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Nevanperä, Tuomas, Catalytic oxidation of harmful chlorine- and sulphur-
containing VOC emissions. A study of supported Au, Pt and Cu catalysts
University of Oulu Graduate School; University of Oulu, Faculty of Technology,
Acta Univ. Oul. C 791, 2021
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Volatile organic compounds (VOCs) are regulated by stringent legislation that sets high
requirements for treatment systems. Catalytic total oxidation is a feasible technology to treat VOC
emissions both cost-effectively and in a destructive way. Catalysts used in VOC oxidation need to
be highly active and selective yet additionally resist catalyst deactivation. In this work, 33 catalysts
supported on γ-Al2O3, CeO2, Al2O3-CeO2 and Al2O3-TiO2 were investigated in dichloromethane
(DCM, 23 catalysts) and dimethyl disulphide (DMDS, 18 catalysts) oxidation. Pt, Au, Pd, Rh, Cu
or V2O5 alone or as combinations were used as the active phases. The catalysts were extensively
characterised using various methods. The main aim of the thesis was to study the applicability of
Au catalysts in the oxidation of chlorinated and sulphur-containing VOCs. The obtained results
can be used to develop better commercial catalysts for VOC incinerators intended for industry.

In DCM oxidation, the deposition of an active metal on the supports enhanced selectivity, while
the effect was insignificant in DCM conversion, with the exception of Au/Al2O3 and Pt-Au/Al2O3
catalysts. Amongst the studied catalysts, Pt/Al2O3, Au/Al2O3 and Pt-Au/Al2O3 were the most active
and selective in DCM oxidation. The performance of Pt/Al2O3 was explained by high acidity and
reducibility, whereas with Au/Al2O3 and Pt-Au/Al2O3, it was a result of high acidity, small
particle size and uniform distribution of Au. Stability experiments showed that the Pt/Al2O3 and
Pt-Au/Al2O3 catalysts were durable.

In DMDS oxidation, in most cases the active phases improved the activity and selectivity of
the supports. The presence of Cu and CeO2 resulted in significant formation of formaldehyde
instead of CO2. The H2-TPR experiments suggested that improved reducibility plays a key role in
DMDS oxidation. In addition, oxygen activation showed correlation with the formation of
oxidation products. The most active catalysts were Cu-containing catalysts, while the highest
concurrent SO2 and CO2 yields were reached with Pt-Au/CeO2 and Pt-Au/CeO2-Al2O3 catalysts.
Stability experiments on the Au/CeO2-Al2O3 catalyst proved that the catalyst was stable, but its
selectivity needed to be improved, whereas the Pt-Au/CeO2-Al2O3 catalyst was not stable enough.

Keywords: activity, catalytic total oxidation, chlorinated, dichloromethane (DCM),
dimethyl disulphide (DMDS), emission treatment, environmental catalysis, poisoning,
selectivity, stability, sulphur, volatile organic compound (VOC)
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Tiivistelmä

Haihtuvien orgaanisten yhdisteiden (VOC) päästöjä rajoitetaan tiukalla lainsäädännöllä haitallis-
ten vaikutuksien vuoksi, ja siksi päästöjä käsittelevien teknologioiden täytyy olla tehokkaita.
Katalyyttinen kokonaishapetus on toimiva menetelmä, jolla VOC-ilmapäästöjä voidaan käsitel-
lä ympäristöystävällisesti ja taloudellisesti. Katalyyttimateriaalien täytyy olla aktiivisia, selektii-
visiä sekä erittäin kestäviä.

Tutkimuksessa arvioitiin 33 erilaista γ-Al2O3-, CeO2-, Al2O3-CeO2-, Al2O3-TiO2 -tuettua
katalyyttiä dikloorimetaanin (DCM, 23 katalyyttiä) ja dimetyylidisulfidin (DMDS, 18 katalyyt-
tiä) hapetuksessa. Aktiivisina aineina käytettiin platinaa, kultaa, palladiumia, rodiumia, kuparia
tai vanadiinia yksin tai seoksina. Katalyyttejä karakterisoitiin kattavasti eri menetelmillä. Tavoit-
teena oli tutkia kultakatalyyttien soveltuvuutta klooria ja rikkiä sisältävien VOC-yhdisteiden
kokonaishapetuksessa. Koetuloksia voidaan hyödyntää VOC-polttolaitteistojen kaupallisten
katalyyttien kehitystyössä.

Dikloorimetaanin hapetuksessa aktiivisen metallin lisäys paransi selektiivisyyttä useimmilla
katalyyteillä, kun taas vaikutus dikloorimetaanin konversioon oli merkityksetön paitsi Au/Al2O3 ja
Pt-Au/Al2O3 katalyyttien tapauksissa. Tutkituista katalyyteista Pt/Al2O3-, Au/Al2O3- ja Pt-Au/
Al2O3 -katalyytit olivat aktiivisimmat ja selektiivisimmät. Korkea happamuus ja hyvä pelkisty-
vyys selittivät Pt/Al2O3 -katalyytin suorituskykyä, kun taas Au/Al2O3- ja Pt-Au/Al2O3 -katalyytti-
en tapauksissa korkea happamuus, kultapartikkelin pieni koko ja hyvä dispersio selittivät suori-
tuskykyä. Pt/Al2O3- ja Pt-Au/Al2O3 -katalyytit olivat kokeiden perusteella stabiileja.

Dimetyylidisulfidin hapetuksessa aktiivisten metallien lisääminen paransi katalyyttien aktii-
visuutta ja selektiivisyyttä useimmissa tapauksissa. Cu ja CeO2 aiheuttivat formaldehydin muo-
dostumista hiilidioksidin sijaan. H2-TPR kokeiden perusteella katalyyttien pelkistyvyydellä on
tärkeä rooli dimetyylidisulfidin hapetuksessa. Lisäksi hapen aktivointi korreloi hapetustuotteiden
muodostumisen kanssa. Cu-katalyytit olivat tutkituista katalyyteista aktiivisimpia, ja korkeim-
mat SO2- sekä CO2-saannot saavutettiin Pt-Au/CeO2- ja Pt-Au/CeO2-Al2O3 -katalyyteillä. Kes-
tävyyskokeet todistivat, että Au/CeO2-Al2O3 -katalyytti on stabiili, mutta sen selektiivisyyttä
tulisi parantaa, kun taas Pt-Au/CeO2-Al2O3 -katalyytti ei ollut riittävän kestävä.

Asiasanat: aktiivisuus, dikloorimetaani, dimetyylidisulfidi, haihtuvat orgaaniset
yhdisteet, katalyyttinen kokonaishapetus, kestävyys, klooratut hiilivedyt,
myrkyttyminen, päästöjen käsittely, rikki, selektiivisyys, ympäristökatalyysi
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1 Introduction and objectives 

1.1 General/research problem 

Climate change and anthropogenic air pollution are major modern-day problems, 

which humankind is facing now and will continue to face in the future. In 2017, 

human-induced global warming reached approximately 1 °C above pre-industrial 

levels, increasing at the rate of 0.2 °C per decade. To date this temperature rise has 

already caused profound effects resulting in negative changes in human and natural 

systems: e.g. droughts, floods, other extreme weather conditions, rising sea levels 

and biodiversity loss. Ambitious mitigation measures are necessary to limit 

warming to 1.5 °C (Allen et al., 2018). This temperature is also one of the most 

important goals set by the Paris Agreement (2016) within the United Nations 

Framework Convention on Climate Change (UNFCCC) that addresses the 

mitigation, adaptation and finance of greenhouse gas (GHG) emissions (Adoption 

of the Paris Agreement, 2015). Air pollution is a major threat to the environment 

and to human health. In 2013, the International Agency for Research on Cancer 

(IARC) of the World Health Organization (WHO) declared outdoor air pollution as 

a group 1 carcinogen, meaning there is sufficient evidence of carcinogenicity in 

humans (World Health Organization, 2013). 

Air pollution as a phenomenon can be defined as a state in which compounds 

resulting from anthropogenic actions are present at concentrations sufficiently high 

above their normal ambient levels to induce measurable undesirable effects on 

humans, animals, vegetation or materials (Seinfeld & Pandis, 1998). Air pollution 

comprises a sequence of events: the generation of pollutants at a source and their 

release from the source; transport of pollutants and their transformation in and 

removal from the atmosphere; and their effects on human beings, materials and 

ecosystems (Flagan & Seinfeld, 1988). Crawford defines air pollution as the 

presence of solid particles, liquid droplets or gaseous compounds which are not 

normally present or which are present in a concentration substantially greater than 

normal (Crawford, 1976). 

Air pollution may be categorised into several different groups depending on 

the definition. One choice is to divide air pollution based on subjective criteria such 

as odour, visibility, photochemical ozone formation, plant damage, inhalation 

problems, tear formation, corrosion and materials deterioration. Damage to 

vegetation due to continuing exposure to air pollution may be one of the most 
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observable indicators leading to identification of chronic air pollution. (Moroz, 

1996) One major group of air pollution is volatile organic compounds (VOCs). 

The mitigation and treatment of VOCs is important due to their harmful effects 

on the environment and human health. The global warming potential (GWP), in the 

case of some chlorinated VOCs for example, can be as much as 1730 times higher 

than that of carbon dioxide, and therefore they have a great impact on the climate 

if not treated properly (Intergovernmental Panel on Climate Change [IPCC], 2001; 

Myhre et al., 2013). 

In the atmosphere, non-methane volatile organic compounds (NMVOCs) (e.g. 

alcohols, aldehydes and organic acids), have generally short atmospheric lifetimes 

(from days to months) and a small direct impact on radiative forcing. They are not 

considered as significant direct greenhouse gases, but they control the abundance 

of direct GHGs. VOCs are indirect greenhouse gases (secondary GHGs). In the 

troposphere, they affect the climate through the formation of organic aerosols and 

involvement in photochemistry, i.e. the formation of atmospheric ozone (O3) in the 

presence of NOx and sunlight (IPCC, 2001; Seinfeld & Pandis, 1998; van Santen, 

1999). In the stratosphere, persistent (long-living) VOCs (e.g. chlorofluorocarbons 

(CFCs), halogenated VOCs) cause stratospheric ozone depletion (IPCC, 2001; 

Myhre et al., 2013; Seinfeld & Pandis, 1998). Most of the stratospheric ozone losses 

are attributed to the long-lived bromine and chlorine-containing compounds (CFCs 

and substitutes) released by human activities, referred to typically as ozone-

depleting substances (ODSs) (Myhre et al., 2013). In addition, as all VOCs are 

infrared-active to some extent, the influence of an individual VOC on global 

radiative forcing is dependent on its absorption spectrum and concentration. VOCs 

can cause a direct effect on climate forcing by reflecting or absorbing incoming 

light, or an indirect effect via cloud modification and lifetime. By affecting the 

global ozone, VOCs may also influence the radiation indirectly via chemistry. 

Because of the broad range of physical and chemical properties of different VOCs 

(tens of thousands of organic compounds have been detected in the air we breathe, 

on ppt to ppm scale), it is very difficult to estimate their overall climate feedback 

effects, particularly when the emissions are likely to fluctuate over time (Williams 

& Koppmann, 2007). 

In ozone formation, the hydroxyl radical (OH) is the key reactive species, 

which is produced in the troposphere via photolysis of ozone, nitrous acid and the 

reaction of HO2 radicals with NO. The OH radical does not react with any of the 

main compounds of the atmosphere (N2, O2, CO2 or H2O), but it is the most 

important reactive species in the troposphere. The high reactivity towards other 
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species and relatively high concentration of OH radicals contribute to its 

importance. In addition, when reacting with atmospheric trace gases, OH is formed 

in catalytic cycles, resulting in sustained concentrations during daylight hours. It 

reacts with most trace species in the atmosphere, for example with VOCs. The 

reaction between VOCs and OH radicals initiates oxidation. VOCs and NOx 

compete for the OH radicals. At a high ratio of VOC to NOx concentration, OH 

radicals will react mostly with VOCs, and at a low ratio, the NOx reaction can 

predominate (Seinfeld & Pandis, 1998). 

