term exposure to N,N-dimethylformamide (DMF) may cause impacts like 

eye irritation (H319), liver effects and jaundice. Long-term or repeated exposure 

can damage the liver and it may possibly cause toxic effects upon human 

reproduction (H360). The environmental effects of DMF have been investigated 

but nothing has been found so far. (ICSC 2006–2011) DMF is used as a chemical 

and a solvent in different manufacturing processes, laboratories and in the 

medical industry. In Finland in 2004, a total of 17 products in the market 

contained DMF; it can be found in varnishes, coatings and grease and paint 

removers. (Pietiläinen 2005) 

1.5.4 Oxitol 

Short-term exposure to oxitol (ethylene glycol monoethyl ether, EGEE) causes 

mild irritation to the eyes and respiratory system. It may have an effect on the 

central nervous system, blood, bone marrow, kidneys and liver. High-level 

exposure may cause unconsciousness. The effect of long-term or repeated 

exposure causes defatting of the skin and may have an effect on the blood and 

bone marrow, which can result in anaemia and a decrease in the amount of blood 

cells. EGEE may be damaging to human reproduction or development (H360). A 

harmful impurity in the air can be reached quite quickly on evaporation of EGEE 

at room temperature. (ICSC 2006–2011) EGEE is used as a solvent in laboratories 

and in the pharmaceutical industry (Pietiläinen 2005). 

1.6 Aims of the study 

The main aim of this study is to increase knowledge of the key properties of the 

catalysts to be developed and the reaction conditions to be utilised in the catalytic 

abatement unit in the oxidation of emission streams containing chlorinated 
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volatile organic compounds, especially DCM and PCE. In order to reach this 

main aim, the objective was to study following issues in this thesis: 

– the utilisation of existing commercial catalysts in an industrial scale catalytic 

CVOC abatement system; what modifications are needed if any  

– the effect of different hydrogen sources in the emission stream in order to 

promote the HCl yield at the expense of Cl2 

– optimisation of the amount of water in the feed gas mixture and 

understanding the role of water in catalytic CVOC oxidation 

– total oxidation of model CVOCs, the activity and selectivity of different 

catalysts 

– the effect of different reaction conditions on the activity and selectivity 

– durability of the catalysts in model CVOCs oxidation on the laboratory scale 

– durability of the catalysts in an industrial CVOC emission abatement system  

– the key features in the catalysts affecting the activity, selectivity and 

durability in model CVOCs oxidation. 

The objectives of this study in relation to achieving the main aim are 

summarised in Figure 1. 
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Fig. 1. The scope of the thesis. 

1.7 Contribution of the peer reviewed publications 

The thesis consists of five reviewed journal articles whose contribution to 

achieving the objectives of this study is explained in Table 2. 
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Table 2. The contributions of the refereed articles to the thesis. 

Original papers Contribution to the research aim 

Paper I 

Oxidation of dichloromethane and 

perchloroethylene as single compounds and in 

mixtures 

 

Screening of a total of 16 industrial noble metal 

catalysts in DCM oxidation and eight of them in 

PCE oxidation. Two component mixture tests with 

DMF, EGEE, ethanol and ethylene. The effect of 

water in the feed. 

Paper II 

Catalytic oxidation of dichloromethane and 

perchloroethylene – laboratory and industrial 

scale studies 

 

A 23 month durability study of the CVOC catalysts 

in VOC treatment in an industrial incinerator. 

Comparison of laboratory scale tests in catalytic 

oxidation of DCM and PCE with industrial scale 

oxidation results.  

Paper III 

Oxidation of perchloroethylene - Activity and 

selectivity of Pt, Pd, Rh, and V2O5 catalysts 

supported on Al2O3, Al2O3-TiO2 and Al2O3-CeO2 

Total oxidation of PCE over metallic monolith 

catalysts (research catalysts). The optimisation of 

water amount as a hydrogen source for PCE 

oxidation. Consideration of the role of redox 

properties and acidity of the catalysts. 

Paper IV 

Oxidation of perchloroethylene – Activity and 

selectivity of Pt, Pd, Rh, and V2O5 catalysts 

supported on Al2O3, Al2O3-TiO2 and Al2O3-CeO2. 

Part 2 

Study of the reducibility and acidity of the tested 

catalysts. A 40.5-hour stability test. Deeper 

understanding of the role of water in PCE 

destruction, destructive adsorption study. PCE 

decomposition over the Pt/Al2O3-CeO2 catalyst. 

Paper V 

Oxidation of dichloromethane over Pt, Pd, Rh, 

and V2O5 catalysts supported on Al2O3, Al2O3-

TiO2 and Al2O3-CeO2 

Total oxidation of DCM over the same catalysts 

that were studied in Papers III and IV in PCE 

oxidation. Consideration of the most favourable 

properties of the catalysts and the reaction 

conditions in DCM oxidation, optimisation of the 

water concentration in the feed. A 40.3-hour 

stability test. DCM decomposition over Al2O3 

supported catalysts. 
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2 Materials and methods 

2.1 Catalysts 

In this thesis, a total of 33 different catalysts were tested in dichloromethane 

(DCM) oxidation and 25 of them also in perchloroethylene (PCE) oxidation. All 

the tested catalysts were metallic monoliths with a cell density of 500 cpsi  

(Figure 2 a-b), prepared and provided by Ecocat Ltd. All washcoats contained 

γ-Al2O3 either alone or in mixtures with TiO2 or CeO2 or zeolite. The active 

compounds used were Pt, Pd, Rh or V2O5 alone or in their mixtures. 

Fig. 2. The test coil of a) Pt/Al2O3 catalyst after two light-off tests (I, published by 

permission of Elsevier) and b) Pt/Al2O3-CeO2 after four light-off tests (Papers III-V). 

2.1.1 Industrial catalysts 

The catalysts were divided into three different testing sets. The first set contained 

eight (8) Pt, four (4) Pd, and four (4) PtPd catalysts supported on four different 

types of γ-Al2O3-based washcoats. Eleven of the tested materials were industrial 

catalysts originally designed for automotive exhaust gas treatment or VOC 

oxidation purposes. During the course of testing, four existing catalysts and one 

vanadium-containing catalyst were chosen for additional impregnation with either 

V2O5 (+V) or platinum (+Pt) in order to see if vanadium would improve the 

activity of the catalyst, especially in PCE oxidation. This set of catalysts, referred 

to from now on as industrial catalysts, were tested in Paper I and are presented in 

more detail in the first part of Table 3 (see page 31). 
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2.1.2 CVOC catalysts 

The second catalyst set was designed and prepared by the catalysts manufacturer 

Ecocat Ltd for the oxidation of VOC emission streams containing chlorinated 

VOCs. Second set contained two different metallic monoliths, V2O5 doped Pt and 

V2O5 doped (1:4)Pt-Pd supported on different Al2O3 washcoats (see Table 3). 

Catalytic materials in the laboratory scale experiments were exactly the same as 

those used in the industrial incinerator. This set, referred to from now on as 

CVOC catalysts, was studied in Paper II. 

2.1.3 Research catalysts 

The third set contained 15 catalysts (12 with active compound) that were prepared 

for testing in the laboratory in order to discover the most favourable properties to 

advance the development of even more efficient and environmentally sound 

catalysts for the CVOC abatement. Three different washcoats (Al2O3, Al2O3-TiO2 

and Al2O3-CeO2) and four different active compounds (Pt, Pd, Rh and V2O5) were 

chosen. The weight ratio of 3:1 was used when both Al2O3-TiO2 and Al2O3-CeO2 

washcoats were prepared. The amount of support on the metal foil was set at 

constant, being 24% of the total weight of the catalyst. The noble metal loadings 

were fixed to be the same by the moles (n) and hence the targeted loadings were  

1 wt.% for Pt and 0.5 wt.% for Pd and Rh. For vanadium catalysts the targeted 

V2O5 loading was 5 wt.%. Used precursor salts were Pd(NH3)4(NO3)2, Rh(NO3)3, 

Pt(NH3)4(HCO3)2 and V2C2O4. After the post-impregnation of the active material, 

the catalysts were calcined at 550 °C for four hours. Catalysts and their actual 

metal loadings analysed by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) are presented in Table 3. These catalysts, referred to 

from now on as research catalysts, were studied in Papers III, IV and V. 
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Table 3. Catalysts used in the experiments. 

Catalyst Loading (wt.%) Loading*** (wt.%) 

Paper I/ industrial catalysts *  

Pt/AlO3 0.22  n.d. 

Pt+V2O5/AlO3 0.22/4 n.d. 

Pd/AlO3 0.22 n.d. 

(1:4)PtPd/AlO3 0.09/0.36 n.d. 

(1:4)PtPd+V2O5/AlO3 0.09/0.36/4 n.d. 

Pt/AlO3-TiO2 0.23 n.d. 

Pd/AlO3-TiO2 0.22 n.d. 

V2O5+Pt/TiO2 2.4/0.18 n.d. 

Pt/AlO3-CeO2 0.23 n.d. 

Pd/AlO3-CeO2 0.22 n.d. 

PtPd/AlO3-CeO2 0.12/0.11 n.d. 

PtPd+V2O5/AlO3-CeO2 0.12/0.11/4 n.d. 

Pt/AlO3-CeO2-zeolite 0.23 n.d. 

Pt+V2O5/AlO3-CeO2-zeolite 0.23/4 n.d. 

0.42Pt/AlO3-CeO2-zeolite 0.42 n.d. 

Pd/AlO3-CeO2-zeolite 0.22 n.d. 

Paper II/ CVOC catalysts *  

V2O5-Pt/Al2O3 4/0.22 n.d. 

V2O5-Pt-Pd/Al2O3 4/0.09/0.36 n.d. 

Papers III-V/ research catalysts **  

Al2O3 - - 

Pt/Al2O3 1 0.97 

Pd/Al2O3 0.5 0.72 

Rh/Al2O3 0.5 0.59 

V/Al2O3  5 5.7 

Al2O3-TiO2 - - 

Pt/Al2O3-TiO2  1 1.3 

Pd/Al2O3-TiO2  0.5 0.64 

Rh/Al2O3-TiO2  0.5 0.71 

V/Al2O3-TiO2  5 5.2 

Al2O3-CeO2 - - 

Pt/Al2O3-CeO2  1 1.3 

Pd/Al2O3-CeO2  0.5 0.61 

Rh/Al2O3-CeO2  0.5 0.55 

V/Al2O3-CeO2  5 5.4 

+V2O5 = V2O5 addition, +Pt = Pt addition. 

*According to manufacturer, ** Targeted loading, *** Based on the analysis. 

n.d. = not determined. 
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2.2 Catalyst characterisation 

If not stated otherwise, the catalyst characterisation was performed on the 

catalysts in their manufactured state as monoliths. 

2.2.1 Inductively coupled plasma optical emission spectroscopy 

The metal contents of the research catalysts (Paper III) were analysed after 

microwave-assisted sample digestion (Niemelä et al. 2012) using an inductively 

coupled plasma optical emission spectrometer (ICP-OES) (PerkinElmer Optima 

5300 DV). The powder form sample for analysis was scraped from the metallic 

monolith surface before digestion. The ICP-OES analyses were performed in the 

Trace Element Laboratory at the Chemistry Department, University of Oulu 

(UOulu). 

2.2.2 Physisorption 

The specific surface areas (SBET), net pore volumes (Vp) and pore-size 

distributions (PSD) were determined from nitrogen physisorption at -196 °C 

performed on an automated volumetric apparatus Micrometrics ASAP2020. Due 

to the low surface area, the SBET for the clean metal foil was measured using 

krypton instead of nitrogen (Paper III). Before analysis, samples were degassed 

for two hours at 350 °C in a vacuum (2 Pa). SBET (m2 g-1), determined for all 

catalysts, were evaluated from adsorption data in the interval of relative adsorbate 

pressures p/p0 = (0.05–0.3) according to the classical Brunauer, Emmett and 

Teller (BET) theory. Vp (mm3
liq/g) were determined as the adsorbed amount of 

nitrogen at p/p0 = 0.99. PSD were evaluated using the Barret, Joyner, Halenda 

method (BJH) based on the empirical Lecloux-Pirard standard isotherm and 

cylindrical pore geometry. Vp and PSD determinations were done to industrial 

platinum catalysts (Paper I) and to the reference supports of the research catalysts 

(Paper III). Physisorption measurements were completed in the Mass and Heat 

Transfer Process Laboratory at the Department of Process and Environmental 

Engineering, UOulu. 
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2.2.3 Chemisorption 

Dispersions of Pt, Pd and Rh, excluding Rh on Al2O3-CeO2, were determined by 

CO chemisorption at 35 °C using Micrometrics ASAP2020 System (Paper III). 

Chemisorption measurements were also performed for a part of the industrial Pt 

catalysts (Paper I). Prior to CO uptake determination, all samples were reduced 

under hydrogen (two hours at 350 °C) and then evacuated at 350 °C for two hours 

followed by evacuation to 35 °C within 30 min to remove residual hydrogen. The 

assumed adsorption stoichiometry was one (Pt/CO = 1, Pd/CO = 1 and 

Rh/CO = 1). The determination of Rh/Al2O3-CeO2 dispersion was carried out for 

~100 mg of powder scraped from a metallic monolith surface with pulsed H2 

chemisorption at -85 °C. Prior to measurements, the catalyst was reduced at 

350 °C in a H2 flow for one hour and then purged with argon for three hours. The 

analysis was done with a gas chromatograph (GC) (Gira instrumentation & 

systems) equipped with a thermal conductivity detector (TCD). The evaluation of 

dispersions was based on the same principle and stoichiometry as the above-

mentioned CO chemisorption. CO chemisorption measurements were done in the 

Mass and Heat Transfer Process Laboratory at the Department of Process and 

Environmental Engineering, UOulu. H2 chemisorption measurements were 

performed at the Institute of Chemistry of Poitiers: Materials and Natural 

Resources (IC2MP), University of Poitiers, France. 

2.2.4 X-ray diffraction 

X-ray diffraction (XRD) was used to identify the phase composition and 

crystallite sizes of Al2O3, Al2O3-TiO2 and Al2O3-CeO2 (Paper III). The analysis 

was performed on a powder form of Pt, Pd and Rh catalysts on Al2O3-CeO2 and 

Al2O3-TiO2 and on pure Al2O3-support. The XRD patterns were recorded using a 

Siemens D5000 diffractometer in the conventional focusing Bragg-Brentano 

geometry with fixed slits and without a monochromator. Ni-filtered CuKα 

radiation produced by a laboratory X-ray tube was used. The patterns were 

acquired in the diffraction angle range 2θ = 10° - 90°. For phase composition and 

crystallite size determination, the whole powder pattern modelling method 

(WPPM) with the MSTRUCT program (Rietveld fitting analysis included) was 

used (Scardi & Leoni 2002, Matěj et al. 2010). XRD analysis was performed at 

the Center of Microscopy and Nanotechnology, UOulu. 
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2.2.5 UV-vis diffuse reflectance spectroscopy 

UV-vis diffuse reflectance spectroscopy (DRS) was used to identify the types of 

vanadium species on all three research catalysts containing vanadium (Paper III). 

UV-vis DRS spectra were recorded with a GBS CINTRA 303 spectrometer 

equipped with a diffuse reflectance attachment with a spectralon-coated 

integrating sphere against a spectralon reference. Granulated materials were 

dehydrated under an oxygen stream at 450 ºC for one hour, cooled to 150 ºC in 

oxygen followed by their evacuation at 150 ºC under vacuum of 0.1 Pa for 15 min 

(Čapek et al. 2009). In order to receive spectra of vanadium-catalysts at lower 

intensity, catalyst samples were diluted with pure alumina support as reported by 

Bulánek et al. (2011). UV-vis DRS measurements were performed at the 

Department of Physical Chemistry in the Faculty of Chemical Technology, 

University of Pardubice, Czech Republic. 

2.2.6 Isotopic oxygen exchange 

Isotopic oxygen exchange activities (oxygen activation properties) of Pt-

containing research catalysts were examined with a temperature programmed 

method (Paper III). The experiments were carried out in a closed-loop reactor 

system, where a re-circulating pump was used in order to avoid any diffusion and 

mass transport effects in the gas phase that affect partial pressures of different 

isotopomers measured continuously by mass spectrometry (Pfeiffer Vacuum). The 

experimental procedure was as follows: the required amount of 18O2 (supplied by 

Isotec with 99.3 18O atom-% purity for 18O2) was first introduced into the reactor 

system, after which the system inlet was closed. During the introduction of the 

gases into the system, the entry of the actual reactor cell was closed. After the 

inlet concentrations of the reactants were measured, the reactor inlet was opened. 

The total pressure of the reacting gas was kept constant (50 mbar) in all the 

experiments. After opening the reactor cell, the heating rate was set to 2 °C min-1 

starting from ~100 °C up to ~550 °C. Prior to each experiment the catalysts were 

first oxidised (15 min at 550 °C), then reduced (15 min at 550 °C) and finally 

evacuated for ~30 min at the same temperature. The temperature of the oven was 

then decreased to the starting level while the catalyst was kept in a vacuum. The 

amount of the powder form catalyst sample in one experiment was ~20 mg. 

Isotopic oxygen exchange research was performed at the Institute of Chemistry of 

Poitiers: Materials and Natural Resources (IC2MP), University of Poitiers, France. 
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2.2.7 Ion chromatography 

Ion chromatography (IC) (Metrohm 761 Compact) was used to determine water-

soluble chlorine from fresh and used Pt-containing research catalysts (Paper III). 

The sample for the IC test was prepared by scraping the catalyst material from the 

monolith surface and mixing it with water in the 1:1 ratio at room temperature for 

60 min, in order to dissolve the probable residual chlorine from the catalyst 

surface. 2 mM NaHCO3/1.3 mM Na2CO3 was used as an eluent in IC and the 

column used was Metrosep Anion Dual 2. The IC analyses were performed in the 

Chemistry Department, UOulu. 

2.2.8 Temperature programmed desorption 

Temperature programmed desorption (TPD) of NH3 was carried out to examine 

acid properties of the research catalysts (Paper IV). The measurements were 

accomplished with 0.05 g of powder samples (scraped from the monolith) in the 

temperature range of 20–1000 °C, with helium as the carrier gas and NH3 as the 

adsorbing gas. Prior to the measurement, each sample was purged in helium at 

500 °C, then cooled to 30 °C and an excess of NH3 (ten doses, total 840 µl) was 

applied on the sample. After flushing the sample with helium for one hour to 

remove the physically adsorbed ammonia, the heating rate of 20 °C min-1 was 

applied. An Omnistar 300 (Pfeiffer Vacuum) mass spectrometer was used to 

detect the change in the NH3 concentration. During the experiments the following 

mass contributions m/z were recorded: 2-H2, 18-H2O and 16-NH3. The 

experiments were evaluated using OriginPro 7.5 software with an accuracy of 

±5%. NH3-TPD measurements were performed at the Institute of Chemical 

Process Fundamentals of the ASCR, Czech Republic. 

2.2.9 Temperature programmed reduction 

The reducibility of the research catalysts was analysed by temperature 

programmed reduction experiments with H2 (H2-TPR) (Paper IV). The 

measurements were performed for 0.2 g powder samples. A mixture of H2/N2  

(10 mol-% H2) was passed through the sample and the temperature was raised 

from 20 ºC to 1000 ºC with at a heating rate of 20 ºC min-1. A change in the H2 

concentration was detected with a thermal conductivity detector (TCD). 

Reduction of the grained CuO (0.160–0.315 mm) was performed to calculate the 
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absolute values of hydrogen consumed during the reduction. The experiments 

were evaluated using OriginPro 7.5 software with an accuracy of ±5%. H2-TPR 

experiments were completed at the Institue of Chemical Process Fundamentals of 

the ASCR, Czech Republic. 

2.2.10 Scanning electron microscopy 

A Zeiss Ultra Pluss Field Emission Scanning Electron Microscope (FESEM) 

equipped with Energy-Dispersive X-ray Spectroscopy (EDS) at an accelerating 

voltage of 15.0 kV was used to study the surface of the monoliths before and after 

the stability tests (Papers IV and V) and after the tests in N2 atmosphere (Paper 

IV). Prior to the analysis, the samples were coaled to avoid the accumulation of 

charge. In order to be able to detect the possible coke formation, an additional set 

of samples was pre-treated with Pt-sputtering in Argon atmosphere, resulting in a 

<10 nm Pt-layer on the samples. FESEM analyses were performed at the Center 

of Microscopy and Nanotechnology, UOulu. 

2.3 Experimental set-ups for reaction studies 

Two different laboratory scale experimental set-ups, one aligned horizontally and 

the other vertically, were utilised in the activity experiments during this thesis. 

The set-ups and the gas analysis used in connection to the set-ups are described in 

the following Chapters. 

2.3.1 Horizontally-aligned reactor 

The industrial catalysts were screened in the laboratory with a horizontally-

aligned fixed-bed flow reactor operating under atmospheric pressure (Paper I). 

The monolith with a diameter of 1.4 cm and a length of 7.5 cm (see Figure 2 a), 

was placed inside a quartz glass tubular reactor, which was then placed inside a 

ceramic jacket partially filled with ceramic particles to ensure the mixing of the 

gas. The tube furnace (Figure 3) was automatically controlled and the temperature 

was measured inside the reactor from the gas flow just before the catalyst. The 

temperature of the preheating oven, situated before the tube furnace and filled 

with ceramic particles to ensure the mixing of the gas, was set at 150 °C. 
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Fig. 3. Horizontally-aligned 1) tube furnace and 2) preheating oven used in the 

screening tests in Paper I. 

In the VOC vapouriser unit, liquid VOC was fed with a syringe pump equipped 

with a gas-tight syringe to the heater for vaporisation and mixed with dried air 

coming from a mass flow controller. In mixture tests, two separate vapouriser 

units were used, except with ethylene which, as a gaseous compound, was fed to 

the system through a mass flow controller after the vapouriser unit. Water was fed 

into the system just before the preheating oven, where it was vapourised at 150 °C. 

In order to minimise the possible adsorption of VOC compounds on the inner 

surface of piping, heated Teflon tubing (T=180 °C) was used between the devices. 

A multicomponent FTIR gas analyser, Gasmet Cr-2000, was used to analyse, 

identify and quantify compounds from the gas flow during the experiments. The 

analyser consisted of a high temperature sample cell, a temperature controller and 

a liquid nitrogen (N2) cooled MCT-detector, and signal processing electronics. 

The Calcmet for Windows analysis software was used to analyse the spectra. The 

used gas analyser can measure almost all gas phase compounds excluding noble 

gases and diatomic homonuclear compounds like O2, N2, Cl2. The analyser was 

calibrated to detect the following chlorinated hydrocarbons: C2Cl4, CH3Cl, 

CH2Cl2, CHCl3, COCl2 and HCl. The calibrations also contained all other model 

compounds: water (H2O), DMF (C3H7NO), EGEE (C6H12O3), ethanol (C2H6O) 

and ethylene (C2H4) but also CO2, CO, NO, NO2, N2O, NH3, CH4O, C2H6, C2H4O, 

for example. According to the manufacturer, the detection limit for one compound 

is ≤ 2 ppm. In addition to FTIR, highly sensitive (measuring range 0.02–1 ppm) 

Dräger tubes were used to detect the possible formation of phosgene from the 
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reactor outlet. It was confirmed that no phosgene was formed during the 

experiments. Due to the analysis, the complete closing of the chlorine-balance is 

not possible, since the formation of Cl2 was not measured. The selectivity towards 

HCl, the desired oxidation product, was followed by measuring the HCl 

concentration at the outlet and the HCl yield was always calculated as presented 

in Equation 4. 

  (4) 

where YHCL is the HCl yield [%], out
HClc  is the measured HCl concentration [ppm], 

in
CVOCc is the feed concentration of DCM or PCE [ppm] and x = 2 or 4, depending 

whether DCM or PCE was under consideration. For example, with 500 ppm of 

DCM or PCE in the feed the 100% yield of HCl would be 1000 ppm or 2000 ppm, 

respectively. 

The formula for conversion [%] calculations is presented in Equation 5. 

 
out
CVOC

CVOC in
CVOC

c
X 100 (1 ).

c
    (5) 

2.3.2 Vertically-aligned reactor 

The rest of the activity experiments, carried out in the laboratory, were performed 

with a vertically placed tubular quartz reactor operating under atmospheric 

pressure (Papers II-V). The experimental set-up is presented in Figure 4. Due to 

corrosive reaction products, all materials used in the experimental set-up were 

corrosion resistant: quartz glass, heated Teflon piping (T = 180 °C) and Teflon 

connectors. In the vapouriser unit, liquid VOC and water were fed with syringe 

pumps equipped with gas tight syringes into the heater for vapourisation and to be 

mixed with air coming from a mass flow controller. The preheating oven, filled 

with glass spheres to ensure the mixing of gases, was set at 150 °C. The reaction 

temperature was measured outside the reactor right before the monolith and then 

corrected to represent the value inside the reactor. The correction was made based 

on the calibration performed earlier by measuring the temperature from inside and 

outside the reactor at the same time while the oven temperature was raised the 

same way as it was raised during the light-off tests. The monolith, with a diameter 

of 0.8 cm and a length of 4.0 cm, was used in all experiments (see Figure 2 b). 

The CVOC catalysts were packed in the quartz glass tube in the same order, when 

out
HCl

HCl in
CVOC

c
Y 100 ,

x c
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considering the inlet flow, as they are in the actual industrial incinerator  

(Figure 5). 

The gas analysis was carried out using the Gasmet DX-4000N FTIR analyser, 

calibrated to detect the following chlorinated hydrocarbons: C2Cl4, C2HCl3, 

CH3Cl, CH2Cl2, CHCl3, COCl2 and HCl. There were altogether 41 compounds 

calibrated into the analyser including H2O, CO2, CO, NO, NO2, N2O, CH4, CH2O, 

CH4O, C2H6, C2H4O, C2H6O, C3H8, C7H8. The analyser consists of a high 

temperature sample cell, a temperature controlled and peltier cooled MCT-

detector, and signal processing electronics. The Calcmet for Windows analysis 

software was used to analyse the spectra. 

Fig. 4.  The experimental set-up utilised in Papers II, III, IV and V. 
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Fig. 5. The set-up of CVOC catalysts in laboratory during the laboratory and industrial 

scale studies (II, published by permission of Springer). 

2.4 Experimental procedures for reaction studies 

The experiments started with the screening of the industrial catalysts in DCM, 

PCE, DMF and EGEE oxidation (Paper I) and continued with the comparison of 

CVOC catalysts between laboratory and industrial scale oxidation (Paper II). In 

order to develop even more active, but especially more selective catalysts to be 

utilised in the CVOC abatement systems, research catalysts were studied in more 

detail in the laboratory (Papers III-V). Next, the experiments carried out at each 

step are described. 

2.4.1 Screening the industrial catalysts 

The activities of the industrial catalysts were studied in the laboratory with the aid 

of light-off tests in the horizontal reactor (Paper I). Two chlorine-containing 

compounds used were dichloromethane (DCM) and perchloroethylene (PCE). 

The tested VOCs were dimethylformamide (DMF) and oxitol (EGEE). As 

mentioned, both VOCs have a very low emission limit value and are known to be 

emitted in industry at the same time as selected CVOCs. The mixture effect of 

ethanol and ethylene was tested as well. 

Individual VOC concentration during the experiment was 500 ppm, and the 

total concentration in the two-component mixture tests was 1000 ppm. The effect 

of the higher concentration (1000 ppm) of DCM was also tested. Experiments 

were carried out in moist conditions (1.5 wt.% water). Compressed and dried 

ambient air was fed into the system and the flow of the reaction mixture was set at  
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5.4 l min-1
, resulting in a gas hourly space velocity (GHSV) of 28 000 h-1. The 

tube furnace was heated from 100 °C up to 600 °C or 700 °C, depending on the 

catalytic material used. The heating rate during the experiments was 10 °C min-1. 

Before each light-off test, a pre-treatment of the catalysts was performed in an air 

flow by heating up the catalyst from room temperature to 800 °C (to 600 °C with 

vanadium-containing catalysts due to the high volatility of vanadium) and then 

cooling it down to room temperature in an air flow. Every light-off test was 

repeated at least once to verify the result. 

During the first phase of the experiments, activity tests were carried out over 

all 16 catalysts (Table 3) in order to carefully examine the performance of 

different active compounds and supports in the DCM oxidation. Thermal 

experiments without a catalyst with an empty reactor and with quartz granules 

(the same volume as catalyst bed) were also performed. After DCM screening, 

nine (9) catalysts were chosen for further testing in the PCE oxidation. Following 

the single compound screening tests, mixture tests with non-chlorinated VOCs in 

moist and dry conditions were carried out to see how other compounds affected 

the DCM and PCE oxidation. The influence of CVOC on the oxidation of non-

chlorinated VOCs was also studied. At the end, after 10 hours of single and binary 

mixture tests, the DCM activity was tested to observe the potential deactivation of 

the catalyst. 

2.4.2 Laboratory and industrial scale study 

Laboratory and industrial scale catalytic oxidation of PCE and DCM was 

compared based on the following procedures (Paper II). 