VOCs are removed and transformed in the troposphere via photocatalytic 

reaction with OH radicals, NO3 radicals and O3. In the presence of sunlight, the 

degradation reaction of VOCs results in the conversion of NO to NO2 and the 

formation of O3. VOCs react at different rates in the troposphere due to their 

different rate constants for photolysis and reaction with OH radicals, NO3 radicals 

and O3. The ozone production from a given VOC is a function of three factors: 

concentration, reaction rate with OH (and NO3 and O3), and the number of ozone 

molecules formed each time the VOC is oxidised (Seinfeld & Pandis, 1998). 

In the European Union, industry has to follow strict air emission legislation. 

Since the enforcement of the VOC Directive in 1999 (Directive 1999/13/EC) and 

the amended Paints Directive (Directive 2004/42/EC), the levels of volatile organic 

compound emissions have been successfully reduced in Finland and the rest of in 

Europe. In 2010, the Industrial Emissions Directive (Directive 2010/75/EC) was 

adopted, which recast seven previously existing directives related to industrial air 

emissions into a uniform legislative instrument. The former VOC directive was 

included as it was earlier supplemented with an amended part that introduces 

measures to implement the best available techniques (BAT) (Directive 

2010/75/EC). 

In the United States of America, the Clean Air Act (CAA) is the federal law 

that controls air emissions from stationary and mobile sources. This law permits 

the Environmental Protection Agency (EPA) to inaugurate National Ambient Air 

Quality Standards (NAAQS) to protect public health and welfare and to limit 

emissions of hazardous air contaminants such as VOCs (United States 

Environmental Protection Agency [EPA], 2021). 

In 2018, the State Council of the People’s Republic of China issued the ‘Three-

Year Action Plan for Winning the Blue Sky War’, which updates the earlier plan 

from 2013. The new action plan introduced new targets for VOCs with an emission 

reduction of 10% by 2020 in comparison with 2015 (Hao, 2018). Recently, in 2020, 

China published the National Standards Announcement No. 2 of 2020, concerning 
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the approval of seven national standards on VOCs and harmful substances used in 

adhesives, coatings, cleaning agents, and printing inks, which set the limits for 

VOCs (Hou, 2020). 

Figure 1 presents recent data from the Finnish Environment Institute (SYKE) 

for total NMVOC emissions between 1990 and 2018 (Finnish Environment 

Institute [SYKE], 2021). The total emissions of NMVOCs have been reduced from 

around 230 kt per year down to around 85 kt per year and the trend is generally 

declining. 

 

Fig. 1. Total NMVOC emission trend in Finland between 1990 and 2018 reported by the 

Ministry of the Environment (SYKE, 2021). 

The share of NMVOC emissions from different sources in Finland in 1990 and 

2018 is illustrated in Figure 2 (SYKE, 2021). The charts show the clear reduction 

in the proportion of NMVOC emissions originating from traffic, which is mainly 

due to more stringent emission regulations and the development of more efficient 

exhaust gas treatment catalysts and engine systems. 
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Fig. 2. Shares of NMVOC emission sources in Finland: (a) 1990 and (b) 2018 (SYKE, 

2021). 

The total amounts of NMVOC emissions per sector in Finland in 1990 and 2018 

(SYKE, 2021) are shown in Table 1. The values correspond to the data presented 

in Figure 2. 



26 

Table 1. Total amounts of NMVOC emissions per sector in 1990 and 2018 according to 

the Ministry of the Environment (SYKE, 2021). 

Industrial activity Total NMVOC emissions per sector (t) 

 1990 2018 

Energy production and industry 38 837.25 16 541.19 

Traffic 109 461.07 14 359.93 

Agriculture 19 306.67 16 140.25 

Other energy production 14 639.75 22 129.98 

Products and wastes 48 842.56 16 136.17 

Total 231 087.3 85 307.52 

The amounts of released non-methane volatile organic compounds (NMVOCs) per 

industrial activity in 2007 (1043 facilities) and 2017 (807 facilities) reported in the 

European Pollutant Release and Transfer Register (E-PRTR) are shown in Table 2. 

The data represents the total annual emission releases during normal operations and 

accidents, which has to be reported only if the emissions of a facility are above the 

pollutant thresholds stated in the E-PRTR Regulation (European Pollutant Release 

and Transfer Register [E-PRTR], 2021). 

Table 2. Amounts of released NMVOCs in the European Union (all reporting states) per 

industrial activity in 2007 and 2017 according to the E-PRTR database (E-PRTR, 2021). 

Industrial activity Number of facilities  Releases to air (t) 

 2007 2017  2007 2017 

Energy sector 229 189  296 118 160 457 

Production and processing of 

metals 

92 54  38 587 15 983 

Mineral industry 45 37  74 706 38 872 

Chemical industry 255 175  135 470 76 031 

Waste and wastewater 

management 

14 13  9 956 4 492 

Paper and wood production 

processing 

67 79  29 649 34 469 

Animal and vegetable products 

from the food and beverage 

sector 

39 39  14 366 17 759 

Other activities 302 221  116 268 81 299 

Total 1 043 807  715 120 429 362 



27 

Even though the current situation on VOC abatement is fairly satisfactory, there 

exist two groups of VOCs that are difficult to treat: chlorinated VOCs (CVOCs) 

and sulphur-containing VOCs (SVOCs). 

1.2 Objectives and scope 

The growing use of chemical products and the expansion of industrial activities 

globally are increasing the airborne emissions of VOCs that need to be treated 

before release to the atmosphere. In industrial applications, CVOCs and SVOCs 

can be treated using catalytic oxidation. There are a multitude of different catalysts 

with varying properties that can be employed, but many suffer from deactivation 

and thus development of catalysts is needed. Gold catalysts have not yet been 

extensively studied in the total oxidation of CVOCs or SVOCs. This represents the 

identified research gap used as a basis for this thesis project. Gold has certain 

chemical and physical characteristics that might be advantageous in the catalytic 

destruction of these harmful compounds, especially regarding the stability of the 

catalysts. This study provides new information on whether gold catalysts supported 

on selected metal oxides are applicable (i.e. active, selective and durable) for 

CVOC and SVOC oxidation. The relevant literature background and scientific 

foundation are presented in Chapter 2 in more detail. 

The main objective of this doctoral thesis project was to develop new and 

existing catalytic abatement materials for the oxidative destruction of gaseous 

emissions of volatile organic compounds containing chlorine or sulphur, namely 

dichloromethane (DCM) and dimethyl disulphide (DMDS), i.e. catalytic VOC 

treatment systems. The aim was to sustain catalytic performance in harsh and 

transient conditions at sufficiently effective levels and at the same time to maintain 

the selectivity of the catalyst and minimise the harmful environmental effects 

caused by the reaction products. The goal was to improve the activity, selectivity 

and durability of conventionally used commercial VOC catalysts. This thesis 

concentrates on using gold as an effective catalyst in the treatment of harmful 

CVOC and SVOC emission compounds. Copper and platinum catalysts were 

regarded as reference materials, whereas gold was of particular interest owing to 

its hypothesised resistance to sulphur and chlorine. The results gained can be 

applied further to improve the efficiencies of industrially used catalytic abatement 

units. To achieve these targets the following research objectives were formulated: 
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– compare catalysts, i.e. Cu or Pt, and Au-based catalysts (mono- and bimetallic 

materials) in the total oxidation of DCM and DMDS; 

– determine the activity and selectivity of the studied catalysts, and evaluate the 

durability of the selected catalysts; 

– determine the catalyst properties that affect their performance in DCM and 

DMDS oxidation; 

– gain new knowledge related to the suitability of Au catalysts in the total 

oxidation of DCM and DMDS. 

Related to these objectives, the following research questions can be posed: 

Research question I (Publication I): Are Pt, Pd, Rh and V2O5 catalysts 

supported on alumina, alumina-titania and alumina-ceria active and selective in the 

complete oxidation of DCM? Which are the most beneficial catalyst properties or 

reaction conditions in DCM oxidation? Is the most active and HCl-selective 

catalyst durable? 

Research question II (Publication II): Can the addition of Au improve the 

efficiency of monometallic Pt catalysts supported on alumina and alumina-ceria in 

the complete oxidation of DCM? Which of the catalyst properties are changed? 

Research question III (Publication III): Are supported monometallic Au 

catalysts active, selective and durable in the complete oxidation of DMDS, in 

comparison with the reference, i.e. Cu and Pt catalysts? Which of the catalyst 

properties affect the performance? 

Research question IV (Publication IV): Does the addition of Au improve the 

performance of supported Pt and Cu catalysts in the complete oxidation of DMDS? 

Which catalytic properties are changed and how do they influence the reaction? 

This thesis is structured based on four refereed publications. Table 3 presents 

the contribution and content of the individual publications. 
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Table 3. Structure of thesis presented as the content of individual articles. 

Publication Tasks and contribution 

I: Oxidation of dichloromethane over Pt, Pd, Rh and 

V2O5 catalysts supported on Al2O3, Al2O3-TiO2 and 

Al2O3-CeO2 

Study on catalytic complete oxidation of DCM using 

supported monometallic Pt, Pd, Rh and V2O5 

catalysts (12 in total). The most advantageous 

characteristics of the catalysts and the reaction 

conditions. DCM decomposition on alumina 

supported catalysts. Stability of the selected 

catalyst. 

  

II: Oxidation of dichloromethane over Au-, Pt- and 

Pt-Au-containing catalysts supported on γ-Al2O3 and 

CeO2-Al2O3 

Study on catalytic complete oxidation of DCM using 

supported monometallic Au and Pt and bimetallic 

Pt-Au catalysts (six in total) in the complete 

oxidation of DCM. The promoting effect of Au in 

comparison with the ‘parent’ Pt catalysts. The 

effects of reducibility, acido-basicity and oxygen 

activation on the performance. Stability of the most 

active and selective catalyst. 

  

III: Catalytic oxidation of dimethyl disulphide 

(CH3SSCH3) over monometallic Au, Pt and Cu 

catalysts supported on γ-Al2O3, CeO2 and CeO2-

Al2O3 

Study on catalytic complete oxidation of DMDS 

using monometallic Au, Pt, and Cu catalysts (nine in 

total). The performance of Au in comparison with 

the reference Pt and Cu. The effects of reducibility 

and oxygen activation on the performance. Stability 

of the selected Au catalyst. 

  

IV: Catalytic oxidation of dimethyl disulphide over 

bimetallic Cu-Au and Pt-Au catalysts supported on 

γ-Al2O3, CeO2 and CeO2-Al2O3 

Study on catalytic complete oxidation of DMDS 

using supported bimetallic Pt-Au and Cu-Au 

catalysts (six in total) in complete oxidation of 

DMDS. Promoting effect of Au in comparison with 

the ‘parent’ Pt and Cu catalysts. The effects of 

reducibility, acido-basicity and oxygen activation on 

the performance. Stability of the selected Pt-Au 

catalyst. 

Figure 3 illustrates the thesis process based on the four main research questions 

corresponding to each individual publication (I–IV) and the methods that were used 

to meet the established objectives. 
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Fig. 3. Illustration of objectives of this thesis and the linkage between individual 

research questions in connection to the main scope. 

This thesis is composed of five main chapters. Firstly, Chapter 1 explains the 

relevance of the study by reflecting on the current emission legislation, identifying 

the research gap, and addressing the purpose and motivation for this project. 

Chapter 2 introduces the reader to the topic, explains the scientific background and 

considers the state of the art. Chapter 3 describes in detail the materials used, their 

preparation, characterisation and analyses following the lab-scale experiments that 

were conducted. Chapter 4 discusses the results in connection to the interpretation 

of experimental data and characterisation as well as the previous literature. Finally, 

Chapter 5 summarises the key findings and conclusions of the thesis work and 

presents suggestions for future work. 
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2 Background 

In this chapter, the theoretical background and relevant scientific aspects in 

connection to previous studies are presented. 