Laboratory scale testing 

The activities of the CVOC catalysts were studied in the laboratory in the vertical 

reactor (Paper II). The reaction temperature during the light-off tests ranged from 

100 °C up to 600 °C and the heating rate during the experiments was 10 °C min-1. 

Constant temperature tests were performed so that before increasing the 

temperature the conversion was allowed to stabilise. The GHSV was 16 000 h-1 

during all experiments, which is the same as the maximum GHSV at the industrial 

scale incinerator. All tests were carried out in moist (1.5 wt.% water) conditions. 

The model compounds used were DCM or PCE with a concentration of 500 ppm 

and 100 ppm, respectively. 
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Industrial scale testing 

The industrial scale catalytic incinerator related to this research operates in the 

abatement of VOC emissions originating from the pharmaceutical industry. The 

emission mixture contains CVOCs, dichloromethane (DCM) and 

perchloroethylene (PCE), but depending on the ongoing batch processes in the 

company, other organic compounds, for example dimethylformamide (DMF), 

ethylene, ethanol, methanol, toluene etc. may also be present in the emission 

stream. The measurements in industry were performed three (3) times: after three, 

10 and 23 months from the assembly of the incinerator. Before each measurement, 

the incinerator had been operating for 2050 hours, 4850 hours and 13 065 hours, 

respectively. The measurements were performed using two identical Gasmet DX-

4000N FTIR analysers placed before and after the incinerator. 

The schematic of the industrial scale incinerator under study is presented in 

Figure 6. The incinerator consists of two honeycomb systems; metallic monolith 

catalysts and ceramic regenerative heat exchangers and the incinerator uses the 

principle of flow reversal. The incinerator with a capacity of 6000 Nm3h-1 was 

designed to treat 2.5 g m-3 of VOC at the maximum. The incoming emission 

stream is electrically preheated up to 160 °C before entering the heat exchangers, 

where the gas is heated further before entering the monolithic catalyst. In the 

current construction, two double cell catalytic monoliths with two different 

constructions (Table 3) are used. During the measurements the incinerator was set 

to operate at 400 °C, but when the emission stream was known to contain PCE, 

the operating temperature was raised to 500 °C (and to 530 °C during the 23 

month measurements). The temperature above the first set of catalysts, before 

entering the second honeycomb system, remained roughly constant (~ the setting 

value of the operating temperature). The actual surface temperature of the catalyst 

is known to be higher and to change periodically due to the flow reversal 

(Salomons et al. 2003, Ojala et al. 2005). 
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Fig. 6. Schematic of the industrial scale incinerator (II, published by permission of 

Springer). 

As the chlorinated reaction products of the catalytic oxidation are hydrogen 

chloride (HCl) and chlorine (Cl2), the outlet gas of the incinerator is further 

treated using a sodium hydroxide scrubber (Figure 6). The washing temperature 

inside the scrubber is between 25 °C and 32 °C. After use, the scrubbing solution 

is led to the sewage treatment system were the pH is adjusted to 6–10 before the 

solution is conducted to the municipal wastewater treatment plant. 

The industrial scale results are calculated from changing operational 

conditions and both inlet and outlet concentrations are averages from the values 

measured during one hour with the measurement interval being one minute. 

2.4.3 Experiments with the research catalysts 

All activity tests with the research catalysts were performed in the vertical reactor 

(Papers III-V). 
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Activity, selectivity and stability experiments with DCM (Paper V) 

Dichloromethane (DCM) was used as the model compound in Paper V and all 

tests were performed in the presence of water to ensure the sufficient selectivity 

towards HCl. Before starting the activity tests, water concentrations  

of 0.5 wt.%, 0.9 wt.%, 1.5 wt.%, 2.0 wt.%, 2.4 wt.% and 2.7 wt.% were tested 

over the Pt/Al2O3 catalyst at 400 ºC with 500 ppm of DCM to optimise the water 

amount in the feed. The effect of different DCM concentrations (120 ppm, 

500 ppm, 1055 ppm and 2145 ppm) was studied over the Pt/Al2O3 catalyst at 

400 ºC. Different gas hourly space velocities (GHSVs) of 16 000 h-1, 24 000 h-1, 

32 000 h-1, 40 000 h-1 and 64 000 h-1, calculated at NTP, were tested over the 

Pt/Al2O3 catalyst at 400 ºC with 500 ppm of DCM. The change in GHSV between 

16 000 h-1 and 64 000 h-1 was performed by adjusting the feed flow from  

0.54 l min-1 to 2.14 l min-1. 

Throughout the activity and stability tests, the DCM concentration was  

500 ppm and the used H2O concentration was 1.5 wt.%. The flow of the reaction 

mixture was set to be 1.07 l min-1 amounting to GHSV of 32 000 h-1. During the 

light-off tests the reaction temperature ranged from 100 °C to 700 °C (or to 

600 °C with vanadium-containing catalysts) and the heating rate used was 

10 °C min-1. The tests were repeated at least once to verify the results and they 

were carried out over all the catalysts (12) and over all the supports (3). Before 

each test, the pre-treatment of the catalysts was performed in an air flow by 

heating up the catalyst from RT to 700 °C (or to 600 °C with the vanadium-

containing catalysts) and then cooling it down to RT (or to 100 °C if the test was 

performed right after the pre-treatment). During the 40.3 hour stability test over 

the pre-treated Pt/Al2O3 catalyst, the oven temperature was set to 400 ºC and the 

test was performed altogether over eight days so that at the end of the day the gas 

flow (air+DCM+H2O) was closed at the same time the oven was switched off for 

the night, and next morning, after the oven temperature reached 400 ºC, the gas 

flow was again introduced to the catalyst bed. 

Activity and selectivity experiments with PCE (Paper III) 

Perchloroethylene (PCE) was used as a model compound in Papers III and IV. 

Prior to light-off experiments, to determine the optimal amount of water to be 

used in the feed flow, steady state tests at 600 °C with Pt/Al2O3-CeO2 were 

performed with various water concentrations; 0.3 wt.%, 0.7 wt.%, 1.1 wt.%, 



 45

1.6 wt.%, 2 wt.% and 3 wt.%. During the light-off tests the PCE concentration 

was 500 ppm and the H2O concentration 1.5 wt.%. The GHSV of 32 000 h-1 was 

used and the reaction temperature ranged from 100 °C to 700 °C (to 600 °C with 

vanadium-containing catalysts) and the heating rate was 10 °C min-1. Before each 

test, the pre-treatment of the catalysts was performed in an air flow the way 

described in the previous Chapter. The tests were carried out over all catalysts (12) 

as well as over all three supports and the tests were repeated at least once to verify 

the results. 

Stability and nitrogen atmosphere experiments with PCE (Paper IV) 

Based on the activity tests in Paper III, Pt/Al2O3-CeO2 was chosen for further 

testing in Paper IV. The reaction temperature during the light-off tests ranged 

from 100 °C to 700 °C (or 500 ºC in part of the tests in the N2 atmosphere) and 

the heating rate used was 10 °C min-1 or 5 °C min-1. During the 40.5 hour stability 

test over the Pt/Al2O3-CeO2, the oven temperature was set to 600 ºC and the test 

was performed during eight working days the same way as the 40.3 hour stability 

test with DCM. The PCE concentration during all the tests was 500 ppm, and if 

not stated otherwise, the tests were performed in the presence of 1.5 wt.% water 

vapour. Depending on the test, compressed air or instrument quality compressed 

N2 was used as the carrier gas and the GHSV was 32 000 h-1. Before each test, 

also before the 40.5 hour stability test and tests in the N2 stream, the catalysts 

were pre-treated in an air flow by heating up the catalyst from RT to 700 °C and 

then cooling it down to RT or 100 °C. 

  



 46

 



 47

3 Results and discussion 

3.1 Characterisation of the catalysts 

Physisorption and chemisorption measurements 

The metal dispersions, specific surface areas (SBET), net pore volumes (Vp) and 

pore-sizes of all catalysts are summarised in Table 4. Generally the specific 

surface areas (SBET) of the fresh catalysts differed only a little from each other 

ranging from 122 to 172 m2 g-1. Al2O3-CeO2 supported and zeolite-containing 

catalysts screened in Paper I were different: the surface areas of Al2O3-CeO2 

catalysts were < 100 m2g-1 and with the zeolite catalysts the surface areas 

exceeded 200 m2g-1. The surface area of the clean metal foil was also measured 

and it was only 0.21 m2g-1 (Paper III), proving the importance of the washcoat as 

a surface area increasing material among its other features. 

SBET measurements before and after the tests done for the industrial catalysts 

showed that the surface areas decreased between 1% to 32% after 2–10 light-off 

tests with pre-treatments in an air flow from RT to 800 ˚C (to 600 ˚C with 

vanadium-containing catalysts) and back to RT before each light-off test  

(Paper I). With the research catalysts the decrease was more obvious, now the 

SBET of all tested catalysts were seen to reduce notably, between 21% to 41% after 

only two to four light-off tests (Paper III). Therefore, SBET for the platinum 

catalysts were measured also after the pretreatment in an air flow from RT to 

700 ˚C and back to RT. It was noted that the pre-treatment procedure was 

responsible for about 50% of the surface area loss over the TiO2 and CeO3 

containing catalysts and about 30% over the Al2O3 supported catalysts. The rest of 

the area loss was due to the activity experiments. 

Nitrogen adsorption-desorption isotherms of the research catalysts (Paper III) 

showed I + IV types adsorption isotherms (according to the IUPAC classification) 

corresponding to the mesoporous structure of the support with a small amount of 

micropores (Figure 7 a) (Lowell et al. 2010). The clear difference between the 

supports was that the desorption branch of the Al2O3-CeO2 isotherm joined to its 

adsorption branch at lower relative pressure (p/p0 = 0.40) than the Al2O3 and 

Al2O3-TiO2 isotherms (p/p0 = 0.55). This result corresponds to the existence of 

smaller mesopores in the Al2O3-CeO2 support, which was visible in the pore-size 

distribution curves shown in Figure 7 b (see also Table 4). 
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Table 4. Properties of the tested catalysts. 

Catalyst Metal 

loading 

(wt.%) 

Metal 

dispersion 

(%) 

SBET (m2g-1) Vp** 
3 1

(


liq
mm g ) 

Pore  

size*** 

(nm) 

Fresh Pre-

treated*

Used 

Paper I/ industrial catalysts 

Pt/Al2O3 0.22 23.0  172.5 n.d. 117.3 456 8.0 

Pt+V/Al2O3 0.22/4 17.4(*) 172.0 n.d. 146.1 446 7.8 

Pd/Al2O3 0.22 n.d. 168.5 n.d. 155.3 n.d. n.d. 

Pt/Al2O3-TiO2 0.23 31.5 124.6 n.d. 122.9 302 10.6 

Pd/Al2O3-TiO2 0.22 n.d. 122.3 n.d. 113.4 n.d. n.d. 

Pt/Al2O3-CeO2 0.23 n.d. 92.3 n.d. 82.2 246 11.6 

Pd/Al2O3-CeO2 0.22 n.d. 88.1 n.d. 81.7 n.d. n.d. 

PtPd/Al2O3-CeO2 0.12/0.11 n.d. 84.8 n.d. 77.2 n.d. n.d. 

Pt/Al2O3-CeO2-zeolite 0.23 37.8 240.1 n.d. 170.0 396 8.0 

Pd/Al2O3-CeO2-zeolite 0.22 n.d. 223.9 n.d. 220.0 n.d. n.d. 

Paper II/ CVOC catalysts 

V2O5Pt/Al2O3 0.22 n.d. 179.4 n.d. n.d. n.d. n.d. 

V2O5PtPd/Al2O3 0.09/0.36 n.d. 128.6 n.d. n.d. n.d. n.d. 

Paper III/ research catalysts 

Al2O3
(**) - - 172 n.d. n.d. 430 7.7 

Pt/Al2O3 0.97 49.4 140 133 111 n.d. n.d. 

Pd/Al2O3 0.72 16.2 152 n.d. 98 n.d. n.d. 

Rh/Al2O3 0.59 29.0 163 n.d. 104 n.d. n.d. 

V/Al2O3  5.7 n.d. 170 n.d. 100 n.d. n.d. 

Al2O3-TiO2
(**) - - 135 n.d. n.d. 370 7.8 

Pt/Al2O3-TiO2  1.3 49.8 128 104 80 n.d. n.d. 

Pd/Al2O3-TiO2  0.64 19.5 141 n.d. 104 n.d. n.d. 

Rh/Al2O3-TiO2  0.71 61.0 163 n.d. 121 n.d. n.d. 

V/Al2O3-TiO2  5.2 n.d. 144 n.d. 111 n.d. n.d. 

Al2O3-CeO2
(**) - - 166 n.d. n.d. 356 3.6/7.5 

Pt/Al2O3-CeO2  1.3 35.5 161 131 97 n.d. n.d. 

Pd/Al2O3-CeO2  0.61 32.6 151 n.d. 96 n.d. n.d. 

Rh/Al2O3-CeO2  0.55 74.9 171 n.d. 103 n.d. n.d. 

V/Al2O3-CeO2  5.4 n.d. 148 n.d. 113 n.d. n.d. 

n.d. = not determined. 

* Pre-treatment in an air flow from RT to 700 ºC. 

** The net pore volumes were determined as the adsorbed amount of nitrogen at p/p0 = 0.99. 

*** The pore sizes were evaluated from the desorption branch of a sorption isotherm by the BJH method 

based on the Halsey standard isotherm and cylindrical pore geometry. 
(*) V2O5 is assumed to be inert to CO chemisorption (stoichiometry factor of CO/V=0). 
(**) Parameters were measured for powder catalysts scraped from the metal foil surface. 
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Fig. 7. (a) Nitrogen adsorption-desorption isotherms at -196 °C and (b) pore-size 

distributions of the Pt catalysts (● Pt/Al2O3, □ Pt/Al2O3-TiO2, ∆ Pt/Al2O3-CeO2) 

(III, published by permission of Elsevier). 

XRD 

X-ray diffraction (XRD) measurements performed on the research catalysts 

(Paper III) confirmed the presence of the following phases: γ–Al2O3, TiO2 anatase 

and CeO2 cubic (Figure 8). Since the materials under study were nano-sized 

crystals with a high defect frequency in the crystal lattice (mainly γ-Al2O3) far 

from the ideal crystals (Zhou & Snyder 1991), the Al2O3 crystallite size was not 

determined. Instead, with alumina/ceria one individual peak existed and with 

alumina/titania two non-overlapping peaks existed, and because the Pt, Pd and Rh 

catalysts on each support gave the same quantitative result, the crystallite sizes of 

ceria and titania with the weight ratios for the Pt catalysts were evaluated and are 

presented in Table 5. The weight ratios of both mixture washcoats confirmed the 

manufacturer’s targeted weight ratio of 3:1. 

Due to the low metal concentrations with the Pt, Pd and Rh catalysts, no 

conclusion about their crystallinity could be withdrawn based on XRD. Since 

vanadium did not show any diffraction peaks typical to crystalline V2O5, further 

characterisation with UV-vis diffuse reflectance spectroscopy was performed for 

the vanadium catalysts. 
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Fig. 8. XRD patterns on Al2O3, Al2O3-CeO2 and Al2O3-TiO2 (III, published by permission 

of Elsevier). 

Table 5. Structural properties and phase compositions of Pt catalysts supported on 

Al2O3, Al2O3-TiO2 and Al2O3-CeO2 (III, published by permission of Elsevier). 

Reference support XRD 

Phase composition Weight ratios (wt.%) Crystallite size (nm) 

Al2O3 γ–Al2O3 100 n.d. 

Al2O3-TiO2 γ–Al2O3 

TiO2 anatase 

74 

26 

n.d. 

~15 

Al2O3-CeO2 γ–Al2O3 

CeO2 cubic 

77 

23 

n.d. 

~5 

n.d. = not determined. 

Parameters were measured for powder catalysts scraped from the metal foil surface. 

UV-vis DRS 

UV-vis diffuse reflectance spectroscopy (DRS) characterisation confirmed that 

crystalline V2O5 did not exist on any of the research catalyst samples (Paper III). 

Instead, all vanadium catalysts contained tetrahedrally- (Td) and octahedrally- 

(Oh) coordinated vanadium species. Over Al2O3-TiO2, the amount of Td-

coordinated vanadium in monomers and oligomers was higher, whereas over the 

Al2O3 and Al2O3-CeO2 supports, the Oh-coordinated vanadium in the 3D 
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polymeric species was detected at a higher amount. Due to high sample dilution 

(Bulanek et al. 2011) the exact quantification of the Td- and Oh-coordinated 

vanadium species was unsuccessful. In the literature, thin vanadium layers are 

found to be more active and selective for partial oxidation of hydrocarbons than 

V2O5 crystallites. Moreover, the V-O-M bond (M is the cation of the support) to 

the support is assumed to be crucial for the reducibility and acid-phase properties 

of the catalysts. (Arena et al. 1999, Klose et al. 2007, Haber 2009) 

Isotopic oxygen exchange 

Isotopic oxygen exchange activities were measured over the Pt-containing 

research catalysts (Paper III). The results showed that over Al2O3, Al2O3-TiO2 and 

Al2O3-CeO2 the oxygen activation starts at 250 ºC, 267 ºC and 279 ºC, 

respectively. The addition of CeO2 into the washcoat increased the oxygen 

activation rate on the Pt catalyst as can be seen from Figure 9. An accurate 

evaluation of the differences between the catalysts cannot be achieved, since the 

oxygen activation rate was calculated from the tangent of the concentration curve 

and as the total concentration of 18O2 in the gas phase, which impacts the rate of 

exchange values particularly at high temperatures, was affected by the 

consumption of 18O2 due to the reaction at lower temperatures (Duprez 2006). 

 

Fig. 9. Comparison of oxygen activation rate at different temperatures over the Pt 

catalysts, Al2O3 ●, Al2O3-TiO2 □, Al2O3-CeO2 ∆ (III, published by permission of Elsevier). 
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Ion chromatography 

Ion chromatography (IC) measurements done to all Pt-containing research 

catalysts showed that after the activity experiments the catalysts contained water-

soluble chlorine from 2.7 to 4.9 mg g-1 (Paper III). In Papers IV and V, this result 

was confirmed as the FESEM-EDS showed chlorine on the surface of the 

catalysts after the stability tests. 

Temperature programmed desorption (NH3-TPD) 

NH3-TPD measurements were performed on all research catalysts (Paper IV). 

From the TPD profiles, now shown as an example to pure supports in Figure 10, 

the distinct desorption peak centering at 140 °C with a shoulder arising for Al 

and Al-Ti supports at 250 °C and for Al-Ce support at 300 °C indicates that 

supports possess acid sites of weak and medium strength. Besides that, from 

500 °C up to 700 °C the weak broad desorption peak appears for all supports, 

indicating also the presence of strong acid sites. The acidity was evaluated as a 

concentration of acid sites and calculated as the ammonia adsorbed per gram of a 

catalyst. The total acidity was calculated between 25 ºC and 700 ºC. The strength 

of the acid sites was determined by considering the strong acid sites being the 

sites retaining NH3 at temperatures higher than 300 ºC. Accordingly, the sites 

retaining NH3 at temperatures lower than 300 ºC were considered weak acid sites. 

(Lowell et al. 2010) 

Weak and strong acid sites together with the total acidity are listed in Table 6. 

The addition of CeO2 or TiO2 lowered the acidity of all catalysts, the more 

obvious effect being on the weak acid sites. The addition of Pt, Pd, Rh or V2O5 

influenced the acidity differently depending on the support material. When 

compared to their corresponding supports, the acidity was decreased for all 

platinum catalysts and for Pd/Al2O3-TiO2, Rh/Al2O3-TiO2 and Rh/Al2O3-CeO2. 

However, for Pd/Al2O3, Rh/Al2O3, V2O5/Al2O3 and V2O5/Al2O3-TiO2, the total 

acidity was increased and the contribution to the strong acid sites was notable. For 

V2O5/Al2O3-CeO2, the increase in the acidity originated mainly from the weak 

acid sites. 
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Fig. 10. NH3-TPD profiles of Al2O3, Al2O3-TiO2 and Al2O3-CeO2 (IV, published by 

permission of Elsevier). 

Table 6. Acidity and reducibility of the research catalysts (IV, published by permission 

of Elsevier). 

Catalyst Weak acid sites 

(mmol NH3 g
-1) 

Strong acid sites** 

(mmol NH3 g
-1) 

Total acidity*** 

(mmol NH3 g
-1) 

H2 consumption*** 

(
1

 

catalystmmol g ) 

Al2O3 0.53 0.25 0.78 0.06 

Pt/Al2O3 0.43 0.25 0.68 0.44 

Pd/Al2O3 0.62 0.30 0.92 0.18	

Rh/Al2O3 0.56 0.29 0.85 0.85 

V2O5/Al2O3 0.60 0.37 0.97 0.47 

     

Al2O3-TiO2 0.48 0.25 0.73 0.11 

Pt/Al2O3-TiO2 0.39 0.23 0.62 0.36 

Pd/Al2O3-TiO2 0.46 0.23 0.69 0.26 

Rh/Al2O3-TiO2 0.40 0.26 0.66 0.93 

V2O5/Al2O3-TiO2 0.56 0.36 0.92 0.55 

     

Al2O3-CeO2 0.52 0.23 0.75 0.31 

Pt/Al2O3-CeO2 0.42 0.23 0.65 0.70 

Pd/Al2O3-CeO2 0.50 0.25 0.75 0.47 

Rh/Al2O3-CeO2 0.50 0.22 0.72 1.13 

V2O5/Al2O3-CeO2 0.57 0.27 0.84 0.53 

n.d. = not determined, *Temperature range 25–300 ºC. **Temperature range 300–700 ºC. 

***Temperature range 25–700 ºC. 
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Temperature programmed reduction (H2-TPR) 

The reducibility of the research catalysts was analysed by H2-TPR (Paper IV). 

The total hydrogen consumptions of the catalysts between 25 ºC and 700 ºC are 

listed in Table 6. The H2 consumption profiles for all the 15 catalysts are shown in 

Figure 11 a-e. For the Al2O3-support there are two small reduction peaks centered 

around 110 ºC and 495 ºC showing that only small part of γ-Al2O3 can be reduced 

during the H2-TPR process. This is in good agreement e.g. with Wu and Kawi 

(2010) who confirmed that hydrogen consumption during the TPR of γ-Al2O3 is 

only about 1% of the total theoretical consumption. The addition of CeO2 to the 

Al2O3 support showed the strongest enhancement to the reductive capability of 

the supports as the reduction bands starting from ~100 ºC have larger peak areas 

than on Al2O3 or Al2O3-TiO2 (Figure 11 a). The band at around 140 ºC is assigned 

to associate with the reaction of oxygen adsorbed on alumina. Next three bands 

centred at 440 ºC, 570 ºC and 860 ºC can be attributed to the removal of surface 

oxygen from ceria, formation of non-stoichiometric cerium oxides, CeOx from 

CeO2 (x ranging from 1.9 to 1.7) and to the reduction of bulk CeO2 to Ce2O3, 

respectively (Shyu et al. 1988a, Shyu & Otto 1989). 

Mutual interactions between noble metals and ceria have been reported in the 

literature; the presence of noble metal has been reported to enhance the redox 

behaviour of CeO2 but also ceria has been reported to promote the reduction of 

noble metals (Shyu et al. 1988b, Shyu & Otto 1989, Trovarelli 1996, Haneda et al. 

1998, Holmgren et al. 1999, Damyanova & Bueno 2003, Pino et al. 2003, Santos 

et al. 2005, Padilla et al. 2008, Ramírez-López et al. 2010, Abbasi et al. 2011, 

Carlsson & Skoglund 2011, Matejová et al. 2012). Also the presence of titania has 

been reported to enhance the reduction of noble metals (Macleod et al. 2003, 

Macleod et al. 2004). In this study the interaction between Pt or Pd and supports 

was notable. The addition of platinum enhanced the reducibility of catalysts over 

all three supports, especially over the Al2O3-CeO2. In addition, the presence of 

titania and ceria on alumina lead to a decrease in reduction temperature of 

platinum oxide species. This can be seen in Figure 11 b as the reduction peak at 

230 ºC with Pt/Al2O3 was moved to 210 ºC over Pt/Al2O3-TiO2 and to 180 ºC 

over Pt/Al2O3-CeO2. In this case part of the enhanced reducibility of platinum 

associated to alumina, seen with titania- and ceria-containing catalysts at around 

430–450 ºC, might be due to higher platinum loading than over Pt/Al2O3 (1.3 wt.% 

instead of 0.97 wt.%) (see Table 3). 
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Fig. 11.  H2-TPR patterns of a) Al2O3, Al2O3-TiO2 and Al2O3-CeO2 supports and all the  

b) Pt, c) Pd, d) Rh and e) V2O5 catalysts (IV, published by permission of Elsevier). 
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Palladium enhanced the reducibility of all catalysts as well (Figure 11 c). This 

time the enhancement cannot be explained by differences in metal loadings (see 

Table 3). Since PdO is reduced by H2 already at room temperatures or even below 

ambient temperatures (Wang et al. 2002, Lin et al. 2004, Parres-Esclapez et al. 

2010), the bands around 100 ºC and around 400 ºC are most likely associated with 

adsorbed oxygen on the amorphous alumina sites (Ramírez-López et al. 2010). 

When compared to their corresponding supports, the addition of palladium 

enhanced the mobility of oxygen species from the alumina surface with all 

catalysts and the strongest peak was seen at 140 ºC with Pd/Al2O3-CeO2. When 

compared to the Al2O3-TiO2, the enhanced band now centring at 660 ºC is 

associated with the reduction of bulk oxygen of TiO2 (Jiang et al. 2004, Zhang et 

al. 2006). With Pd/Al2O3-CeO2, the band centring at 530 ºC with a shoulder at 

around 390 ºC can be assigned to the removal of surface oxygen from ceria and 

from non-stoichiometric cerium oxides arising during ceria reduction (Shyu & 

Otto 1989). 

Rhodium showed different behaviour as the TPR profiles for the catalysts 

showed strong enhancement in the reducibility at the lower temperature range,  

< 600 ºC (Figure 11 d) where the reduction of isolated RhOx species of different 

sizes (peak centring at around 215 °C with a shoulder at 80 °C), but also the 

reduction of RhOx species in interaction with the alumina support (large peak are 

centring at 365 °C) occurs (Martin & Duprez 1995, Burch et al. 1996, Guerrero-

Ruiz et al. 1997, Teschner at al. 2000, Wang et al. 2006, Weng et al. 2006, Sarusi 

et al. 2011). The weak shoulder observed with Rh/Al2O3 at 80 ºC was now 

changed to an intense band centring at 120 ºC with Al2O3-TiO2 indicating that 

there are more small Rh species present (Martin & Duprez 1995). This is in good 

agreement with the metal dispersion characterizations, the dispersion for 

Rh/Al2O3-TiO2 was 61% and for Rh/Al2O3 29%. With Rh/Al2O3-CeO2, a similar 

result can be seen as the first two reduction bands were now centring at even 

higher temperatures, 140 ºC and 215 ºC. These bands were assigned to the 

reduction of RhOx species and to the reduction of CeO2. The shift to a higher 

temperature correlates with even smaller Rh particles, which is in accordance 

with the measured metal dispersion being now ~75% for Rh/Al2O3-CeO2 (Martin 

& Duprez 1995). 

In the range of temperatures where the bulk reduction of the supports take 

place, i.e., temperatures above 700 ºC or 600 ºC depending on the support  

(Figure 11 b-d), the addition of noble metal had only a minor effect on the H2 

consumption. An exception to this was observed with Pd/Al2O3-TiO2 which, as 
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mentioned earlier, showed an enhanced reduction of bulk oxygen of TiO2 with a 

larger band centring at 660 ºC. However, with vanadium-containing catalysts, all 

reduction bands were at relatively high temperatures (Figure 11 e); the main 

reduction bands now centring at 505 ºC for V2O5/Al2O3-TiO2, at 560 ºC for 

V2O5/Al2O3-CeO2 and at 565 ºC for V2O5/Al2O3. Based on the literature (Bond & 

Tahir 1991) the reducibility order of the vanadium species is the following: Td-

coordinated monomers ≈ Td-coordinated oligomers > Oh-coordinated 3D species > 

V2O5. Therefore, the reduction band centred at the lowest temperature range for 

V2O5/Al2O3-TiO2 may originate from a higher population of Td-coordinated 

vanadium in monomers and oligomers (Paper III). The TPR peak at 840 ºC for 

V2O5/Al2O3-CeO2 corresponds again to the reduction of bulk CeO2 to Ce2O3 

(Shyu & Otto 1989). 

3.2 Screening the industrial catalysts 

In order to develop effective catalysts to the industrial application, a set of 16 

industrial catalysts (Table 2) were screened in the first part of this study (Paper I). 

The activities of the catalysts were compared with the aid of light-off tests. The 

chlorine-containing model compounds were dichloromethane (DCM) and 

perchloroethylene (PCE). In addition to CVOCs, the VOCs tested were 

dimethylformamide (DMF) and oxitol (EGEE). Two-component mixture tests 

with the above-mentioned VOCs and with ethanol and ethylene were also 

performed. Unless otherwise stated, the tests were performed in moist conditions. 