2.1 VOCs 

The Convention on Long-range Transboundary Air Pollution was created in 1979 

to identify specific measures to be taken by the member parties to reduce air 

pollution. The protocol (extended eight times) addresses some of the major 

environmental problems of the European region highlighted by the United Nations 

Economic Commission for Europe (UNECE), one of the five regional commissions 

of the United Nations, and their solution with scientific collaboration and policy 

negotiation (United Nations Economic Commission for Europe [UNECE], 2012). 

According to Moroz (1996), the principal air pollutants are particles, sulphur 

dioxide, carbon monoxide, nitrogen oxides, volatile organic compounds (non-

methane hydrocarbons) and ozone, which are the most common and persistent air 

pollutants in urban centres. In addition to these primary pollutants, numerous other 

compounds need to be addressed in relation to the effects of air pollution (Moroz, 

1996). 

The 1999 Gothenburg Protocol to Abate Acidification, Eutrophication and 

Ground-level Ozone also categorises volatile organic compounds (VOCs) as one 

of the main air pollutant groups (Tista, Gager, Haider, Pucher, & Ullrich, 2018; 

UNECE, 1999). The Gothenburg Protocol became effective in 2005, setting 

emission ceilings for air pollutants. The protocol was revised in 2012 to set new 

emission reduction commitments for VOCs by 2020 and beyond. The amendments 

to the Gothenburg Protocol entered into force in October 2019. The EU member 

countries together were obliged to reduce their VOC emissions by 28% between 

2005 and 2020. Finland is committed to cutting VOC emissions by 35% from the 

level of 2005 (UNECE, 2017, 2019). 

There exist several definitions for VOCs that differ from country to country 

and according to the legislation in question. Different definitions are based on 

boiling points, vapour pressures and/or the reactivity of volatile compounds as 

summarised by Ojala, Pitkäaho et al. (2011). Generally, VOCs have a high vapour 

pressure and low water solubility and they are considered as major contributors to 

air pollution either due to their toxic characteristics, carcinogenic effects on human 

health, and/or as precursors of ozone, photochemical smog and secondary aerosols 
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(He et al., 2019; Liotta, 2010). According to the Industrial Emissions Directive, a 

VOC “shall mean any organic compound having at 219.15 K a vapour pressure of 

0.01 kPa or more, or having corresponding volatility under the particular conditions 

of use” (Directive 1999/13/EC; Directive 2010/75/EC). 

2.1.1 Sources of VOCs 

Generally, VOCs can originate from nature (biogenic sources) or from human 

activities (anthropogenic sources). Vegetation is the most important natural source 

of hydrocarbons in the atmosphere. Other natural sources are ocean water, 

microorganisms, forest fires, animal waste and volcanoes (Manahan, 1991; 

Seinfeld & Pandis, 1998). 

Anthropogenic sources can be classified into two groups, i.e. stationary sources 

(point and area sources) such as industrial processes and fuel distribution, and 

mobile sources such as road and off-road traffic, marine transport, aviation, etc. 

(Ojala, Pitkäaho et al., 2011). In addition, indoor VOC emissions should be 

mentioned since VOCs are the most abundant chemical pollutants in indoor air and 

because people spend a significant amount of time indoors. Indoor VOCs originate 

from building-related materials including different household and consumer 

products such as insulating materials, pressed woods, solvents and cleaning 

products, office supplies, printers, and wood stoves and cooking (Edwards, Jurvelin, 

Koistinen, Saarela, & Jantunen, 2001; Liotta, 2010; Mo, Zhang, Xu, Lamson, & 

Zhao, 2009; Scirè & Liotta, 2012). 

Industrial activities that produce VOC emissions are numerous. Chemical, 

pharmaceutical, power, printing, electronic component plants, petroleum refineries, 

coating processes, food processing, manufacturers of automobiles, airplanes, 

electronics, fibres, plastics, pesticides, furniture and textiles are all examples of 

possible VOC emission sources (He et al., 2019; Heck & Farrauto, 1995; Huang, 

Xu, Feng, & Leung, 2015; Liotta, 2010; Ojala, Pitkäaho et al., 2011). 

CVOC sources and uses 

Chlorinated VOCs mostly originate from anthropogenic sources, but there are a 

few examples such as methyl chlorine (CH3Cl), dichloromethane (CH2Cl2) and 

chloroform (CHCl3), which are also emitted from oceans and the burning of 

biomass (forest fires) (Cox et al., 2003; McCulloch, 2017; Seinfeld & Pandis, 1998). 

Annually, about 70 000 t of DCM originates from natural sources (McCulloch, 
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2017), but the majority of DCM (about 70%) is emitted from anthropogenic sources 

(Cox et al., 2003). Exclusively man-made CVOC emissions include compounds 

such as carbon tetrachloride (CCl4), methyl chloroform (CH3CCl3) and 

tetrachloroethane (C2Cl4) (Seinfeld & Pandis, 1998). 

CVOCs are broadly used in industry as solvents, chemical extractants, 

additives for paints, inks and adhesives, cleaning agents and degreasers, and raw 

materials and intermediates in the production of pharmaceuticals, synthetic resins, 

pesticides and plastics (polymers), as well as in commercial and domestic 

applications (Aranzabal et al., 2014; Koyer-Gołkowska, Musialik-Piotrowska, & 

Rutkowski, 2004; Simmonds et al., 2006). The main stationary sources of CVOC 

emissions are as follows: heavy chemical plants manufacturing halogenated 

hydrocarbons for the synthesis of plastics, insecticides, anaesthetics and so on; 

finishing processes, especially those based on the use of volatile solvents; clean-up 

processes, such as composting plants or air-strippers of contaminated wastewater, 

groundwater and soil (Aranzabal et al., 2014). 

Global demand for chlorocarbons and chlorohydrocarbons has been strongly 

affected by the implementation of improved control technologies in many solvent-

cleaning applications, and by the shift from chlorofluorocarbon to 

hydrofluorocarbon products. The global production capacity of dichloromethane 

was approximately 1 400 metric kt in 2009 and 1 700 metric kt in 2014 (Marshall 

& Pottenger, 2016). For comparison, the production of chloromethanes in Europe 

was 520 metric kt in 2009, 403 kt in 2014, 410 kt in 2017 and 443 kt in 2019 (Euro 

Chlor, 2010, 2015, 2018, 2020). The global production volume of DCM was in the 

range of from 764 to 814 metric kt per year from 2005 to 2010 (Organisation for 

Economic Co-operation and Development [OECD], 2011). According to 

McCulloch (2017), the global DCM capacity has risen from about 

1 100 metric kt in 2005 to about 1 700 metric kt in 2016, of which more than half 

is produced in China. 

According to the European Chlorinated Solvent Association (ECSA), DCM is 

one of the three major chlorinated solvents consumed in Europe alongside 

perchloroethylene (PCE) and trichloroethylene (TCE) (ECSA, 2021). DCM is used 

as a solvent and chemical intermediate for chemical reactions, and the purification 

and isolation of intermediates or products. As a solvent, it is used in metal cleaning 

and degreasing, in adhesive and paint stripper formulations, in the manufacture of 

certain polymers and films, and as a reaction media for the production of 

hydroflurocarbon-32, an ingredient in fluorocarbon blends for refrigerant blend 

HFC-410a. DCM is also used for plastics processing, as an extraction solvent in 
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the food industry, in aerosol formulations (hairsprays, adhesives, cleaning and 

degreasing products), as a heat transfer fluid, for removal of photo-resistant 

coatings in the production of printed circuit boards, and as a blowing agent in the 

production of low-density bedding foams. Other applications include air-

conditioning installations, a low temperature heat-transfer medium and a solvent 

carrier of insecticide and herbicide chemicals. DCM is also used by the 

pharmaceutical industry as a process solvent in the manufacture of steroids, 

antibiotics, vitamins, and to a lesser extent as a solvent in the coating of tablets. 

Other uses include grain fumigation and oil dewaxing (Holbrook, 2000; Marshall 

& Pottenger, 2016; OECD, 2011). 

SVOC sources and uses 

Sulphur is considered as an abundant element, constituting about 0.03% to 0.05% 

of the Earth’s crust (Bentley & Chasteen, 2004; Seinfeld & Pandis, 1998). It is 

present in the atmosphere at a total volume-mixing ratio of less than 1 ppm 

(Seinfeld & Pandis, 1998). Sulphur-containing VOCs are emitted to the atmosphere 

from various industrial activities but also from natural sources (Bentley & Chasteen, 

2004; Ojala, Pitkäaho et al., 2011; Seinfeld & Pandis, 1998). Mercaptans and 

various thiols such as methyl mercaptan (MM, CH3SH), dimethyl sulphide (DMS, 

CH3SCH3) and dimethyl disulphide (DMDS, CH3SSCH3) are examples of low-

molecular-weight SVOCs (Bentley & Chasteen, 2004; Seinfeld & Pandis, 1998). 

SVOCs play an important role in the global sulphur cycle, which is a combination 

of biological, chemical and geochemical processes (Bentley & Chasteen, 2004). It 

is known that the principal sulphur compounds in the atmosphere are hydrogen 

sulphide, DMS, carbon disulphide, carbonyl sulphide and sulphur dioxide. The 

chemical reactivity of atmospheric sulphur compounds is inversely related to their 

sulphur oxidation state. Reduced sulphur compounds (with oxidation state −2 or 

−1) are quickly oxidised by hydroxyl radicals or to lesser extent by other 

compounds, resulting in an atmospheric lifetime of a few days (Seinfeld & Pandis, 

1998). SVOCs have a major impact on climate change, acid precipitation and cloud 

formation (Bentley & Chasteen, 2004). Reduced sulphur compounds such as DMS 

and MM are produced in large quantities by living systems (algae, bacteria and 

plants), especially in marine environments. In the atmosphere, DMS is converted 

to sulphate (and other sulphur oxyacids) via photochemical oxidation. The global 

cycle is completed when sulphates return to earth via acid rain and snow (Bentley 

& Chasteen, 2004). 
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Typical industrial sources of SVOCs are petroleum-refining processes in 

addition to the storage of liquid fuels and solvents, the wood industry, such as 

pulping processes and wood-based chemical production, landfill sites and 

wastewater treatment plants, biomass burning, agricultural manure and food 

processing (Lee & Brimblecombe, 2016; Manahan, 1991; Ojala et al., 2004; Ojala, 

Pitkäaho et al., 2011). The largest anthropogenic sources are agriculture and waste, 

the pulp and paper industry, and biomass burning (Lee & Brimblecombe, 2016). 

Non-treated natural gas as well as coal- and oil-derived gaseous products typically 

contain sulphur compounds (e.g. SVOCs, inorganic sulphur gases) to some extent 

prior to desulphurisation processes. Low-molecular-weight alkyl sulphides and 

disulphides are often formed as secondary products in industrial processes such as 

in the sulphite pulp process (Kraft pulp digester exhaust gas). They are known as 

total reduced sulphur (TRS) emissions, and are also found in crude benzene and 

synthesis gas (Cardone, 1972; Drushel, 1972; Yoon, Chai, Zhu, Li, & Malcolm, 

2001). Low-molecular mass alkanethiols are formed in the degradation of 

biological material during putrefaction and thus are found in varying quantities in 

most crude petroleum (Roy, 2000). Thiols, disulphides and other organosulphur 

compounds are found in nearly all hydrocarbon feedstocks (Halevi & Vohs, 2005). 

Organic disulphides are used as intermediates in the production of 

pharmaceuticals, fine chemicals, crop-protection agents (e.g. insecticides, soil 

fumigants) and a range of other substances, but also as high-pressure additives for 

lubricating oils (European Chemicals Agency [ECHA], 2017; Roy, 2000). DMDS 

is the most common compound used for the sulphiding of hydrocracking catalysts 

in oil refineries for catalyst activation (Arkema, 2021). In the petrochemical 

industry it is used to reduce the number of decoking operations, e.g., it is fed 

continuously at a low rate into ethylene crackers to prevent coke and CO formation 

(ECHA, 2017). It is also used as a catalyst, solvent, food additive and odour 

additive (Kim et al., 2019). 

2.1.2 Harmful characteristics of DCM and DMDS 

Harmful characteristics of DCM 

Halocarbons containing at least one hydrogen atom are effectively broken down in 

the troposphere by reacting with hydroxyl radicals before reaching the stratosphere, 

with atmospheric lifetimes ranging from months to decades (Seinfeld & Pandis, 
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1998). The atmospheric lifetime of DCM is 0.4 years and the 100-year global 

warming potential (GWP) value for DCM is 9 (Myhre et al., 2013). Halogenated 

carbons that contain hydrogen partly in place of halogens or double bonds are 

susceptible to attack by OH in the troposphere. Their relative importance in ozone 

depletion is dependent on the altitude at which they are photolysed and the 

distribution of halogen atoms. Heavily chlorinated halogenated carbons are more 

effective in destroying ozone than those containing more fluorine. They undergo 

photolysis at lower altitudes where the amount of ozone is greater. A chlorine atom 

is much more effective in destroying ozone than fluorine. However, bromine is 

even more effective in destroying ozone than chlorine (Seinfeld & Pandis, 1998). 

CVOCs, such as DCM, cause indirect air pollution, i.e. ozone, smog and 

secondary organic aerosol formation in the troposphere, in addition to ozone 

depletion in the stratosphere. Some CVOCs are persistent in the atmosphere and 

survive the natural tropospheric removal process to reach the stratosphere. Several 

CVOCs, including DCM, are also directly harmful to the environment and health, 

and many of them are classified as toxics, carcinogens and mutagens (Boucher et 

al., 2013; Cullen, 2002; Manahan, 1991; Myhre et al., 2013; Seinfeld & Pandis, 

1998). Their high volatility and ability to migrate long distances from the point of 

origin, and their ability to transform in the atmosphere into other compounds that 

are toxic or hazardous to human beings and wildlife, add to their hazardousness 

(Aranzabal et al., 2014). 

In the International Chemical Safety Cards (ICSC), short-term exposure to 

DCM is described as follows: irritating to the eyes, skin and respiratory tract; may 

cause effects on the central nervous system, blood, liver, heart and lungs; and could 

cause carbon monoxide poisoning resulting in impaired function. Exposure to high 

concentrations could cause lowering of consciousness and death. DCM is probably 

carcinogenic to humans and a possible mutagen (Cullen, 2002; International 

Labour Organization [ILO], 2021). 

Inhalation is the major route of toxic exposure for DCM, but it is also toxic by 

ingestion. In addition, DCM may be absorbed by heavy skin contamination (Cullen, 

2002). The main effects of exposure to high concentrations (>1 000 ppm) are 

anaesthesia and incoordination. Exposure leads to the formation of 

carboxyhaemoglobin (COHb) due to the metabolism of DCM to CO and it is 

equally toxic as that derived from CO (Rossberg et al., 2011). DCM is a central 

nervous system (CNS) depressant and profound CNS depression may occur after 

exposure to high concentrations. Symptoms of CNS depression can occur in 

subjects exposed to concentrations of 1 000 ppm. Concentrations in excess of 
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50 000 ppm are thought to be immediately life-threatening (Cullen, 2002). The 

characteristics of DCM are presented in Table 4. 

Table 4. Characteristics of dichloromethane (DCM) (National Center for Biotechnology 

Information, 2021a). 

Compound, 

chemical formula 

CAS No Molar mass 

(g mol−1) 

Boiling point 

(C) 

GHS Classification 

Dichloromethane, 

DCM, CH2Cl2 

75-09-2 84.93 40 H302, H315, H319, 

H335, H336, H341, 

H351, H373 

GHS = Globally Harmonized System of Classification and Labelling of Chemicals. 

Harmful characteristics of DMDS 

Organic sulphur compounds are not highly significant as atmospheric pollutants on 

a large scale, but they can cause local air pollution problems due to their foul odour. 

SVOCs are the worst of all compounds in terms of producing odour and thus it is 

important to prevent these emissions spreading in the atmosphere. However, the 

impact of SVOCs on atmospheric chemistry is minimal in aspects such as aerosol 

formation or the production of acid precipitation components. The first step in their 

atmospheric photochemical reactions is the reaction with hydroxyl radicals. The 

sulphur from sulphides ends up as SO2. In both cases there is thought to be a readily 

oxidised SO intermediate, and an HS* radical may also be an intermediate in the 

oxidation. Another possibility is the addition of O atoms to S that results in the 

formation of free radicals (CH3SSCH3 + O  H3C* + HSO*) and the HSO* radical 

is readily oxidised to SO2 by O2 (Manahan, 1991). 

Mercaptans and dimethyl sulphides are harmful compounds to the environment 

and human health. Typically, even at very low concentrations in the atmosphere, 

these compounds are malodorous, resembling the scents of garlic and 

decaying/rotten cabbage, and thus cause discomfort in urban areas. Due to very low 

odour threshold values, these emission compounds require highly efficient 

treatment methods (Busca & Pistarino, 2003; Ojala et al., 2004; Ojala, Pitkäaho et 

al., 2011; Yoon et al., 2001). 

Not all SVOCs are particularly toxic, and hazards are often prevented by their 

strong and penetrating odours that warn of their presence. For example, inhalation 

of even very low concentrations of alkyl thiols (mercaptans) may result in nausea 

and headaches and higher levels may cause increased pulse rate, cold hands and 
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feet, and cyanosis. In extreme cases, inhalation of very high concentrations can 

result in unconsciousness, coma and death. Like H2S, the alkyl thiols are precursors 

to cytochrome oxidase poisons (Manahan, 1990). 

Another example, dimethyl sulphide (DMS), is moderately toxic by ingestion. 

Organic disulphides may act as allergens that produce dermatitis when in contact 

with skin. Animal studies suggest that organic disulphides may have several toxic 

effects, including haemolytic anaemia (Manahan, 1990). 

In the International Chemical Safety Cards (ICSC), short-term exposure to 

DMDS is identified as: irritating to the eyes and respiratory tract as well mildly to 

the skin; may cause effects on the central nervous system. Generally, alkyl 

sulphides are described as moderately toxic compounds that may lead to 

haemolytic anaemia and allergic dermatitis (Roy, 2000). The characteristics of 

DMDS are shown in Table 5. 

Table 5. Characteristics of dimethyldisulphide (DMDS) (National Center for 

Biotechnology Information, 2021b). 

Compound, 

chemical formula 

CAS No Molecular weight 

(g mol−1) 

Boiling point 

(C) 

GHS Classification 

Dimethyldisulphide, 

DMDS, CH3SSCH3 

624-92-0 94.2 110 H225, H302, H312, 

H315, H319, H330, 

H331, H335, H411 

GHS = Globally Harmonized System of Classification and Labelling of Chemicals. 

2.1.3 Abatement, treatment and destruction of VOCs 

Primary methods of VOC abatement comprise minimising the use of these 

substances, process modifications in addition to the enhancement of efficiency and 

maintenance practices, all of which are general methods of pollution prevention 

when modifying or designing plants (Moretti, 2001). Several suitable techniques 

have been proposed for the treatment of VOCs released from industry. In practice, 

there are two main approaches for the removal of VOCs: capture for reuse and 

subsequent disposal (as in adsorption, absorption and condensation processes) or 

destruction (forming water, carbon oxides and, for halogenated VOCs and sulphur-

containing VOCs, hydrogen halides and sulphur oxides as reaction products). 

Hydrogen halides and sulphur oxides are desired end-products, as they may be 

more easily removed from outlet streams, generally by aqueous scrubbers, than the 
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CVOCs and SVOCs themselves (Heneghan, Hutchings, & Taylor, 2004; Moretti, 

2001). 

Destructive methods such as oxidation (incineration), different biodegradation 

methods and also hybrid techniques of concentration with oxidation are used. 

Catalytic oxidation has evolved to be the most common method for VOC abatement 

due to the versatility of the application, especially for low concentrated VOC 

streams (Heneghan et al., 2004; Liotta, 2010; Moretti, 2001; Ojala, Pitkäaho et al., 

2011; Spivey, 1987). There are also emerging technologies such as plasma catalysis, 

photocatalytic oxidation and ozone-catalytic oxidation, to name a few examples. 

2.2 Catalysis and environmental applications 

Catalysis is the science and technology of influencing the rate of chemical reactions. 

Heterogeneous catalysis has great importance in the synthesis of pharmaceuticals, 

commodity and fine chemicals, in petroleum refining, in air pollution treatment, 

and in converting biomass into renewable materials, chemicals and fuels 

(Augustine, 2016; Schlögl, 2015). Environmental catalysis refers to catalytic 

technologies that aim to reduce and decompose environmentally unacceptable 

compounds. The conventional applications often discussed in this respect, which 

also fall within the scope of this thesis, are mobile vehicle emission control (CO, 

HCs, NOx), NOx and SOx removal from stationary sources and VOC abatement. 

Environmental catalysis also provides alternative catalytic routes to produce 

important industrial chemicals without the formation of environmentally 

deleterious by-products. This involves the application of catalysis for new eco-

compatible refineries, catalytic processes and catalytic technologies for 

minimisation of waste, amongst many other emerging fields, e.g., liquid and solid 

waste treatment, and greenhouse gas abatement or utilisation (CO2) (Centi, 

Ciambelli, Perathoner, & Russo, 2002). 

Considering the historical steps in environmental catalysis, the first influence 

of environmental concerns took place in the early 1960s, due to the recognition of 

the serious health hazards caused by automobile emissions. The governmental 

regulations in the United States, which set standards for CO and NOx emissions, 

were followed by efforts by various automobile and petroleum companies to 

develop catalytic treatment technologies to meet the required standards. The 

generic catalytic converter structure was invented in the early 1950s, but 

automotive converters using oxidation catalysts were only introduced in the 1970s 

and three-way catalysts in the early 1980s (Boudart, Davis, & Heinemann, 1997). 
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The first commercial monolithic exhaust after-treatment system was developed by 

Engelhard in the mid-1960s, but at the time, the conditions were not appropriate 

for their use in passenger vehicles (Cohn, 1975; Lindström & Pettersson, 2003). 

One of the most important processes developed during the 1980s was selective 

catalytic reduction (SCR) for controlling NOx emitted from nitric acid and 

stationary power plants. Today, SCR technology is implemented in various mobile 

applications from large ships to heavy-duty trucks (Lindström & Pettersson, 2003). 

Since the 1990s, VOC abatement has become important due to the introduction of 

environmental legislation to restrict their release to the environment. Catalytic 

complete oxidation is one of the technologies used for VOC treatment (Heneghan 

et al., 2004). 

2.3 Catalytic complete oxidation 

The focus of this thesis is on catalytic VOC treatment. Complete catalytic oxidation 

is considered especially suitable when total VOC concentrations are relatively low 

(often less than 1 000 ppm) with a large stoichiometric excess of oxygen (He et al., 

2019; Huang et al., 2015), although concentrations up to 4 500 ppm or even higher 

can also be considered (Heneghan et al., 2004; Moretti, 2001). This 4 500 ppm 

value represents 25% of the lower explosive limit (LEL) that must be taken into 

account in reactor design due to safety reasons (Moretti, 2001). It is worth noting 

that the LEL value varies from gas to gas. The suitability for low-concentration 

emission streams is one of the major assets of catalytic abatement, because it allows 

low levels of VOCs to be treated efficiently, which is important for industry so that 

the strict air emission limits set by legislation can be achieved (Heneghan et al., 

2004). 

Catalytic oxidation is an environmentally sound method, efficient, and feasible 

in terms of energy costs especially if regenerative heat exchange with reverse-flow 

reactors (RFR) is used (Ojala, Pitkäaho et al., 2011). However, the catalytic 

materials still require development to improve the selectivity, activity and, most 

importantly, stability against poisons such as sulphur and chlorine, which increases 

the cost of the technology (Busca & Pistarino, 2003; He et al., 2019; Heneghan et 

al., 2004; Huang et al., 2015; Liotta, 2010; Ojala, Pitkäaho et al., 2011; Spivey, 

1987). 