3.2.1 Activity and selectivity in dichloromethane oxidation 

The DCM conversion curves for all catalysts are shown in Figure 12 a-d. The 

thermal experiment (marked as x) was carried out with an empty quartz tube and 

the effect of quartz granules (marked as ◊) in the reactor (same volume as the 

catalyst bed) was tested in order to see the effect of inert solid volume on the 

thermal oxidation. The slight enhancement in the activity seen with quartz 

granules is probably due to the enhanced mixing of the reaction gas mixture. 

Another possibility is that granules improved the heating in the reaction gas and 

thereby improved thermal decomposition or oxidation (Ojala et al. 2005). 

The DCM oxidation was significantly improved when the catalysts were used 

and all tested catalysts reached 100% conversion, and the T100 temperatures 

varied from 325 °C to 500 °C depending on the catalyst. The Pt+V2O5/Al2O3 
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catalyst (Pt/Al2O3 impregnated with vanadium) was the most active in DCM 

oxidation. The Pt/Al2O3 catalyst was the next best and the Pt/Al2O3-CeO2-zeolite 

catalyst was the third best. In general, Pt catalysts showed the best performance in 

DCM oxidation, next were PtPd and then Pd catalysts. This is in agreement for 

example with Corella et al. (2000) as they studied nine Pt and three Pd catalysts 

(spheres, pellets and monoliths from seven manufacturers) and observed that in 

DCM oxidation Pt catalysts were more active than Pd catalysts. The effect of 

almost doubling the amount of noble metal from 0.23 wt.% to 0.42 wt.% was 

tested with the Pt/Al2O3-CeO2-zeolite catalyst but this did not affect the DCM 

conversion (Figure 12 d). The selectivity towards HCl also remained unchanged. 

 

Fig. 12.  The activity of all (a) Al2O3, (b) Al2O3-TiO2 and TiO2, (c) Al2O3-CeO2 and (d) 

Al2O3-CeO2-zeolite supported catalysts in DCM oxidation (DCM 500 ppm, water 1.5 

wt.%, GHSV 28 000 h-1) (I, published by permission of Elsevier). 

Vanadium modifications were performed on two Pt and two PtPd catalysts. One 

catalyst was tailored by impregnating platinum on the V2O5/TiO2 catalyst. With 

all except the Pt/Al2O3-CeO2-zeolite, the vanadium addition had a positive effect 
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on activity, and the biggest improvement was seen in the PtPd+V2O5/Al2O3-CeO2 

catalyst as the light-off temperature (T50) decreased by 55 °C (Figure 12 c). 

Vanadium modification most likely increased the acidity of the catalysts (Khader 

1995) enhancing the activity. 

The overall ranking of the catalysts in DCM oxidation considering the 

supports was Al2O3 > Al2O3-CeO2-zeolite > Al2O3-CeO2 = Al2O3-TiO2, Al2O3 

supported catalysts being the most active. Since zeolite most likely increases the 

acidity of the alumina-ceria support, it can be concluded that over the tested 

catalysts the activity decreases in accordance with decreasing acidity of the 

supports. This result is in agreement with the well accepted fact that acidity plays 

a key role in determining the activity of acidic catalysts in the oxidation of 

chlorinated methanes (Ramachandran et al. 1996, Windawi & Zhang 1996, Brink 

et al. 1998; López-Fonseca et al. 2003a). 

The highest HCl yield of 83% at 479 °C was observed over the  

Pt/Al2O3-CeO2-zeolite catalyst (Figure 13 b). Implementing zeolite material into 

the alumina-ceria support and thus resulting in an increased surface area together 

with higher platinum dispersion (Table 4) may be responsible for higher HCl 

selectivity. Previously, López-Fonseca et al. (2003a) proposed that the acidic 

character of zeolite is a favourable property for promoting HCl selectivity. The 

second highest HCl yield, 80% at 612 °C, was seen with (1:4)PtPd+V2O5/Al2O3 

and the V2O5 addition was observed to enhance the HCl yield especially at low 

temperatures (Figure 13 a). Over the Al2O3-CeO2 and Al2O3-CeO2-zeolite -based 

catalysts, the V2O5 addition decreased their HCl yields. 



 60

Fig. 13.  The effect of V2O5 addition on the HCl yield in DCM oxidation (the same 

conditions as in Figure 12) (I, published by permission of Elsevier). 



 61

3.2.2 Activity and selectivity in perchloroethylene oxidation 

The catalysts under development for this application should be active in the 

oxidation of both dichloromethane (DCM) and perchloroethylene (PCE), since 

the known industrial emission contains both of these compounds. Based on the 

DCM oxidation results, the nine best performing catalysts were selected for 

further testing with PCE. The PCE light-off curves of all the tested catalysts and 

the thermal experiment are shown in Figure 14 a-b. 

Fig. 14. The activity of all catalysts tested in PCE oxidation in Paper I, x = thermal test 

(PCE 500 ppm, water 1.5 wt.%, GHSV 28 000 h-1) (I, published by permission of 

Elsevier). 

The presence of a catalyst also improved the PCE oxidation considerably when 

compared to the thermal experiment. However, now the difference in activity 

between the catalysts was small and the total oxidation of PCE remained 

unattained. The highest conversion of 98% at 710 °C was achieved over the 

(1:4)PtPd/Al2O3 catalyst. The most important improvement in activity was 

achieved with the addition of V2O5 to the (1:4)PtPd/Al2O3 catalyst; the T50 

temperature decreased by 67 °C, and the T90 temperature was lowered by 35 °C. 

In the higher temperature region, the PCE conversion curve started to reduce, 

indicating a mass transfer limitation effect starting at around 560 °C (Figure 14 a) 

(Hayes & Kolaczkowski 1997). The activity of Pt/Al2O3 catalyst was also 

improved after the V2O5 addition. When different metals were compared before 

the vanadium impregnation, the activity declined in the order of Pd, PtPd and Pt. 

The tested alumina support showed the best overall performance followed by 
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Al2O3-CeO2-zeolite and Al2O3-CeO2, indicating at this point that the acidity is 

important in PCE oxidation as well, but since the differences were only small, no 

definitive conclusions could be drawn without further testing. 

The selectivity towards HCl in the oxidation of PCE is presented as an HCl 

yield in Figure 15. The highest HCl yield achieved was 57% at 720 °C over the 

Pt/Al2O3-CeO2-zeolite catalyst followed by the (1:4)PtPd/Al2O3 catalyst with the 

HCl yield of 55% at 710 °C. The addition of V2O5 to the (1:4)PtPd/ Al2O3 catalyst 

was seen to improve the HCl selectivity only at the lower temperature range 

(< 550 °C). 

Fig. 15. The HCl yields during the PCE light-off tests over Al2O3 supported catalysts 

(the same conditions as in Figure 14) (I, published by permission of Elsevier). 

3.2.3 Oxidation of single VOCs 

Before the two components mixture tests, the activity of the PtPd/Al2O3-CeO2 

catalyst, chosen for further tests, was tested in the oxidation of single VOCs. 

From the light-off curves of all four single compounds (DCM, PCE, DMF and 

EGEE) presented in Figure 16, it is obvious that EGEE was the most reactive 

compound as the 90% conversion was already achieved at 145 °C. PCE was the 

most refractory of the four single compounds tested. These results are in line with 

the fact that VOCs are generally easier to oxidise than CVOCs. In addition, 

unsaturated CVOCs are more stable than saturated CVOCs and therefore their 

oxidation generally requires higher temperatures (Windawi & Zhang 1996, 

Gonzáles-Velasco et al. 1998). Furthermore, PCE is known to be the most 
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resistant compound among the C2 chlorinated ethylenes (Bond & Sadeghi 1975, 

Windawi & Wyatt 1993, Windawi & Zhang 1996, Chintawar & Greene 1997). 

Acetaldehyde formation was followed, and during the EGEE and DMF oxidation, 

the maximum values of 310 ppm and 100 ppm were seen between 80 °C and 

250 °C, respectively. Above 250 °C no by-products other than traces of CO were 

observed. 

 

Fig. 16. Activity of PtPd/Al2O3-CeO2 catalyst in DCM, PCE, EGEE and DMF oxidation 

(each compound 500 ppm, GHSV 28 000 h-1, 1.5 wt.% water in CVOC oxidation) 

(I, published by permission of Elsevier). 

3.2.4 Oxidation of dichloromethane in mixtures 

Before starting the mixture experiments, oxidation of DCM over the PtPd/Al2O3-

CeO2 catalyst was studied with a concentration of 1000 ppm corresponding to the 

concentration of mixture experiments (water feed was kept the same). Doubling 

the concentration showed no effect on the DCM conversion or the HCl yield. The 

T50 and T90 temperatures of DCM oxidised alone in dry and moist (1.5 wt.% 

water) conditions and in two-component mixtures with DMF, EGEE and ethanol 

are presented in Table 7. The mixture effect of VOCs and the effect of water on 

the DCM conversion and HCl yield are presented in Figure 17 a-b. Water clearly 

enhanced the oxidation of DCM and had a very positive effect on the HCl 

selectivity; at 500 °C the HCl yield was increased from 37% to 68%. This result is 

in line with earlier reports where the influence of water is often found to be 

beneficial in CVOC oxidation (Ramachandran et al. 1996, Windawi & Zhang 
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1996, González-Velasco et al. 2000, Sinquin et al. 2000, López-Fonseca et al. 

2003a, Everaert & Baeyens 2004, López-Fonseca et al. 2004). 

Table 7. T50 and T90 temperatures for DCM and PCE oxidised alone (dry) and in an 

admixture with 1.5 wt.% water (W), DMF, EGEE, ethanol and ethylene (PtPd/Al2O3-CeO2 

catalysts) (I, published by permission of Elsevier). 

Additive Temperature (°C) 

DCM PCE 

T50 T90 T50 T90 

Dry 407 465 n.d. n.d. 

+ W 383 438 561 683 

+ DMF 373 439 n.d. n.d. 

+ W + DMF 255 292 570 693 

+ W + EGEE 401 482 550 682 

+ W + Ethanol 408 515 550 675 

+ W + Ethylene n.d. n.d. 565 694 

n.d. = not determined 

 

Fig. 17.  (a) The conversion curves and (b) HCl yields for DCM alone and in an 

admixture with 1.5 wt.% water (W), 500 ppm DMF, 500 ppm EGEE and 500 ppm 

ethanol. ● DCM, ○ DCM + W, ▲ DCM + DMF, ∆ DCM + W + DMF, ■ DCM + W + EGEE and 

× DCM + W + ethanol (PtPd/Al2O3-CeO2 catalyst, DCM 500 ppm, GHSV 28 000 h-1)  

(I, published by permission of Elsevier). 

In moist conditions the addition of DMF shifted the DCM light-off curve 

significantly to lower temperatures; the total oxidation temperature (T100) 

decreased from 480 °C to 290 °C (Figure 17 a). To the HCl yield the DMF 

addition had a negative effect, especially at low temperatures (Figure 17 b). In dry 

conditions, the DMF also affected the DCM conversion positively and the effect 
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was just about the same as that seen with the addition of water. Both ethanol and 

EGEE affected negatively the DCM conversion and HCl selectivity indicating 

probable competition of the same active sites between the compounds in the 

mixture (Windawi & Zhang 1996). Wang et al. (2008) found in their study that 

over Pt supported on alumina, toluene did not influence the oxidation of DCM 

due to reactions occurring at different active sites; oxidation of DCM occurs on 

the acid sites of alumina while the combustion of toluene occurs on the platinum 

sites. Instead, they found that the selectivity towards HCl was improved and the 

formation of chloromethane (CH3Cl) was decreased due to the water generated in 

toluene oxidation. 

3.2.5 Oxidation of perchloroethylene in mixtures 

The T50 and T90 temperatures of PCE oxidised alone and in two-compound 

mixtures with DMF, EGEE, ethanol and ethylene in moist conditions  

(water 1.5 wt.%) are presented in Table 7. The effect of ethylene was tested, since 

Windawi and Zhang (1996) for example, found that admixing unsaturated 

hydrocarbons with unsaturated chlorinated hydrocarbons significantly decreased 

the light-off temperature of the latter, while saturated VOCs only slightly 

increased the conversion of CVOCs. The compounds or additives tested in this 

study had only a minor impact on the PCE conversion. EGEE and ethanol were 

the only additives that enhanced the PCE conversion, although the decrease in the 

light-off temperature was very slight (~10 °C). The additives tested did not have 

any effect on the HCl yields. 

3.2.6 Influence of CVOC on the oxidation of VOCs 

Both of the chlorinated compounds, DCM and PCE, inhibited the DMF oxidation. 

Acetaldehyde formation was diminished if compared to the single compound test 

with DMF; now in moist conditions no acetaldehyde was formed and in dry 

conditions the maximum of 25 ppm of acetaldehyde was seen at low temperatures 

(< 250 °C). Instead, CO formation was seen to increase during the test of DCM 

and DMF in a mixture. 

The presence of DCM had no influence on the EGEE destruction, but the 

presence of PCE slightly decreased the EGEE conversion (Table 7). In earlier 

studies (Windawi & Zhang 1996, Musialik-Piotrowska & Syczewska 2002, Wang 

et al. 2008) the catalytic oxidation of CVOCs in VOC mixtures has shown to 
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inhibit VOC oxidation, indicating that the most important role in the reaction 

pathway may be a competition between the reacting compounds in the mixture to 

the same active sites. 

3.3 Laboratory and industrial scale studies 

Based on the first part of the study (Paper I), the industrial CVOC catalysts  

(Table 3) were developed by the catalysts manufacturer and installed into the 

industrial incinerator treating both VOCs and CVOCs. In the second part of the 

study, the industrial scale catalytic incinerator was studied in detail during  

the 23-month operation period (Paper II). Additionally, in order to understand the 

differences between laboratory and real industrial conditions, the industrial scale 

oxidation results of DCM and PCE were compared to two different types of 

laboratory scale experiments. 

An example of inlet DCM and PCE concentrations during a six-hour 

measurement period in industry is shown in Figure 18. Before these 

measurements, the incinerator had been operating continuously for 10 months in 

the flue gas treatment containing both VOCs and CVOCs. The fluctuating trend 

seen at the inlet is typical of this application; DCM concentrations varied from 80 

to 410 ppm, and the PCE concentrations varied from 10 to 570 ppm. The average 

outlet concentrations are presented in the same figure, showing that the emission 

limit values set to these harmful and environmentally dangerous compounds were 

clearly reached (Directive 2010/75/EU: 20 mg Nm-3; i.e. 5.27 ppm for DCM and 

2.70 ppm for PCE). The emission limit values for DCM and PCE were also 

reached during the 3-month and 23-month measurements, demonstrating that the 

catalysts were durable in these difficult conditions. 