In various catalytic processes, sulphur poisoning is a very difficult problem. 

Most of the catalysts utilised in VOC treatment comprise precious metals or 

base/transition metal oxides. Catalysts loaded with precious metals, such as Pt, Pd 
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and Rh, can undergo poisoning by sulphur compounds and are not explicitly the 

best options for SVOC oxidation (Heneghan et al., 2004; Liotta, 2010; Ojala, 

Pitkäaho et al., 2011; Spivey, 1987). The deactivation of catalysts is discussed in 

more detail in Section 2.4. 

2.3.1 Au, Pt and Cu as catalyst materials in VOC treatment 

The generic aim in catalyst development is to design materials that show high 

activity, selectivity and stability. In harsh conditions, e.g., high temperatures and/or 

pressures, metal nanoparticles need to be supported to immobilise and stabilise 

them against sintering. In an ideal case, a catalyst support is capable of sustaining 

the morphology of the catalyst, providing adequate porosity and roughness that 

immobilise the metal nanoparticles in a size-matching manner as well as having an 

open structure accessible to the reacting species (Wang et al., 2013). Various 

mesoporous oxides are used as catalyst supports to stabilise metal nanoparticles 

under working conditions. The supports interact with the metals resulting, for 

instance, in encapsulation, adsorbate spillover and charge transfer, all of which 

influence the catalytic behaviour and conductivity of the metal catalysts, 

consequently affecting the catalytic performance. The support materials can 

provide additional catalytic functionalities that further enhance the overall catalytic 

performance (Pushkarev, Zhu, An, Hervier, & Somorjai, 2012). Bimetallic 

nanoparticles enhance various catalytic reactions such as naphtha (Rahimpour, 

Jafari, & Iranshahi, 2013) and steam reforming (Besenbacher et al., 1998) by 

enabling higher activity, better selectivity and/or longer stability as compared to the 

performance of their monometallic ‘parent’ catalysts. The incorporation of a second 

metal can change the surface electronic or geometric structure of the primary metal 

and increase the number of active sites, allowing the material to perform as a 

bifunctional catalyst (Pushkarev et al., 2012). The preparation of bimetallic 

particles at mild temperatures can be done by using surface redox reactions in an 

aqueous phase (Epron, Especel, Lafaye, & Marécot, 2008). 

The catalysts used in VOC oxidation are typically supported noble metals, 

single or mixed metal oxides in addition to noble metal and mixed metal 

combinations. The metal loading of supported oxide catalysts is generally higher 

than that of the noble metals due to their lower inherent catalytic activity per 

exposed atom of catalyst. In some applications, the higher loading of metal oxide 

catalysts results in better resistance against poisons (Spivey & Butt, 1992). 
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Gold 

Since gold is of special interest in this study, a more detailed description of the 

properties of gold is presented below. 

Of all precious metals, gold is the least effective material in activating atoms 

or molecules at the interface with a gas or a liquid. Hammer and Nørskov (1995) 

studied the dissociation of hydrogen on the surface of Au, Cu, Ni and Pt. Density-

functional calculations of the activation barrier and chemisorption energies showed 

that the nobleness of Au is connected to two factors: the degree of filling of the 

antibonding states on adsorption, and the degree of orbital overlap with the 

adsorbate. Both control the strength of the adsorbate-metal interaction and the 

energy barrier for dissociation, and furthermore, contribute to adsorbate binding 

and subsequent reactivity on Au (Hammer & Nørskov, 1995). 

Gold has excellent resistance against corrosion, considerable malleability and 

high density, ensuring its natural existence as metallic nuggets and powders. Gold 

possesses low reactivity, and it is demonstrated by the inability to interact with 

compounds of the atmosphere and to corrode due to the formation of oxides and 

sulphides, or to dissolve in common acids. The thermal instability and ease of 

reduction of compounds like Au2O3 are a consequence of its inertness, attributed to 

the small difference in electronegativity of the atoms (Bond, 2012b). 

Gold is the most electronegative metal (2.4 in Pauling units) and its 

electronegativity is similar to that of selenium and approaches that of sulphur (2.5 

in Pauling units). The electrode potential of gold (Au+/Au0 = +1.691 V) is very high 

owing to its electron affinity (greater than that of oxygen). The electronic structure 

of gold defines its nobility and its inability to interact with oxygen or sulphur 

compounds if present in the massive form (Bond, 2012b; Bond & Thompson, 1999). 

Gold easily forms alloys with other metals in addition to intermetallic compounds 

with Cu, Al, Sn and Ti (Bond & Thompson, 1999). 

The physical properties and chemical reactivity of Au have significant changes 

if the size of metallic Au is decreased gradually. These effects are observed clearly 

if the Au particle size falls to approximately below 10 nm. The most significant 

effect of decreasing the particle size is the increase in the surface/volume ratio, 

which describes the fraction of surface atoms compared to bulk atoms. Theoretical 

studies have given an insight that surface atoms having a low coordination number 

at the edges and corners of particles are responsible for increased chemical 

reactivity (Bond, 2012b). Due to the tolerance of Au towards halogens 

(electronegative elements), some supported Au catalysts have been shown to be 
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more active and stable in reactions including halogenated compounds (Haruta, 

2002). 

Haruta (2002) focussed on the set of conditions required for preparing active 

Au catalysts. First and foremost, Haruta states that a strong contact between Au and 

the support is essential. It is well-known that a high calcination temperature 

typically causes disadvantageous agglomeration of Au (Haruta, 2002). In his 

second argument, Haruta addresses the selection of an appropriate support material. 

Basic supports are desirable for deposition-precipitation methods. Conventional 

impregnation methods with chloroauric acid may lead to sintering during 

calcination, since HAuCl4 interacts weakly with the support. The deposition-

precipitation methods with precipitating agents (such as NaOH and urea) are 

influenced by the Au loading and pH during the preparation, which further affect 

the dispersion and size of the formed particles, and thus, their catalytic activity 

(Haruta, 2002). The third argument postulates that the particle size distribution 

should be homogeneous and relatively small, although under the right conditions 

particles as large as 10 nm can show high activity. In the case of real catalysts, the 

size distribution can be rather broad, and one may face difficulties in detecting very 

small particles that might be the real active sites (Haruta, 2002; Meyer, Lemire, 

Shaikhutdinov, & Freund, 2004). 

Au catalysts have beneficial characteristics over other noble metals such as Pt, 

since Au catalysts have exhibited higher catalytic activity at low temperatures. This 

is due to the moderate bonding strength of adsorbates on the defect sites of Au. In 

addition, size and shape dependency of Au in catalysis is known to exist (Haruta, 

1997). Au particles smaller than 5 nm supported on different metal oxides are 

highly active in the low-temperature oxidation of CO (Haruta et al., 1993), but also 

in other reactions (water gas shift, CO removal from H2, hydrogenation of 

unsaturated hydrocarbons, NO reduction with hydrocarbons, reactions involving 

halogens) (Haruta, 2002). High catalytic activity of Au (<5 nm) has also been seen 

for many oxidation reactions (Bond & Thompson, 1999; Haruta, 2002). Several 

authors have reported the activity of Au, for example on Fe2O3, Co2O3, MnO2, NiO 

and CeO2 (Haruta, Ueda, Tsubota, & Sanchez, 1996; Haruta, 1997; Ilieva et al., 

2012; Kozlova et al., 1999; Thompson, 1999; Waters, Weimer, & Smith, 1994). 

More recently, the activity of supported Au particles in VOC treatment has received 

considerable interest (Barakat et al., 2013; Huang et al., 2015; Scirè & Liotta, 2012). 

It is worth noting that Pt and Au as nanosized particles exhibit different 

performances in oxidation, although both metals bind reactants more strongly when 
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the particle size decreases. For example, Kim and Ahn (2009) showed that the 

particle size of Au and Pt influences the catalytic performance in toluene oxidation.  

Rashkeev, Lupini, Overbury, Pennycook and Pantelides (2007) proposed that 

low coordination is essential for the activity of Au. In addition, the bonding of 

reactants (in this case CO and O2) to an Au particle is accompanied by weakening 

of the Au-Au bonds, which enhances the catalytic reaction. In contrast, the Pt-Pt 

bonds in Pt particles become more rigid and therefore, the reaction is hindered. The 

weaker bonding at Au nanoparticle perimeter sites contributes to higher activity, 

whereas the stronger bonding at Pt nanoparticle sites does not (Rashkeev et al., 

2007). 

Well-distributed gold is another essential condition to achieve high catalytic 

performance for the Au/CeO2 catalyst in CO oxidation. Tang et al. (2007) reported 

that the activity of Au/CeO2 depended on the precipitation conditions, which in turn 

had an effect on the dispersion of gold on the support. 

Deactivation of dispersed Au catalysts can be a consequence of the sintering of 

small gold particles. The much lower melting point of dispersed Au0 nanoparticles 

in comparison with bulk gold subsequently influences the catalyst stability 

(Edwards et al., 2005). It is known that deactivation is a problem for supported Au 

catalysts in some applications involving CO oxidation. Gold/metal oxide catalysts 

have a tendency to deactivate when CO is also present in the feed. In such cases, 

where an increase in the rate of deactivation is attributed to carbonate formation, 

acidic supports can be more durable than basic ones (Bond & Thompson, 1999). 

Platinum 

During the 1980s and 1990s, Pt appeared to be the preferred oxidation catalyst for 

saturated hydrocarbons and high molecular weight compounds, whereas Pd was 

used mainly for methane and low molecular weight olefins. Base metal oxides were 

less commonly used, except in conditions where the feed gas was relatively free of 

contaminants such as sulphur. However, there have been exceptions (Heck & 

Farrauto, 1995). Pt supported on different oxides such as γ-alumina is one of the 

most commonly used catalysts for gaseous emission control in applications such as 

automotive exhaust catalysts. Pt has also been widely studied in VOC oxidation 

(Heneghan et al., 2004; Huang et al., 2015; Liotta, 2010; Ojala, Pitkäaho et al., 

2011; Spivey, 1987). It is known that sulphur deactivates Pt sites by adsorption, 

which induces the Pt particles to become more mobile and thus accelerates sintering 

(Moulijn, van Diepen, & Kapteijn, 2001). In some cases, sulphation of the Pt 
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catalyst may result in increased activity (Kalantar Neyestanaki, Klingstedt, Salmi, 

& Murzin, 2004). Since generally Pt is poisoned by CVOCs, the deactivation of Pt 

catalysts during CVOC oxidation is an important topic of research. HCl is usually 

the main desired Cl-containing product in CVOC oxidation. Deactivation caused 

by HCl is prevalent below approximately 350 °C, although it may be reversible in 

many cases, and can be solved in practice by using Pt loadings higher than about 

0.3 wt.%. Addition of steam in the CVOC feed may also help in avoiding 

deactivation in certain cases (El Assal et al., 2019).  

Pt catalysts are not always the most suitable catalysts for VOC oxidation since 

at high temperatures Pt catalysts are susceptible to sintering, resulting in 

deactivation. Higher temperatures than 300 °C are necessary in CVOC oxidation 

to avoid the strong interaction of HCl with the catalyst surface, which would also 

lead to deactivation. For these reasons, there is a limited temperature window for 

operation in CVOC oxidation when using noble metal catalysts, depending on the 

compound to be oxidised. (Heneghan et al., 2004) Deactivation of Pt/Al2O3 

catalysts seems to accelerate at lower temperatures (below ~300 °C), probably due 

to the increased retention of HCl formed during oxidation (Spivey & Butt, 1992). 

Deactivation is addressed in more detail in Section 2.4. 

Copper 

Transition metals such as Cu oxides are known to be active in hydrocarbon 

oxidation (Kalantar Neyestanaki et al., 2004). However, Cu oxide is not widely 

used as a commercial oxidation catalyst for emission control. Industrially, it is used 

for processes such as hydrogenation of organics (Twigg & Spencer, 2001), partial 

oxidation of propylene into acrolein (Spivey & Butt, 1992) and production of 

methanol from synthesis gas (Behrens et al., 2012; Prieto, Zečević, Friedrich, de 

Jong, & de Jongh, 2012). 