The comparison of the selectivity of the catalysts between the laboratory and 

the industrial scale tests was not possible, since in industry the catalytically 

purified emission gas is further treated in a sodium hydroxide scrubber. According 

to Paper I, the HCl yield can be presumed to be approximately 80% and now 

during the 10-month measurement, the measured average HCl concentration at 

the scrubber outlet was ~1.2 ppm, showing higher than 99% cleaning efficiency 

for the used scrubber. 
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Fig. 18.  Six-hour measurement period of inlet dichloromethane (DCM) and 

perchloroethylene (PCE) concentrations measured in industry after 10 months 

operation of the catalytic unit. The outlet hourly average concentrations of DCM and 

PCE are presented in the grey window (set point T = 500 ºC, GHSVmax = 16 000 h-1)  

(II, published by permission of Springer). 

3.3.1 Oxidation of dichloromethane 

The conversions of DCM in industry after three months of operation and during 

the laboratory tests are presented in Figure 19. The laboratory scale test results 

corresponded well to the industrial scale oxidation results, of which the results 

from the light-off tests corresponded somewhat better than those of the constant 

temperature tests. The DCM conversions in the laboratory were slightly higher 

than those in industry, which might be due to a measurement error or inaccuracy 

in the sampling. In addition, the fluctuation in the total VOC concentration and 

different mixtures, but also the lower water amount (~0.65 wt.%) in the flue gas 

might have an influence on the DCM conversion in industry. Now, during the 

three-month measurement, the detected total concentration of the VOCs was close 

to 500 ppm, the same as the total feed of DCM in the laboratory, and the three 

main VOCs present were toluene (from 70 to 100 ppm), ethanol (45–50 ppm) and 
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ethane (50–90 ppm). In Paper I, water was seen to enhance the DCM conversion, 

ethanol was seen to inhibit it, especially at higher temperatures, and toluene is 

known not to alter the DCM conversion over platinum supported on alumina 

(Wang et al. 2008). Therefore, ethanol and ethane in the emission mixture can be 

considered responsible for decreasing the DCM conversion, and on the other hand, 

the higher water concentration in the laboratory tests compared to the industrial 

conditions (1.5 wt.% vs. 0.65 wt.%) might be responsible for enhancing the DCM 

conversion. 

 

Fig. 19. DCM conversions measured in laboratory and industrial scale. Laboratory: 

light-off and constant temperature tests, DCMin 500 ppm, GHSV 16 000 h-1, water 1.5 

wt.%; Industry: three 3-month measurement, DCMin varied from 105 to 485 ppm, 

GHSVmax 16 000 h-1, water 0.65 wt.% (II, published by permission of Springer). 

3.3.2 Oxidation of perchloroethylene 

The PCE conversions detected in industry were always considerably higher than 

the conversions achieved in the laboratory (see Figure 20). During the 10-month 

measurement, the PCE conversion in the laboratory was 96% at 570 ºC while in 

industry, 96% conversion was already reached at 500 ºC. One reason for such 

high conversions might be that the total VOC concentration was significantly 

higher in industry than in the laboratory (from 1590 to 2760 ppm vs. 100 ppm). 

Higher VOC concentrations have been seen to result in higher conversions due to 

higher temperatures originating from the heat generated during the exothermic 

catalytic reaction and due to increased probability of reaction on the catalytic 
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surface (Ojala et al. 2008). As high PCE conversions were also reached during the 

23-month measurement, even though the detected total VOC concentration was 

only 367 ppm, the high VOC concentration being the main reason for enhanced 

conversion can be excluded and other explanations need to be considered. 

 

Fig. 20. PCE conversions measured in laboratory and industrial scale. Laboratory: 

light-off and constant temperature tests, DCMin 100 ppm, GHSV 16 000 h-1, water 1.5 

wt.%; Industry: 10-month measurement, PCEin at 500 ºC was 60 ppm, PCEin at 510 ºC 

was 20 ppm, GHSVmax 16 000 h-1, water ~0.60 wt.% (II, published by permission of 

Springer). 

In mixtures, the destruction efficiency of each compound may increase or 

decrease, as has been already discussed earlier. In Paper I the observed impact of 

DMF, oxitol, ethanol and ethylene on the PCE conversion in moist conditions was 

only minor. Even unsaturated ethylene was not able to shift the PCE light-off 

curve and therefore the assumption was made that the PCE oxidation in industry 

would be challenging and the required oxidation temperatures would be 

considerably high. However, throughout the whole operation time the industrial 

scale catalytic incinerator has been oxidising PCE far better than expected. 

Therefore the fact that operating in transient conditions, i.e., under chancing 

catalyst temperatures and flow directions, has a beneficial effect on catalysts 

activity in PCE oxidation needs to be considered. The heat exchangers in the 

incinerator keeping the temperature high enough to enable both catalytic surface 

and homogeneous gas phase oxidation reactions have also been seen to be 

beneficial in VOC oxidation (Ojala et al. 2005). More studies are needed to 
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confirm the exact reason. However, the fact that PCE is totally oxidised under 

milder conditions than expected is a good news for both manufacturers and the 

end users utilising the regenerative catalytic VOC incinerator technology. 

3.3.3 Durability study – 23 months follow-up of industrial incinerator 

When 10-month and 23-month measurements are compared (Figure 21), the 

DCM conversions were seen to remain high at 99.9% and 99%, respectively. A 

small decrease in the conversion is most likely due to ~90 ºC lower oxidation 

temperature during the 23-month measurement. The PCE conversions remained 

exactly the same at 96%. In the other hydrocarbon (OHC, sum of the detected 

hydrocarbons acetone, acetaldehyde, butane, DMF, methanol, methane and 

propane) conversion, a small decrease from 98% to 97% was seen. As a result, it 

can be concluded that after 23 months’ (≈ 13 065 hours) operation in industry, the 

catalysts showed high activity and the installed incinerator system worked very 

well in VOC and CVOC abatement. 

 

Fig. 21. DCM, PCE and OHC conversions during the 10-month (510 ºC) and 23-month 

(DCM 420 ºC, PCE and OHC 520 ºC) measurements (10 month: DCMin = 244 ppm,  

PCEin = 20 ppm, OHCin = 1325 ppm; 23 month: DCMin = 89 ppm, PCEin = 35 ppm and 

OHCin = 330 ppm) (II, published by permission of Springer). 

3.4 Study with the research catalysts 

In the third part of the study, the set of 15 research catalysts were studied to 

understand the behaviour of DCM and PCE during the catalytic oxidation in order 
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to develop even better catalysts for the CVOC abatement (Papers III-V). The 

activity, selectivity and stability test results with DCM are presented in detail in 

Paper V. The PCE oxidation results are presented in Papers III and IV: in Paper III 

the activity and selectivity are discussed in detail, in Paper IV the roles of acidity 

and reducibility are added to the activity and selectivity discussion. In addition, 

the 40.5 hours’ stability test and tests without oxygen, i.e., reactive adsorption 

tests, are presented in Paper IV. 

3.4.1 The effect of different operating conditions in dichloromethane 

oxidation 

The main reaction products in DCM oxidation in moist conditions were CO2, CO 

and HCl. At lower temperatures, depending on the catalysts, some methyl 

chloride (CH3Cl) and formaldehyde (CH2O) formation were seen during the tests. 

Before starting the laboratory scale activity experiments, different water 

concentrations (0.3 wt.%, 0.7 wt.%, 1.1 wt.%, 1.6 wt.%, 2 wt.% and 3 wt.%) and 

different reaction conditions, namely DCM concentrations and GHSVs, were 

tested in the DCM oxidation over the Pt/Al2O3 catalyst at 400 ºC. The results are 

shown in Figure 22 a-c. The increase in the water concentration had no effect on 

the DCM conversion, but as expected, it increased the selectivity towards HCl 

(Figure 22 a). The formation of methyl chloride and CO was suppressed and the 

formaldehyde yield was increased in the presence of an increasing steam content. 

For example, Lopez-Fonseca et al. (2004) saw that the addition of water had a 

strong positive effect on inhibiting the CO and enhancing the HCl formation in 

DCM oxidation. According to Wang et al. (2006), steam can suppress the 

formation of methyl chloride and instead increase the formation of HCl. Based on 

the results, the water feed in the laboratory scale experiments was set to 1.5 wt.%. 

Above 1.5 wt.%, the HCl yield was enhanced only a little, if at all, and the 

disadvantages such as unsteady H2O evaporation and increased interference with 

the FTIR measurement due to larger water spectrum appeared. 

At DCM concentrations from 100 ppm to 1000 ppm, an increase in the 

concentration influenced the activity and HCl and formaldehyde selectivity only 

slightly (Figure 22 b). At the highest tested DCM concentration, 2145 ppm, the 

DCM conversion, and HCl and formaldehyde yields decreased to some extent. 

The decrease seen in the formaldehyde formation might be due to an insufficient 

water content (1.5 wt.%) to maintain efficient hydrolysis (Bond & Rosa 1996), 

especially since now steam is increasingly needed to fulfil the growing demand of 
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hydrogen in the HCl formation. On methyl chloride and CO formation, the effect 

of increasing DCM concentration was more visible, and always negative, when 

the selectivity is considered. The increase in methyl chloride formation with the 

increasing DCM concentration was also reported by Wang et al. (2008). 

 

Fig. 22. The effect of a) water, b) DCM concentration, and c) GHSV on the DCM 

conversion and on the HCl, CH3Cl, CH2O and CO formation (Pt/Al2O3 catalyst) 

(V, published by permission of Elsevier). 

The effect of increasing the GHSV was always negative; DCM conversion 

decreased and the methyl chloride, formaldehyde and CO formation increased 

(Figure 22 c). In addition, the CO2 yield was seen to decrease from 100% to 50% 

as the GHSV was increased from 16 000 h-1 to 64 000 h-1. These results are in 

accordance with the results of Padilla et al. (1999), Ojala et al. (2008) and Xu 

et al. (2012), for example. Instead, on the HCl yield, the effect was seen to be 

different: at the lower GHSV range, from 16 000 h-1 up to 32 000 h-1, raising the 

GHSV increased the HCl yield. The low HCl yields observed at low GHSVs are 

probably due to the increased residence time in the catalyst bed, giving more time 

for DCM to react and to form aluminium chlorides instead of releasing Cl as HCl 

(Kytökivi & Lindblad 1995, Bond & Rosa 1996, Brink et al. 1998). In this study, 

the reported values were recorded after 15 min and after 30 min of DCM 

exposure at GHSV of 16 000 h-1 and 24 000 h-1, respectively. During the stability 

test with GHSV of 32 000 h-1, a period of about 20 minutes was needed before the 

fresh γ-Al2O3 surface was saturated enough so that the detected HCl and methyl 

chloride concentrations were stable (see Chapter 3.4.3). For example, Brink et al. 

(1998) reported that with 0.30 g of γ-Al2O3 in the gas flow of 50 ml min-1 with the 

DCM concentration of 1000 ppm, it took several hours before HCl appeared. In 
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comparison to this study, the conditions were the following: ~0.43 g of Pt/γ-Al2O3 

catalyst (coated on the metallic monolith) in the gas flow of 1070 ml min-1 with 

500 ppm of DCM. 

Based on these results, and also based on the knowledge from potential 

industrial applications (Paper II), the reaction conditions for the activity 

experiments performed in the laboratory from now on were selected to be the 

following: DCM concentration 500 ppm and GHSV 32 000 h-1. 

3.4.2 Activity and selectivity in dichloromethane oxidation 

The light-off tests with the research catalysts showed that the supports themselves 

(Al2O3, Al2O3-TiO2 and Al2O3-CeO2) were very active in DCM oxidation and up 

to 100% DCM conversions were reached (Figure 23 a-c). Supports also showed 

high selectivity towards HCl (Figure 23 d-f) and CO2 formation; even up to 99% 

HCl and 100% CO2 yields were detected. High activity of the tested supports, 

especially γ-Al2O3, was expected, since it has been previously reported by several 

authors. For example, Brink et al. (1998) reported 100% DCM conversions 

already at 330 ºC, Maupin et al. (2012) saw complete DCM conversion at 380 ºC, 

Bond and Rosa (1996) observed close to 100% DCM conversion at 487 ºC and 

Wang et al. (2008) reported the 90% DCM conversions at 670 ºC in their study. 

The addition of Pt, Pd, Rh or V2O5 as an active compound affected the 

activity differently, depending on the support (Figure 23 a-c). In general, the 

effect was small in one way or the other. On the Al2O3 supported catalysts, the 

effect was positive for all, except the Pd catalyst. The temperatures needed to 

reach the 100% DCM conversions were 420 ºC for Pt/Al2O3 and 440 ºC for 

Rh/Al2O3. When 26 wt.% of titania was present in the support, the addition of the 

active metal increased the activity of all catalysts. With the most active catalyst,  

Rh/Al2O3-TiO2, 460 ºC was needed to reach the 100% DCM conversion. The 

addition of the active compound in the catalyst containing 23 wt.% ceria 

influenced the activity of the catalysts the least. Over the Pt and Rh catalysts, 

temperatures of 430 ºC and 465 ºC were needed to reach the 100% DCM 

conversions, respectively. 
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Fig. 23. a-c)  The DCM conversions and d-f) HCl yields over the Al2O3, Al2O3-TiO2 and 

Al2O3-CeO2 supported research catalysts (DCM 500 ppm, H2O 1.5 wt.%, 

GHSV 32 000 h-1) (V, published by permission of Elsevier). 

From Figure 24 a it is evident that the surface acidity played an important role in 

the DCM oxidation. High acidity alone was, however, not enough to explain the 

high activity of the catalysts. For example, Pd/Al2O3 was among the most acidic 

catalysts but not among the most active. The catalysts’ reducibility also correlated 

well with the activity in the DCM oxidation (Figure 24 b), but in such a way that 

high acidity together with increased reducibility (see for example Pt/Al2O3 and 

Rh/Al2O3) leads to an active catalyst in the DCM oxidation. This finding is in 

good agreement with Chen et al. (2012), for example, as they studied a series of 

CeO2-Al2O3 supported catalysts in DCM oxidation and came to the conclusion 
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that an optimal combination of surface acidity and redox property in the catalyst 

results in high activity in the DCM oxidation. All vanadium-containing catalysts 

showed high reducibility, but since the reduction peaks were centred at high 

temperatures (above 400 °C) the effect on the activity remained quite low. 

 

Fig. 24. Relationship between a) the total acidity and b) the H2 consumption, and the 

T50 temperature in the DCM oxidation (Al = Al2O3, Al-Ti = Al2O3-TiO2, Al-Ce = Al2O3-CeO2, 

total acidity and H2 consumption values are considered between 25 ºC and 700 ºC)  

(V, published by permission of Elsevier). 

The addition of active compound had a more obvious effect on the selectivity 

than that seen with activity. The HCl selectivity of almost all the catalysts was 

enhanced, especially at the low temperature region (Figure 23 d-f). With the 

Al2O3 supported catalysts, the selectivity to HCl was the highest among all the 

metal loaded catalysts being above 90%. The lowest amounts of CO formation, 

benefitting CO2 formation, were seen with all the Al2O3-CeO2 supported catalysts 

and Pd and Pt catalysts. For example, over Pd/Al2O3-CeO2, CO formation was not 

detected at all during the light-off tests. As the reaction temperature was raised, 

the CO formation started to decrease and the selectivity towards CO2 improved. 

Only the V2O5 catalysts differed from this trend as high CO yields were still seen 

when the light-off tests were finished at 600 ºC. 

The highest selectivity towards the DCM reduction product, methyl chloride, 

was seen with the two most active catalysts, Pt/Al2O3 and Rh/Al2O3. Accordingly, 

the highest detected methyl chloride yields were 13% and 11%. Above 450 ºC its 

formation was no longer seen over any of the catalysts. Over Pd/Al2O3, Pt and Pd 

supported on Al2O3-TiO2, and Pt, Pd and Rh supported on Al2O3-CeO2 catalysts 

the methyl chloride formation was not seen at all. The methyl chloride formation 
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under oxidative conditions over Al2O3 supported catalysts has been described by 

several authors such as Brink et al. (1998), Haber et al. (1999), Wang et al. 

(2008), Maupin et al. (2012). Haber et al. (1999) concluded in their study that the 

formation of methyl chloride is related to the concentration of Lewis acid sites. 

Some formaldehyde formation was seen over all the catalysts. The highest 

yields of 12% were observed over the Al2O3-TiO2 support and the V2O5/Al2O3-

CeO2 catalyst. The Pd catalysts and the Al2O3-CeO2 supported Pt, Pd and Rh 

catalysts showed the lowest formaldehyde yields during the light-off tests. Above 

530 ºC formaldehyde formation was no longer detected, the V2O5 catalysts being 

the most refractory. Pinard et al. (2004) saw formaldehyde and methyl chloride 

formation during the DCM oxidation over a PtHFAU catalyst in moist air. They 

concluded that DCM is hydrolysed over Brønsted acid sites into formaldehyde 

and HCl, while Lewis acid sites were responsible for the methyl chloride 

formation. Weak and strong acid sites were detected from all research catalysts in 

this study, the V2O5 catalysts in particular showed a higher concentration of 

strong acid sites (acidity at the temperatures above 300 ºC), which is in 

accordance with the observed selectivity towards the formaldehyde formation. 

The fact that the addition of titania or ceria or active compound enhanced the 

activity and had a major effect on the by-product distribution in DCM oxidation, 

shows that reducibility, oxygen storage function and an increased amount of 

activated oxygen on the catalysts surface are beneficial in DCM oxidation. 

3.4.3 Stability in dichloromethane oxidation 

Based on the activity experiments, the most active and HCl selective catalyst, 

Pt/Al2O3, was chosen for the long-term stability test in DCM oxidation in moist 

conditions at a constant temperature of 400 ºC. No obvious decrease in the 

catalyst performance was seen (Figure 25), since the activity remained stable as 

the DCM conversion was between 91% and 96% during the 40.3 hour test. 

Moreover, there was no detectable deterioration in selectivity during the test. 
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Fig. 25.  Stability of the Pt/Al2O3 catalyst in the DCM oxidation at 400 °C (DCM 500 ppm,  

H2O 1.5 wt.%, GHSV 32 000 h-1) (V, published by permission of Elsevier). 

In the FESEM images, some visible differences were seen between fresh and 

stability-tested catalysts (Paper V). After 40.3 hours in a moist DCM stream, the 

catalyst surface looked smoother than the fresh surface. This observation was 

supported by the fact that the specific surface area (SBET) of the catalyst decreased 

by ~9%, from 183 m2g-1 to 167 m2g-1. In Paper I it was shown that over the 

Pt/Al2O3 catalyst the pre-treatment procedure from RT to 700 ºC lowered the 

specific surface area by ~5%. Therefore, the loss of surface area during the DCM 

oxidation can be estimated to originate from both the pre-treatment, which was 

also performed on this specific sample before aging, and the long-term stability 

test. 

The systematic decrease in all the textural properties (net pore volume, 

mesopore surface area and micropore volume) indicates that some sintering 

occurred during the stability test. However, since the pore-size distributions of the 

fresh and aged samples were practically identical, no significant changes occurred 

with the size of alumina crystallites. Another difference seen after the 40.3 hours 

of testing was that some oxygen was lost or covered and some chlorine was 

detected on the catalyst surface. At this point the observed chlorine on the surface 

did not affect the catalyst’s performance. Furthermore, after 40.3 hours in the 

moist DCM stream the FESEM-EDS analysis of the sample pre-treated with Pt-

sputtering showed no detectable carbon on the Pt/Al2O3 catalyst surface. 
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3.4.4 Dichloromethane decomposition 

Enthalpy calculations with HSC Chemistry software showed that the average total 

energy needed for the direct decomposition of DCM (H2CCl2) at room 

temperature is 1489 kJ mol-1. At the first stage, the breakage of the carbon-

chlorine bond requires an average of 387 kJ mol-1 while the breakage of the 

carbon-hydrogen bond would require 333 kJ mol-1. After the breakage of the first 

chlorine, at the second step, the required energy to break the carbon-chlorine bond 

is ~395 kJ mol-1 and the energy required to break the carbon-hydrogen bond is 

~404 kJ mol-1. Therefore, during each step of the DCM decomposition the energy 

to detach chlorine is lower than breaking the carbon-hydrogen bond. Based on the 

calculations, methyl chloride was a potential by-product during the DCM 

oxidation. 

The detected by-products in this study were methyl chloride (CH3Cl) and 

formaldehyde (CH2O), indicating that under the reaction conditions the DCM 

oxidation over Pt/Al2O3 proceeds on the catalyst surface via the breakage of the 

carbon-chlorine bond before the breakage of hydrogen, following the order of the 

lowest bond energy. According to Brink et al. (1998), DCM can directly react 

with hydroxyl groups on alumina, leading to the formation of adsorbed 

formaldehyde before its further disproportionation to methoxy and formate 

groups. Displaced chlorides can react with surface Al3+ or pick up a hydrogen ion 

to form HCl. The surface formates react further to CO or CO2 and the surface 

methoxy species can react with HCl to form methyl chloride. At higher 

temperatures, formaldehyde is rapidly decomposed and more easily desorbed, and 

if methyl chloride is intermediately formed, it will be decomposed on γ-Al2O3. 

Maupin et al. (2012) explained the methyl chloride formation differently: chlorine 

from DCM is substituted by an alumina hydroxyl group (step 1) and then a part of 

the formed chloromethoxy groups is transformed into hemiacetal species (step 2). 

After that, hydride is transferred from the hemiacetal species to the 

chloromethoxy group, leading to methyl chloride formation (step 3) and the 

formed formate species are decomposed to CO or CO2 before water is 

regenerating hydroxyl groups (step 4). In both studies, it was concluded that water 

in the feed makes the DCM reaction occur on the alumina surface as a catalytic 

reaction by regenerating hydroxyl groups and therefore preventing the 

deactivation of the catalyst. Water also regenerates some of the aluminium 

chlorides formed either directly by the reaction of DCM or by the reaction of HCl 

(Brink et al. 1998, Maupin et al. 2012). 
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In our experimental conditions, the competition of surface sites between 

formaldehyde, DCM and water (Bond & Rosa 1996, Brink et al. 1998) now 

favours DCM and water, and therefore formaldehyde is desorbed and detected as 

a by-product in the gas phase. In addition, the reaction between Al and Cl most 

likely takes place, since both HCl and CH3Cl start to appear only after the surface 

concentration is built up to the saturation point (see Figure 25) as described by 

both Brink et al. (1998) and Maupin et al. (2012). In addition, the FESEM-EDS 

of Pt/Al2O3 surface, after 40.3 hours in the DCM oxidation, showed evenly 

distributed chlorine on the catalyst surface. 

3.4.5 Activity and selectivity in perchloroethylene oxidation 

Before starting the activity experiments, different water concentrations (0.3 wt.%, 

0.7 wt.%, 1.1 wt.%, 1.6 wt.%, 2 wt.% and 3 wt.%) were tested to find out the 

proper amount of water to be added to the emission stream during the tests to act 

as a hydrogen source to ensure the highest possible HCl yield (Paper III). Besides 

increasing the HCl selectivity from 57% to 79%, water also enhanced the PCE 

conversion to some extent, i.e., from 77% to 84%, as the water amount was 

increased from 0.3 wt.% to 3 wt.%. From the different water concentrations tested, 

1.5 wt.% was chosen for the activity experiments, since above it the PCE 

conversion and HCl yield were enhanced only a little and the same disadvantages 

than earlier observed with DCM appeared, i.e., unsteady water evaporation and 

interference in FTIR measurement. 

The tested supports, Al2O3, Al2O3-TiO2 and Al2O3-CeO2, showed rather high 

activity in the PCE oxidation when compared to thermal experiments performed 

in Paper I (see Figures 14 and 26 a-c). Supports also showed high selectivity 

towards HCl (Figure 26 d-f), CO2 and CO, the only end products detected during 

the light-off tests. Al2O3-CeO2 was clearly the most active support indicating that 

ceria as a thermal and structural stabiliser with its unique redox properties is 

beneficial in the PCE oxidation (Trovarelli 1996, Holmgren et al. 1999, Piras et al. 

2000, Gutiérres-Ortiz et al. 2006). 

In contrast to the DCM oxidation, the addition of Pt, Pd, Rh or V2O5 

considerably enhanced both activity and selectivity in the PCE oxidation. 

Furthermore, almost all the Al2O3-CeO2 and Al2O3-TiO2 supported catalysts 

showed higher activity and better HCl selectivity than their corresponding Al2O3 

supported catalysts. The only exception to this was with Pt/Al2O3-TiO2 as, when 

compared to the Pt/Al2O3 catalyst, the activity and selectivity remained the same. 
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The presence of CeO2 in the support showed the biggest improvement with 

platinum. When Pt/Al2O3-CeO2 is compared to the Pt/Al2O3, the T50 temperature 

was lowered by 93 ºC, and also the maximum PCE conversion was increased 

from 85% into 99% at 688 ºC. 

 

Fig. 26.  a-c) The PCE conversions and d-f) HCl yields over the Al2O3, Al2O3-TiO2 and 

Al2O3-CeO2 supported research catalysts (PCE 500 ppm, H2O 1.5 wt.%, GHSV 

32 000 h−1) (III, published by permission of Elsevier). 

From Figure 27 it is clear that the reducibility order correlates very well with the 

activity order of the catalysts, while the measured total acidity did not show any 
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correlation. These results confirm, that a synergistic effect between metal and 

support together with improved redox properties are the key features of the 

catalyst in the PCE oxidation. 

 

Fig. 27.  Relationship between (a) the total acidity and (b) H2 consumption, and the T50 

temperature in the PCE oxidation (Al = Al2O3, Al-Ti = Al2O3-TiO2, Al-Ce = Al2O3-CeO2, 

total acidity and H2 consumption values are considered between 25 ºC and 700 ºC). 

When Pt/Al2O3-CeO2 is compared to the Pt/Al2O3, the HCl selectivity was 

improved and now the second highest HCl yield, 91%, was observed. The second 

best catalyst, with a 99% PCE conversion at 693 ºC and with the highest of all 

HCl yield detected (93%), was Pd/Al2O3-CeO2. The HCl yields were now 

significantly higher if compared to the industrial catalysts screened in Paper I. 

This is most likely due to the higher metal loadings; ~1 wt.% Pt and ~0.5 wt.% Pd 

loading vs. 0.22 wt.% and 42 wt.% Pt loadings, and 0.22 wt.% Pd loading (Table 

3, page 31). From all the 15 tested catalysts, Pt/Al2O3-CeO2 was the only one that 

did not show any CO formation. Instead, it showed some (1–7 ppm) 

trichloroethylene (TCE, C2HCl3) formation in the temperatures below 430 ºC. 

Pt/Al2O3 and Pd/Al2O3 were the other two catalysts that showed traces of TCE 

formation (up to 4 ppm and 8 ppm, respectively). 

3.4.6 Stability in perchloroethylene oxidation 

The most active catalyst, Pt/Al2O3-CeO2, was chosen for the stability test in PCE 

oxidation in moist conditions at 600 ºC (Paper IV). As can be seen in Figure 28, 

no obvious decrease in the catalyst’s performance was seen during the 40.5-hour 

test. The correlation between the water concentration and the HCl yield is obvious: 
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higher water content in the feed leads to higher HCl yields and vice versa. 

FESEM-EDS showed some visible differences between fresh and the stability-

tested catalysts, as after 40.5 hours the catalyst’s surface looked considerably 

smoother and some chlorine was detected. The SBET decreased from 131 m2g-1 to 

87 m2g-1, proving that the catalyst had lost some of its surface area during the 

stability test. At this point, neither the decreased surface area nor the chlorine 

detected on the surface altered the performance of the catalyst. The Pt-sputtered 

sample analysed with the EDS mapping did not show any detectable carbon on 

the Pt/Al2O3-CeO2 catalyst surface supporting the assumption of insignificant 

coke formation (Paper III). 

 

Fig. 28.  Stability of the Pt/Al2O3-CeO2 catalyst in the PCE oxidation at 600 ºC  

(PCE 500 ppm, water 1.5 wt.%, GHSV 32 000 h-1) (IV, published by permission of 

Elsevier). 

3.4.7 Destructive adsorption 

In order to understand the role of oxygen in the PCE destruction, light-off tests in 

the absence of air, i.e., in N2 atmosphere, and in moist conditions over Al2O3, 

Al2O3-CeO2, Pt/Al2O3, Pt/Al2O3-CeO2 and with the empty reactor were completed 

(Paper IV). When compared to the activity tests in the presence of oxygen, in all 

the cases the PCE conversion was enhanced in the N2 atmosphere (see Figure 29 
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a-e). For example, over the Pt/Al2O3-CeO2 catalyst the 90% conversion was now 

reached already at 365 ºC instead of 600 ºC. Furthermore, the maximum HCl 

yield was increased from ~90% up to 100%. The difference seen in the PCE 

removal suggests that oxygen competes with PCE for the surface sites. This has 

previously been reported by Van der Avert & Weckhuysen (2002) and Orbay et al. 

(2008), for example. 