Cu catalysts have been investigated in the oxidation of VOCs such as saturated 

alkenes (e.g. ethane, propane, hexane), unsaturated alkenes and alkynes (e.g. 

propene, butene, acetylene) as well as aromatic hydrocarbons (e.g. benzene, 

toluene, xylene) and oxygen-containing VOCs (e.g. methanol, ethanol, acetone, 

ethyl acetate) (He et al., 2019). 

Copper catalysts are prone to thermal deactivation, especially in the presence 

of chlorine. Chlorine poisoning of Cu catalysts involves phenomena such as 

sintering and reactions resulting in adsorbed Cl atoms that can block or modify 
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active sites. In addition, copper reacts easily with sulphur resulting in carbon 

sulphides (Spivey & Butt, 1992; Twigg & Spencer, 2001, 2003). 

Support material 

The main purpose of a high-surface-area support material is to achieve the optimal 

dispersion of an active phase and to stabilise it against sintering (Schlögl et al., 

1997). The so-called structural promoters reduce sintering by their high stability 

since they hinder surface migration of the atoms of the active phase, although the 

catalyst may react with the surrounding medium, which may result in formation of 

volatile species (Moulijn et al., 2001). The support is not always catalytically inert 

material and, therefore, the overall process is a combination of two catalytic 

functions: that of the active phase and that of the support (Schlögl, 1997). Materials 

generally used as catalyst supports (or carriers) are porous solids having a high 

surface area, both external and internal (Wijngaarden, Kronberg, & Westerterp, 

1998). The properties of the support material are important in determining the 

performance of the final catalyst. Surface area, pore volume, surface acidity and 

reactivity, thermal conductivity and stability, and thermal expansion of the support 

are all properties contributing to the overall performance of a catalyst (Kalantar 

Neyestanaki et al., 2004). 

The most stable support materials in an oxidising atmosphere are γ-alumina 

and silica, and in a reducing atmosphere the carbons are the most stable (Argyle & 

Bartholomew, 2015; Bartholomew, 2001). Alumina and, to a minor degree, silica 

are the most commonly employed support materials in oxidation reactions 

(Kalantar Neyestanaki et al., 2004). Both promoters and impurities have an effect 

on the thermal properties of supports since they may occupy defect sites or form 

new phases. For example, alkali metals such as Li, K and Na accelerate sintering, 

whereas calcium, barium, nickel, and lanthanum oxides form thermally stable 

spinel phases with alumina (Argyle & Bartholomew, 2015; Bartholomew, 2001). 

Support sintering is one of the most critical factors in catalyst deactivation at higher 

temperatures (Kalantar Neyestanaki et al., 2004). 

The support materials used in this thesis are based on γ-alumina, ceria and 

titania. Alumina and titania are hydrophilic (Kameya & Yabe, 2019; Sung, Kim, 

Park, & Yie, 2012), whereas ceria is hydrophobic (Azimi, Dhiman, Kwon, Paxson, 

& Varanasi, 2013). The hydrophobicity of the support is an important aspect in the 

selection of a suitable support material for VOC oxidation catalysts. A hydrophobic 

catalyst support repels water. Typical industrial gaseous emissions contain moisture 
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originating from the atmosphere or from the reactions. It is preferable that water 

does not adsorb on the support surface at all or at least not strongly, especially at 

lower temperatures, which prevents deactivation by water and provides faster 

desorption of the water formed during reactions (Chi-Sheng Wu & Chang, 1998; 

Chuang, Cheng, & Tong, 1992; Sharma, Zhou, Tong, & Chuang, 1995). 

Alumina has good thermal stability (high Tammann temperature), textural 

properties (specific surface area, pore volume, pore size distribution) and 

interaction with noble metals. However, it may react with SOx and halides (e.g. HCl) 

resulting in deactivation, due to the formation of aluminium sulphates and 

aluminium halides (Chen, Bai, Cook, Wright, & Wang, 1996; Heneghan et al., 2004; 

Kim et al., 2013; Trueba & Trasatti, 2005). 

Ceria has a high oxygen storage capacity and good redox properties that make 

ceria catalysts particularly efficient in the catalytic oxidation of VOCs (Wang, 

Yeung, & Bañares, 2019). Usually, the mechanism of VOC oxidation over cerium 

is thought to be a redox type. The main path is the supply of oxygen from the easily 

reducible oxide and the subsequent re-oxidation by oxygen (Aranzabal et al., 2014). 

Ceria is an extraordinary support material for Au and CuOx in addition to several 

other metal oxides due to its ability to retain a high dispersion of metal and metal 

oxides (Farmer & Campbell, 2010; Huang et al., 2009; Kang, Song, & Lee, 2003). 

Interaction between Au and CeO2, which considerably depends on the Au particle 

size and the shape/size of ceria, influences the catalytic performance in CO 

oxidation (Tana, Wang, Li, & Shen, 2011). Venezia et al. (2005) proposed that the 

strong interaction between ionic Au and Ce, which enhances the Ce surface oxygen 

reducibility, could has an effect on the activity in CO oxidation. Ceria also enhances 

oxygen transfer from metal to support and vice versa (Martin & Duprez, 1996). 

Although ceria-based catalysts are active in CVOC oxidation, they are rapidly 

deactivated due to the strong adsorption of HCl or Cl2 (Aranzabal et al., 2014). 

Titania has good mechanical properties and, in many cases, interacts with the 

active phase. Noble metals on titania typically exhibit strong metal-support 

interaction (SMSI), which may increase the catalyst activity (Hadjiivanov & 

Klissurski, 1996). Titania is also inert (i.e. chemical stability) and a sulphur-

resistant material (Kalantar Neyestanaki et al., 2004; Moulijn et al., 2001). 

In VOC oxidisers, support structure shapes of monoliths and honeycombs are 

preferred, with approximately 200 to 400 channels per square inch (cpsi). The 

honeycomb-type structure provides the advantage of a relatively low pressure drop 

that is achieved because of a high open frontal area and parallel channels for gases 

to enter into and exit from the reactor (Heck & Farrauto, 1995). 
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2.3.2 Catalysts studied in DCM oxidation 

In CVOC oxidation, it is important to employ catalysts that are active and highly 

selective at relatively low temperatures, due to the harmful effects of CVOCs and 

the possible by-products of oxidation. The desired reaction products in the total 

oxidation of CVOCs in the presence of water are CO2 and HCl, the latter being 

easily removed downstream by using a scrubber (Aranzabal et al., 2014; Heck & 

Farrauto, 1995; Heneghan et al., 2004). However, low selectivity towards total 

oxidation products in CVOC oxidation may result in the formation of highly toxic 

by-products. Noble metal and metal oxide catalysts can activate the Deacon 

reaction, resulting in the formation of molecular chlorine and undesired 

intermediates such as methyl chloride (CH3Cl), chloroform (trichloromethane, 

CHCl3) or even carbonyl dichloride (phosgene, COCl2) (Aranzabal et al., 2014; 

Spivey, 1987). 

Chlorine attack is considered as the primary reason for catalyst deactivation in 

CVOC oxidation (He et al., 2019). It is often difficult to destroy CVOCs, because 

both the initial compounds and products act as catalyst poisons causing 

deactivation (Heneghan et al., 2004). Sustaining resistance towards deactivation by 

chlorine and its derivatives is important (Ojala, Pitkäaho et al., 2011). Noble metal 

catalysts are known to be susceptible to poisoning by chlorine-containing 

compounds (Spivey, 1987). On the other hand, noble metals supported on alumina 

are the most active catalysts in CVOC oxidation (Aranzabal et al., 2014). 

Wide-ranging reviews on VOC oxidation, including dedicated sections on 

chlorinated VOC, have been published by many authors (Aranzabal et al., 2014; 

He et al., 2019; Heneghan et al., 2004; Huang et al., 2015; Ojala, Pitkäaho et al., 

2011; Scirè & Liotta, 2012; Wang et al., 2019). Pitkäaho et al. (2011) studied Pt, 

Pd, Rh, Pt-Pd and Pt-V2O5 catalysts supported on Al2O3, Al2O3-TiO2, Al2O3-CeO2 

and Al2O3-CeO2-zeolite in DCM oxidation. The Pt catalysts were in most cases 

more active than the other catalysts, also showing high HCl selectivity. Matějová, 

Topka, Jirátová and Šolcová (2012) studied three commercial Envicat® catalysts 

(Cu-Mn/Al, Pt-Pd/Al and Pt-Pd/Al-Ce) in DCM oxidation. The Pt-Pd/Al-Ce 

having 0.1 wt.% of Pt + Pd was the most active, whereas the Pt-Pd/Al containing 

0.24 wt.% of Pt + Pd exhibited the highest selectivity towards HCl (Matějová et al., 

2012). DCM oxidation over different Cu-containing catalysts has been investigated 

by Gu, Yang, Qiu, Sun and Xu (2010), Su, Liu, Yao and Wu (2016), Cao, Shi et al. 

(2016) and Cao, Wang et al. (2016). El Assal et al. (2013, 2019) studied Cu catalysts 

supported on TiO2, MgO and CeO2 in DCM oxidation and observed that the orders 
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of activity and selectivity to HCl were CuTi > VMg > CuCe > CuMg. A connection 

between the acidic properties of supports and catalytic performance was seen, as 

the activity of Cu catalysts followed the acidity order of the supports (El Assal et 

al., 2013). Based on thermodynamic modelling, the presence of water inhibits 

catalyst poisoning by chlorine and thus, CuO/Al2O3 seemed to be a potential 

alternative to noble metal catalysts when operated in the presence of water and 

above 300 °C to prevent Cl-poisoning (El Assal et al., 2019). 

Studies that report the use of Au catalysts in CVOC oxidation are relatively 

few, considering the research done with other noble metal and transition metal 

catalysts. Catalytic oxidation of DCM over Au-based catalysts has been previously 

reported by a few authors. Aida, Higuchi and Niiyama (1991) studied a 5 wt.% 

Au/Al2O3 catalyst in DCM oxidation and suggested that, after enhancement in 

stability, the Au/Al2O3 catalyst could be a potential catalyst in the treatment of 

halogenated VOCs owing to its high activity and selectivity towards HCl. 

Several Au/Co3O4 catalysts with different Au loadings were studied and 

compared to Cr2O3/Al2O3, Pd/Al2O3 and Pt/Al2O3 catalysts by Chen et al. (1996). 

The activity of a 0.2 wt.% Au/Co3O4 catalyst, on which the Au loading had no major 

effect, was significantly higher than that of the other catalysts, showing complete 

DCM conversion at 350 °C and a 135 °C lower T50 than that of the Pt/Al2O3 catalyst. 

However, below 250 °C, the formation of trichloromethane (CHCl3, chloroform) 

and tetrachloride was seen. A 130-hour stability test in laboratory conditions 

demonstrated good durability (Chen et al., 1996). 

Matějová et al. (2013) investigated Au and Pt catalysts supported on 

Ce50Zr50O2 in the complete oxidation of DCM (1 000 ppm in air, 1.5 wt.%, space 

velocity 71 m3 kg−1 h−1, 100–500 °C) and found that the noble metal catalysts 

exhibited lower catalytic performance compared to the ceria-zirconia support alone, 

which was attributed to a smaller amount of acid sites. The noble metal catalysts 

showed better selectivity towards CO2 compared to that of the ceria-zirconia 

support; the Au catalysts exhibiting somewhat lower selectivity than the Pt catalysts 

in this case (Matějová et al., 2013). 

Redina et al. (2015) reported the activity of an Au-Rh/TiO2 catalyst in DCM 

oxidation, which was synthesised with surface redox reactions. The bimetallic 

catalysts with metal loadings as low as 0.25 wt.% exhibited high activity and 

selectivity towards HCl. The selectivity to CO2 was improved in comparison with 

that of a monometallic Au catalyst having the same loading of Au. Nevertheless, 

clear assumptions of the long-term stability cannot be made, since the authors 

reported an on-stream time of only 190 min (Redina et al., 2015). 
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In this thesis work, Pt, Pd, Rh and V2O5 metallic monolith catalysts supported 

on Al2O3, Al2O3-CeO2 and Al2O3-TiO2 were investigated in DCM oxidation, as 

described in Publication I. The catalytic performance of Au, Pt and Pt-Au catalysts 

supported on Al2O3 and CeO2-Al2O3 was examined in DCM oxidation, see 

Publication II. 