 

Fig. 29.  PCE conversion (filled marker) and HCl yields (empty marker) in N2 flow (▲) 

and in air flow (●) over a) Pt/Al2O3-CeO2, b) Al2O3-CeO2, c) Pt/Al2O3, d) Al2O3 and e) with 

an empty reactor (PCE 500 ppm, water 1.5 wt.%, GHSV 32 000 h-1) (IV, published by 

permission of Elsevier). 

During the oxygen-free tests, one very interesting observation was made, as the 

light-off tests were always repeated with the same catalyst to verify the obtained 

result. (Pre-treatment in air flow was performed between the tests.) When Pt was 

present, the second conversion curve preserved its shape, but it was always 

moved to the higher temperature region. Over the tested supports, this kind of 
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rapid deactivation was not seen. According to Heck and Farrauto (1995), the 

described change in the conversion curve suggests that deactivation of the catalyst 

happened via the loss of active sites, for example via sintering. 

To examine the observed deactivation, the light-off test continued with a 135 

min stability test at 500 ºC followed by pre-treatment in air and a second light-off 

test from 100 ºC to 500 ºC in N2 atmosphere over the Pt/Al2O3-CeO2 catalyst was 

performed. The test was done both in dry and moist conditions and each time the 

catalyst was in the PCE flow for a total of ~220 minutes. During the first light-off 

test over a fresh catalyst, the presence or absence of water was not seen to alter 

the PCE conversion in the lower temperature region (see Figures 30 a and 31 a). 

In the higher temperature region, some differences appeared and during the 

stability tests (Figures 30 b and 31 b) the difference was already obvious; in dry 

conditions the PCE conversion and HCl yield started to decline. The second light-

off test showed that the catalyst did not recover during the pre-treatment in an air 

flow and the activity and selectivity remained low (Figure 31 c). According to 

Heck and Farrauto (1995), the PCE conversion curve suggests that both a loss in 

active sites and masking occurred. The EDS mapping of Pt/Al2O3-CeO2 surfaces 

after ~220 min in the PCE flow showed an increased chlorine content on the 

catalysts’ surface and at the same time the oxygen density on the surfaces were 

lower, especially where the cerium content was high, showing that ceria had lost a 

part of its oxygen. The increased chlorine content and decreased oxygen density 

were more notable on the catalyst’s surface tested in dry conditions. Sintering of 

the support was seen on both catalysts as the cerium clusters grew bigger. In fact, 

the catalysts lost some of their surface area during the tests; the SBET decreased 

from 131 m2g-1 to 101 m2g-1 and to 90 m2g-1 in moist and in dry conditions, 

respectively. 
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Fig. 30. PCE conversion and HCl yield over Pt/Al2O3-CeO2 in moist conditions  

(H2O 1.5 wt.%): (a) a light-off test with a fresh catalyst followed by (b) a 135 min 

stability test and (c) a light-off test after the pre-treatment in air flow. Altogether, the 

catalyst was ~220 min in the PCE flow (PCE 500 ppm, N2 atmosphere,  

GHSV 32 000 h-1) (IV, published by permission of Elsevier). 

 

Fig. 31.  PCE conversion over Pt/Al2O3-CeO2 in dry conditions: (a) a light-off test with a 

fresh catalyst followed by (b) a 135 min stability test and (c) a light-off test after the 

pre-treatment in air flow. Altogether, the catalyst was ~220 min in the PCE flow (the 

same conditions as in Figure 30) (IV, published by permission of Elsevier). 

The reaction with oxygen storage catalysts and the absence of oxygen in the gas 

flow destroying the PCE, for example, is called reactive adsorption or destructive 

adsorption (Koper et al. 1993, Weckhuysen et al. 1998, Weckhuysen et al. 1999, 

Van der Avert et al. 2004, Rupp et al. 2009). Rupp et al. (2009) reported that 

initially high conversion during the reactive adsorption of PCE over Pt/Rh three-

way catalysts (TWC) is only momentary as the conversion drops to 10% within 

the first hour due to the reduction of ceria and replacement of lattice oxygen with 
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chlorine atoms. To turn this towards catalytic reaction cycle, a simultaneous de-

chlorination, for example steaming, is needed (Van der Avert et al. 2004). In this 

study it was seen that without oxygen, i.e., in N2 atmosphere the presence of 

water inhibited the deactivation, but still some, maybe even permanent changes 

such as sintering occurred. 

3.4.8 Perchloroethylene decomposition 

Based on the HSC Chemistry enthalpy calculations (Paper III), the average total 

energy needed for direct decomposition of PCE (Cl2C2Cl2) at room temperature is 

1931 kJ mol-1. At the first step, the breakage of carbon-chlorine bond requires an 

average of 324 kJ mol-1 of energy while the carbon-carbon double bond would 

require 465 kJ mol-1. After the breakage of the first chlorine atom, at the second 

step the required energy to break the carbon-carbon double bond is ~538 kJ mol-1 

and at third stage it is already ~733 kJ mol-1. Therefore, during each step of PCE 

decomposition the energy to detach chlorine is always lower than that for 

breaking the carbon-carbon double bond. Depending on the catalysts and due to 

the introduction of excess hydrogen to the flue gas stream, TCE and ethylene 

were expected to be formed as by-products during the PCE oxidation. In fact, the 

oxidation by-products detected over the Pt/Al2O3 and Pt/Al2O3-CeO2 catalysts in 

excess hydrogen during the reaction studies were TCE and ethylene. Even though 

detected in very low quantities, the PCE decomposition can now be assumed to 

proceed via the breakage of all chlorine from the carbon atoms before the 

breakage of double bond between two carbon atoms takes place following the 

order of the lowest bond energies. 
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4 Summary and conclusions 

Chlorinated volatile organic compounds (CVOCs) are widely used in industry. 

Due to their harmful properties, the release of CVOCs into the atmosphere is 

controlled by stringent regulations setting high demands for the control methods. 

The primary control methods, i.e., modifying the process equipment, changing 

raw materials and/or the process, are the most effective and preferable methods. If 

the primary methods are not feasible, then secondary abatement methods should 

be used. The secondary methods are classified into two sub groups, recovery and 

destruction. High-value VOCs favour recovery methods, whereas mixtures of 

solvents or low-value VOCs favour destruction-based methods. The most efficient 

and most widely-used destruction method for enclosed operations, where solvents 

can be captured, is oxidation. Oxidation can be divided further into thermal and 

catalytic oxidation, of which the low temperature catalytic oxidation can 

economically, efficiently and selectively destroy the pollutants. To achieve this, 

catalysts applied in the CVOC destruction should be highly active at relatively 

low temperatures, have high selectivity towards CO2 and HCl, and maintain high 

resistance towards deactivation by chlorine and its compounds. 

In this study, a total of 33 different metallic monolith catalysts were studied at 

the laboratory scale in CVOC oxidation. Catalysts were divided into three entities: 

industrial, CVOC and research catalysts. The screening of the industrial catalysts 

proved that there are highly active and selective catalysts for the total oxidation of 

CVOCs. Among the industrial catalysts, Pt catalysts were more active in the 

DCM oxidation than Pd catalysts. In the PCE oxidation, the result was opposite. 

In general, the addition of vanadium on the catalyst improved the activity and 

selectivity of the studied catalysts over the oxidation of both CVOCs. The 

mixture tests with industrial screening catalysts showed that the additives in the 

reaction stream clearly affected the DCM conversion and HCl yield. In the PCE 

oxidation, the impacts of additional compounds tested were only minor. From the 

tested additives, dimethylformamide (DMF) and water enhanced the DCM 

conversion and increased the selectivity towards HCl, water being more efficient 

than DMF. With PCE the correlation between the water feed and the HCl yield 

was found to be even more evident than with DCM. 

Based on the screening performed on the industrial catalysts, a set of 

vanadium-doped CVOC catalysts were developed by the catalysts’ manufacturer 

to be installed into the industrial incinerator treating both VOCs and CVOCs. The 

study with the CVOC catalysts in the laboratory and industry showed that the 
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laboratory scale tests corresponded well to the DCM oxidation results in industry, 

of which the light-off tests corresponded better than the constant temperature tests. 

With the PCE, the conversions measured in industry were always higher than that 

achieved in the laboratory, proving that operating conditions and the catalytic 

incinerator itself can have a significant effect on the abatement efficiency. The 

catalysts operating in industry showed no decrease in their activity after 23 

months in operation, demonstrating that the developed catalysts were resistant in 

the demanding operating conditions caused by CVOCs present in the emission 

stream. 

To advance the development of even more efficient and environmentally 

sound catalysts for the CVOC abatement, research catalysts were studied in the 

oxidation of DCM and PCE. Before starting the tests, different operating 

conditions were tested at the laboratory scale in the DCM oxidation. The most 

pronounced effect on the DCM conversion and on the HCl yield was caused by 

GHSV, followed by the DCM concentration and then the water amount in the feed 

stream. The influence of water as a hydrogen source, ensuring the formation of 

HCl and suppressing the unwanted by-product formation, was confirmed when 

tests with both model compounds, DCM and PCE, were performed to optimise 

the amount of water to be fed into the reaction stream. The optimum water feed 

was set to be 1.5 wt.% with both model CVOCs. 

Tests over the research catalysts confirmed that the DCM decomposition over 

the Al2O3 supported catalysts proceeds on the catalysts’ support by detaching the 

chlorine atoms before the breakage of a hydrogen atom. A noble metal is needed 

in the oxidation step to ensure the CO2 formation. During the tests, it was seen 

that the addition of ceria and/or platinum into the catalyst strongly enhanced the 

selectivity towards CO2 and decreased the formation of detected by-products 

(CH3Cl, CH2O and CO). Among all the 15 research catalysts tested in DCM 

oxidation, Pt/Al2O3 was found to be the most active and selective towards HCl. 

The results showed that high acidity correlate well with the catalysts’ activity. The 

increase in the reducibility was also seen to correlate well with the activity, but in 

a way that high acidity together with increased reducibility led to a highly active 

and selective catalyst in the DCM oxidation. 

The results of the PCE oxidation showed that the nature of the support 

strongly affected the activity and selectivity; the introduction of TiO2 or CeO2 into 

the Al2O3 support made these supports superior. Of all the 15 research catalysts, 

the two most active and HCl selective catalysts in PCE oxidation were Pt and Pd 

supported on Al2O3-CeO2. Depending on the catalysts, TCE, ethylene and CO 
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were detected as by-products in the PCE oxidation. Over the supports (Al2O3, 

Al2O3-TiO2 and Al2O3-CeO2) and above T90 over all the Pt, Pd and Rh catalysts, 

the only oxidation products detected were CO2, CO and HCl. The total acidity 

was not the determining property of the catalyst in the PCE oxidation. Instead, the 

reducibility was seen to correlate well with the activity of the catalysts, proving 

that the enhanced reductive capability is the key feature of the catalyst in the PCE 

oxidation. The by-products, even though detected in low quantities, confirmed 

that the PCE oxidation in excess hydrogen proceeds via the breakage of all 

chloride atoms before the breakage of the carbon-carbon double bond, following 

the order of the lowest bond energy calculated with the HSC Chemistry software. 

In the absence of oxygen, i.e., during the reactive adsorption study, the 

presence of water did not alter the initial PCE removal efficiency, but on the HCl 

formation and on the catalysts’ stability it had a major effect. The difference seen 

in the PCE removal in the absence of water suggests that oxygen competes with 

PCE for the surface sites. To turn reactive adsorption towards catalytic reaction, a 

simultaneous de-chlorination, for example steaming, is needed. In this study, it 

was detected that in the N2 atmosphere, the presence of water inhibited the 

catalyst deactivation but still some, possibly permanent, changes such as sintering 

occurred only after 220 min in the PCE stream. 

Besides CVOC catalysts studied in an industry for 23 months, a second type 

of durability study was performed: two ~40-hour stability tests in the laboratory 

in moist conditions over two different research catalysts, Pt/Al2O3 with 500 ppm 

of DCM at 400 °C and Pt/Al2O3-CeO2 with 500 ppm of PCE at 600 °C. No 

obvious change in the activity or selectivity of the catalysts was seen during the 

tests. Based on carbon balances calculated for DCM and PCE in Papers V and III, 

respectively, no carbonaceous species were expected on surface of the stability 

tested catalysts. This was confirmed since there was no detectable carbon on the 

catalysts’ surface after the tests. Instead, some chlorine was identified on the 

surface of both catalysts, which at this point did not affect the catalysts’ activity or 

selectivity. 

Overall, this study showed that there are active, selective and durable 

catalysts for the total oxidation of CVOCs. Due to the tight emission limit values 

set for chlorinated solvents, activity and selectivity are the most important 

selection criteria for the catalysts to be utilised in the CVOC abatement. The 

reducibility, the oxygen storage function and the increased amount of activated 

oxygen on the catalysts’ surface was shown to be beneficial in CVOC 

decomposition. CeO2 and noble metals activate oxygen more readily than alumina 
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and provide oxygen more efficiently to the total oxidation products. This means 

that surface diffusion on the catalyst plays an important role, because the surface 

intermediates need to move closer to each other to react further. 

The main aim of this study was to increase the knowledge of the key 

properties of the catalysts and the reaction conditions affecting the oxidation of 

emission streams containing CVOCs, namely DCM and PCE. To reach this main 

aim, certain objectives were set for this thesis and they were reached in the 

following way: 

– screening of the existing commercial catalysts was performed and highly 

active catalysts were found, their modification with vanadium was recognised 

as being beneficial for both DCM and PCE oxidation 

– different hydrogen sources were studied in order to understand their mixture 

effects during the catalytic oxidation and water proved to be the best among 

those tested 

– water amount in the experiments was optimised to 1.5 wt.% so that the HCl 

yield was as high as possible and the by-product formation was as low as 

possible (water was also seen to inhibit the deactivation of the catalyst) 

– different operating conditions were studied in DCM oxidation at the 

laboratory scale and a change in GHSV was observed to have the strongest 

influence on both activity and selectivity 

– total oxidation of model CVOCs was studied and the most active and 

selective catalysts were identified to be Pt/Al2O3 in the DCM oxidation and 

Pt/Al2O3-CeO2 in the PCE oxidation 

– durability studies were performed both in laboratory and in industry, and in 

these conditions the catalysts were found to maintain high resistance towards 

the deactivation  

– the key features of the catalysts affecting the activity and selectivity were 

studied and identified to be acidity and reducibility of the catalyst in the 

DCM oxidation and reducibility in the PCE oxidation. 

There is still room for further studies with CVOCs, even in this quite widely 

studied field of the noble metal catalysts supported on alumina-based washcoats. 

The next step is to increase the understanding of the CVOC decomposition on the 

catalysts surface; therefore, temperature programmed surface reaction studies 

with DCM and PCE, for example, will be conducted in the near future. 
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