2.3.3 Catalysts studied in DMDS oxidation 

In SVOC oxidation, it is essential to use catalysts that are not only active and 

selective towards SO2, but also very durable due to the deactivating effect of 

sulphur. The desired end-products in complete SVOC oxidation are CO2, SO2 and 

water. 

The preferable mechanism in DMDS oxidation is the scission of the S-S bond 

into two CH3S* radicals followed by decomposition into two CH3* radicals by 

separating the S atoms from the methyl groups. Then the S atoms would be oxidised 

by the oxygen present in the reaction mixture into SO2 without over-oxidation to 

SO3. This could be achieved via the Langmuir-Hinshelwood, Eley-Rideal or Mars-

van Krevelen mechanisms. However, the activation of dioxygen to molecular 

oxygen can be thermodynamically difficult and requires high temperatures or a 

suitable catalyst (Vandeputte, Reyniers, & Marin, 2010). 

The earliest experiments on the oxidation of gaseous alkane thiols and 

CH3SSCH3 were carried out by Cullis and Roselaar (1959a, 1959b), who found the 

main oxidation products to be SO2, CO2, CO, CH3OH and water. Formaldehyde 

(CH2O) and methyl mercaptan (methanethiol, CH3SH) were formed as 

intermediates (Cullis & Roselaar, 1959a, 1959b). Wang and Weng (1997) 

investigated different single metal oxides (Co3O4, ZnO, NiO, MnO2, Fe2O3, Cr2O3, 

MoO3, CuO) and mixed metal oxides containing Cu and Mo, Cr, Ni, Mn, La, Fe, 

Co, Sr or Zn supported on γ-Al2O3 in the oxidation of DMDS. The CuO-Al2O3 

catalyst showed the best activity and the performance was further improved using 

MoO3 as a promoter (Wang & Weng, 1997). In addition, they investigated the effect 

of acid treatment (Wang, Lee, & Weng, 1998), the optimal amount of Mo (Wang & 

Weng, 1998), the kinetics (Wang, Lin, & Weng, 2002) and the promoter effect of 

IA-VIIA group elements (Wang, Lin, Liou, & Weng, 2002) with the CuO-

MoO3/Al2O3 catalyst in DMDS oxidation. 

Kastner, Das, Buquoi and Melear (2003) studied the oxidation of DMDS using 

coal and wood fly ash as catalysts. DMDS remained unreacted at room temperature. 

These findings indicate that the S-S bond controls the oxidation reaction, and that 
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sulphur atoms need to be free for interaction with the active sites on the ash under 

the conditions of the study. The coal ash used had a high content of metal oxides 

(iron, aluminium, nickel and vanadium) which acted as catalysts (Kastner et al., 

2003). Ojala (2005) and Ojala et al. (2004) conducted experiments on the oxidation 

of DMDS with different Pt- and Pd-containing catalysts supported on Al2O3 as well 

as on MnO2-MgO, CuxMg(1−x)Cr2O and CuxCr2O4. The catalytic activity of noble 

metal catalysts in DMDS oxidation showed no notable differences (Ojala, 2005, 

Ojala et al., 2004). 

Liang and Chen (2006) investigated perovskite catalysts (LaNiO3 and 

La0.5Ba0.5NiO3) in DMDS oxidation. The La0.5Ba0.5NiO3 catalyst was more suitable 

for the treatment of DMDS than the LaNiO3 catalyst. However, it must be noted 

that the end-products were mainly SO2, SO3 and CS2. The deactivation of the 

La0.5Ba0.5NiO3 catalyst was faster when increasing the weight hourly space velocity 

(WHSV) but decreased when increasing the reaction temperature (Liang & Chen, 

2006). 

Few authors have investigated the possibility of using gold catalysts in the 

oxidation of SVOCs. Kucherov, Sinev, Ojala, Keiski and Kustov (2007) and 

Kucherov et al. (2009) reported the removal of DMDS from air over Au/HZSM-5 

and Au-Rh/HZSM-5 catalysts. The Au-Rh/HZSM-5 catalyst seemed active at 

temperatures as low as 290 °C. A less active monometallic Au/HZSM-5 was 

effective for the removal of DMDS at 500 °C. Ojala, Mikkola and Keiski (2010) 

studied Au-based catalysts supported on pulverised or pelletised Al2O3 in addition 

to a knitted (Kynol TM) activated carbon mat for the treatment of TRS emissions. 

Both pelletised catalysts, 2.7Au/AlP and 3.6Au/AlP, achieved complete conversion 

of DMDS at around 500°C (Ojala et al. 2010). Darif et al. (2016, 2017) studied the 

performance of Pt-Cu catalysts supported on three different supports (Al2O3, AlSi20, 

SiO2) in the total oxidation of DMDS. Amongst the studied catalysts, the 

0.3Pt10Cu/Al and 0.3Pt10Cu/AlSi20 catalysts showed the highest activity based on 

light-off experiments. The addition of silica in the alumina increased the selectivity 

towards CO2 and seemed to enhance the sulphur resistance (Darif et al., 2016, 

2017). Gao, Gao, Wei, Zhao, and Zhang (2019) have continued the research in 

DMDS oxidation based on some of the findings by Nevanperä et al. (Publication 

III) and Darif et al. (2016, 2017) and they formulated a Cu-Pt/Ce-Al catalyst. The 

catalyst demonstrated high activity and resistance towards sulphur (Gao et al., 

2019). 

In this thesis work, the performance of Au-based catalysts in DMDS oxidation 

has been investigated. The results are presented in Publications III and IV. 



52 

2.4 Deactivation 

In an ideal case, a catalyst does not change and has an infinite operation life, but in 

practice, this is not true (Moulijn et al., 2001). Catalyst deactivation referring to the 

loss of catalytic activity and/or selectivity over time is a major problem in industrial 

catalysis. Catalyst replacements and process unit shutdowns cost tens of billions of 

dollars to industry annually (Argyle & Bartholomew, 2015; Bartholomew & Argyle, 

2015). Deactivation, which is highly undesirable but many times unavoidable, is a 

common and well-studied phenomenon in catalysis. Many authors have extensively 

reviewed the various effects and mechanisms of catalyst deactivation (Argyle & 

Bartholomew, 2015; Bartholomew, 2001; Bartholomew & Argyle, 2015; 

Bartholomew & Butt, 1991; Butt & Petersen, 1988; Forzatti & Lietti, 1999; 

Kalantar Neyestanaki et al., 2004; Moulijn et al., 2001; Petersen & Bell, 1987; 

Spivey & Butt, 1992). 

Investigating the deactivation of a catalyst is often a multi-dimensional and 

cumbersome task that may require the validation of many different characterisation 

techniques and experimental steps; at its simplest it can be evidenced and studied 

by laboratory-scale stability experiments (or spent catalysts from industry) 

followed by wisely chosen characterisation methods. 

2.4.1 General 

Catalyst deactivation can appear for several reasons: chemical, physical or 

mechanical in nature. The feed may contain molecules (contaminants) that poison 

the active sites, the catalytic reaction might form intermediates and products that 

are deleterious poisons for the catalyst, the catalyst might not resist the high 

temperature or pressure used, the catalyst can suffer from mechanical damage 

caused by high flow rates, etc. The length scale is also important. Deactivation may 

be caused by phenomena on a nanometre scale, micrometre scale, several 

micrometres to millimetre scale or even metre scale (Moulijn et al., 2001). In 

practice, often more than one deactivation mechanism can take place 

simultaneously, leading to lower or complete loss of catalytic performance during 

operation (Argyle & Bartholomew, 2015; Bartholomew, 2001; Kalantar 

Neyestanaki et al., 2004; Moulijn et al., 2001). In a well-controlled and properly 

designed reactor system, the loss of activity follows slowly (Argyle & 

Bartholomew, 2015; Bartholomew, 2001). Catalyst deactivation is often an inherent 

consequence of the reaction mechanisms underlying a catalytic process, and even 
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though it can be minimised with the proper choice of catalysts and process variables, 

in many cases it is still unavoidable (Argyle & Bartholomew, 2015; Bartholomew, 

2001; Sie, 2001). However, the deactivation process can be decelerated or 

prevented, and some effects may be avoided (Forzatti & Lietti, 1999). In cases 

where deactivation cannot be avoided, the process technology must be able to 

prevent catalyst deactivation (Sie, 2001). In industry, catalyst regeneration or 

replacement can be time-consuming and costly. 

There exist several classifications for the deactivation phenomena. Argyle and 

Bartholomew (2015) and Bartholomew (2001) classify deactivation into three 

fundamental types: chemical, mechanical and thermal, and these changes can be 

further distinguished into six distinct mechanisms: poisoning, fouling, thermal 

degradation, vapour compound formation accompanied by transport, vapour-solid 

and/or solid-solid reactions, and attrition/crushing. Moulijn et al. (2001) categorise 

catalyst deactivation into five different types: poisoning, fouling, thermal 

degradation (sintering and evaporation), mechanical damage and 

corrosion/leaching. Kalantar Neyestanaki et al. (2004) distinguish deactivation 

mechanisms as follows: support and metal sintering, phase transformation, coking, 

fouling and poisoning. The classification by Bartholomew (2001) is used in this 

thesis. 

Fouling 

Fouling (also referred to as masking) is a mechanical (non-selective) type of 

deactivation including all phenomena where a catalyst surface is covered with a 

physical deposit, which can cause blockage of active sites and/or pores resulting in 

activity loss (Argyle & Bartholomew, 2015; Bartholomew, 2001; Moulijn et al., 

2001). For example, the deposition of dust from combustion residues like ash or 

soot, or from mechanical wear of upstream devices or colloidal particles in the feed 

stream results in deposits (Moulijn et al., 2001). In gaseous emission treatment 

applications, aerosols or high molecular weight compounds from upstream process 

units and piping are commonly involved, and these can physically deposit onto the 

surface of the washcoat. Reactor scale originating from sources such as corrosion, 

dusts, phosphorous from lubricating oils, etc., are commonly found on catalysts 

(Heck & Farrauto, 1995). Corrosion and dust are typical issues observed in CVOC 

and SVOC applications. 
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Coking 

Coking occurs when side reactions form carbonaceous deposits (referred to as coke 

or carbon) on the catalyst surface in catalytic reactions with hydrocarbons or carbon 

oxides (Forzatti & Lietti, 1999). The chemical nature of the residues is influenced 

by the means of formation (reaction type), temperature and pressure, catalyst type, 

age of the catalyst, composition of the feed, and the products that are formed 

(Forzatti & Lietti, 1999). Carbon is considered typically as a product of CO 

disproportionation (2CO  C + CO2), whereas coke is often described by its origin 

via decomposition (cracking) or condensation of hydrocarbons on catalyst surfaces 

and usually involves polymerised heavy hydrocarbons (Argyle & Bartholomew, 

2015; Bartholomew, 2001; Forzatti & Lietti, 1999). Coke forms may vary from 

high molecular weight hydrocarbons to primarily carbons such as graphite, 

depending upon the conditions under which the coke was formed and aged (Argyle 

& Bartholomew, 2015; Bartholomew, 2001). 

The effects of fouling by carbon (or coke) on the performance of supported 

catalysts are as follows (Argyle & Bartholomew, 2015; Bartholomew, 2001): 

carbon may (1) chemisorb strongly as a monolayer or physically adsorb in 

multilayers and, consequently, block the access of reactants to metal surface sites, 

(2) entirely encapsulate a metal particle and deactivate it completely, and (3) plug 

micro- and mesopores so that the active sites within the pores become inaccessible 

to the reactants. In addition, it is possible that in extreme cases strong carbon 

filaments grow inside the pores, fracturing the support material that might lead to 

the breakage of catalyst pellets and further plugging of reactor voids (Argyle & 

Bartholomew, 2015; Bartholomew, 2001). Coking may occur in VOC catalysts due 

to the presence of carbon products. 

Mechanical failures 

The mechanical strength of catalysts is important as it provides necessary resistance 

against crushing, for example during transport and loading in the reactor. A packed 

bed of catalyst particles may experience strong stresses during operation and 

regeneration. The mechanical strength is affected by the shape and the porosity of 

the catalyst particles. In terms of porosity, for example large amounts of macropores 

lead to reduced mechanical strength. With washcoated monolith catalysts, the 

adherence of the coating is essential. Thermal stresses leading to mechanical 

changes (expansion, contraction) may shatter and/or detach the washcoat from the 
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monolith. This is especially relevant in applications in which the catalysts are 

exposed to a wide range of temperatures, especially with rapid shifts, during 

operation and may result in sudden expansion or contraction leading to a thermal 

shock (Moulijn et al., 2001). 

Mechanical failure of catalyst agglomerates is caused by two principal 

mechanisms: (1) fracture of agglomerates and (2) erosion (or abrasion) from the 

agglomerate surface of the primary particle aggregates. Erosion is a consequence 

of mechanical stresses and fracture can be a result of mechanical, thermal and/or 

chemical stresses. Chemical stresses appear when phases of different densities are 

formed inside a catalyst particle by chemical reactions (Argyle & Bartholomew, 

2015; Bartholomew, 2001). Moulijn et al. (2001) discuss that the reaction 

environment may also cause corrosion/leaching of the catalyst material, which is 

especially important in liquid phase applications. In a medium with a relatively 

high or low pH, the materials can corrode and leach out of the reactor. It is vital to 

consider corrosion and/or leaching in CVOC and SVOC oxidation, since both 

applications involve highly corrosive reaction products, i.e. HCl and SO2, 

respectively. Typically, VOC catalysts are structured as monoliths instead of pellets, 

beads or particles and, therefore, mechanical failures are not common, although 

thermal stresses may occur in transient conditions. 

In the context of this thesis, the most relevant deactivation mechanisms are 

thermal degradation, sintering and chemical deactivation (poisoning), which are 

discussed in the following sections. 

2.4.2 Thermal deactivation 

Moulijn et al. (2001) describe thermal degradation as a physical process resulting 

in catalyst deactivation due to sintering, chemical transformations, evaporation, etc. 

According to Bartholomew (2001), thermally induced deactivation is a 

consequence of the following phenomena: (1) loss of active surface area due to 

crystallite growth of the catalytic phase (catalyst sintering); (2) loss of support area 

due to support collapse (support sintering) and of catalytic surface area due to pore 

collapse on crystallites of the active phase; and/or (3) chemical transformations of 

catalytic phases to non-catalytic phases. The first two processes are typically 

denoted as sintering, whereas the latter refers to the gas/vapour-solid and solid-state 

reactions considered in detail in Section 2.4.3 (Argyle & Bartholomew, 2015; 

Bartholomew, 2001). Moulijn et al. (2001) state that the reaction environment and 

the presence of promoters play a role in sintering. Thermal degradation may occur 
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in all stages of the life cycle of a catalyst: local heating during preparation 

(calcination), reduction (fresh or passivated catalyst), reaction (hot spots, 

maldistribution) and regeneration (coke burn-off, etc.) (Moulijn et al., 2001). 

Sintering occurs both in supported metal catalysts and unsupported catalysts 

(Forzatti & Lietti, 1999; Kalantar Neyestanaki et al., 2004). Sintering is more 

typical in high temperature reactions and is usually accelerated by the presence of 

water. Materials with high porosity are more prone to sintering compared to low 

porosity materials. Small particles are more susceptible to sintering than large 

particles (Argyle & Bartholomew, 2015; Bartholomew, 2001; Kalantar 

Neyestanaki et al., 2004; Moulijn et al., 2001). 

In sintering, the primary mechanism is temperature-induced surface diffusion 

or mobility of larger agglomerates (Moulijn et al., 2001). Sintering bears a 

resemblance to crystallisation, i.e. larger particles grow at the expense of smaller 

particles. The driving forces for the dissociation and diffusion of surface atoms are 

both proportional to the absolute melting point temperature (Tmelting). At the Hüttig 

temperature (0.3Tmelting), the surface atoms become significantly mobile, especially 

at defect sites, and at higher temperature, when the Tammann temperature 

(0.5Tmelting) is reached, the bulk atoms (lattice) start to demonstrate substantial 

mobility. At the melting point temperature, the mobility is so high that liquid-phase 

behaviour is observed (Moulijn et al., 2001). Therefore, the sintering rates of a 

metal or a metal oxide are significant above the Hüttig temperature and very high 

near the Tammann temperature (Argyle & Bartholomew, 2015; Bartholomew, 

2001). 

Different factors that influence the rate of particle growth in supported metals 

are temperature, atmosphere, metal type, metal dispersion, promoters and 

impurities, support surface area, texture and porosity. Different promoters and 

impurities influence sintering and redispersion by either increasing, such as in the 

case of chlorine and sulphur, or decreasing (e.g. oxygen, ceria) metal atom mobility 

on the support. In oxidising atmospheres, metal crystallite stability is dependent on 

the volatility of metal oxides and the strength of the metal oxide-support interaction 

(Argyle & Bartholomew, 2015; Bartholomew, 2001). 

A specific type of sintering is referred to as Ostwald ripening, which can be 

simply described as a growth/loss process by which large particles grow at the 

expense of small particles. This is a phenomenon often seen in Au catalysts and is 

strongly affected by the reactive environment (e.g. O2, CO), the temperature due to 

the low melting point of small Au particles, and the local environment in the Au 

structure (Meyer et al., 2004). 
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According to Forzatti and Lietti (1999), solid-state transformation can be seen 

as an extreme form of sintering that takes place at high temperatures and results in 

the transformation of one crystalline phase into another. The ultimate type of 

mobility is evaporation of the active phase. Evaporation is relevant in high 

temperature processes such as catalytic combustion and steam reforming (Moulijn 

et al., 2001). 

Sintering can be studied by means of several characterisation techniques to 

determine the percentage exposed. The most common approaches are X-ray 

diffraction, selective gas adsorption (chemisorption) and transmission electron 

microscopy (Butt & Petersen, 1988; Wanke, Szymura, & Yu, 1987). Nowadays, 

these techniques can be employed in situ using modern devices. For example, 

enhancements in spatial and temporal resolution now allow in situ TEM to clarify 

the dominant mechanism of catalyst sintering (DeLaRiva, Hansen, Challa, & Datye, 

2013). 

Active metal sintering 

The most significant mechanism for the sintering of nanoparticles is the migration 

of atoms, rather than the particles. Depending on the conditions, i.e. temperature 

and type of surface, atoms will migrate via a hopping mechanism or surface 

diffusion (Moulijn et al., 2001). According to Bartholomew (2001) and Argyle and 

Bartholomew (2015), there are three principal mechanisms for metal crystallite 

growth: (1) crystallite migration, (2) atomic migration (Ostwald ripening) and (3) 

vapour transport at very high temperatures. In crystallite migration, the crystallites 

migrate laterally on the support surface followed by the collision and coalescence 

of two crystallites to form larger particles. In atomic migration, sintering takes 

place via the escape of metal atoms from a crystallite, which then migrate along the 

support or in the gas phase, and collide with another metal crystallite that 

subsequently captures them. As a result, small crystallites diminish in size while 

larger ones grow (Butt & Petersen, 1988; Forzatti & Lietti, 1999). 

Support sintering 

Sintering is accelerated when water is present. Steam accelerates support sintering 

by forming mobile surface hydroxyl species that are consequently volatilised at 

higher temperatures (Argyle & Bartholomew, 2015; Bartholomew, 2001). An 

important example of support sintering is the thermally induced transformation of 
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the alumina phase. Temperatures, at which the phase transitions appear, depend on 

the crystal size and moisture content of the starting material. Boehmite (hydrated 

or hydroxyl form of alumina) transforms to γ-alumina between 300 °C and 450 °C, 

then to δ-alumina at approximately 850 °C, to θ-alumina at approx. 1 000 °C, and 

finally to α-alumina at approx. 1 125 °C, hence resulting in a gradual loss of surface 

area. The consequence of sintering is the decrease in specific surface area and the 

transport of material resulting in the coalescence of particles, particle growth and 

elimination of pores. At high temperatures, support sintering is one of the most 

important causes of catalyst deactivation. Certain promoters are known to reduce 

support sintering. Ceria, silica and zirconia are a few examples that are used in the 

case of alumina (Argyle & Bartholomew, 2015; Bartholomew, 2001). 

Generally, sintering is not a problem for VOC applications because the catalyst 

materials used have been developed based on automobile catalysts and therefore 

resist high-temperature deterioration. However, this is not always the case since 

support sintering can also occur, as mentioned with γ-alumina. This may also be 

promoted by the active phases on the alumina (Heck & Farrauto, 1995). 

2.4.3 Chemical deactivation 

Chemical deactivation or poisoning is referred to as the strong chemisorption of 

reactants, products or contaminants on active sites that would apart from those be 

accessible for catalysis, and thus it has operational meaning: whether a compound 

acts as a poison depends on its adsorption strength in relation to the other 

compounds competing for adsorption on active sites (Argyle & Bartholomew, 2015; 

Bartholomew, 2001). 

Poisoning can be either temporary (reversible) or permanent (irreversible) in 

nature (Kalantar Neyestanaki et al., 2004). Temporary means that the poison can 

be removed, whereas in the latter case, removal is not possible. However, the 

difference is not always this clear, because poisons that are strongly adsorbed at 

low temperature might be less harmful in high-temperature processes (Argyle & 

Bartholomew, 2015; Bartholomew, 2001; Forzatti & Lietti, 1999; Heck & Farrauto, 

1995; Kalantar Neyestanaki et al., 2004; Moulijn et al., 2001; Sie, 2001). 

According to Heck and Farrauto (1995), there are two principal mechanisms 

by which poisoning occurs: (1) selective poisoning, in which a species directly 

reacts with the active site or the support and alters the catalyst, making it less active 

or completely inactive, and (2) non-selective poisoning such as the deposition of 

fouling agents onto or into the catalyst support, masking the sites and pores, which 
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leads to a performance loss due to the decreased accessibility of reactants to the 

active sites (Heck & Farrauto, 1995). Chemisorption of a non-selective poison 

takes place in a uniform way and thus the net activity of the surface is a linear 

function of the quantity of the chemisorbed poison. With selective poisons, the 

distribution of the characteristics of the active sites have a role in poisoning, for 

example in acido-basic properties, which might result in different dependencies 

between the activity and the amount of poison chemisorbed (Forzatti & Lietti, 

1999). Selective poisoning includes preferential adsorption of the poison on the 

most active sites at low concentrations. If sites of lower activity are blocked initially, 

the poisoning is “anti-selective”. If the activity loss is proportional to the 

concentration of adsorbed poison, the poisoning is “non-selective”. Metals or 

compounds that are reducible to metallic state under operational conditions might 

react with the active metal and form an alloy that is less active or inactive, e.g. Fe 

for platinum group metals and phosphorus or lead for automobile catalysts (Argyle 

& Bartholomew, 2015; Bartholomew, 2001; Heck & Farrauto, 1995; Kalantar 

Neyestanaki et al., 2004; Moulijn et al., 2001). 

A distinction should be made between inhibitors and poisons, because 

inhibitors generally adsorb weakly on the catalyst surface and the process is usually 

reversible. A poison can act by a geometric effect, i.e. blocking an active site or 

changing the activity of the active site by altering its electronic properties. 

Poisoning occurs due to strong chemisorption and in some cases forms completely 

new compounds, which affect the catalytic activity (Argyle & Bartholomew, 2015; 

Bartholomew, 2001; Forzatti & Lietti, 1999; Kalantar Neyestanaki et al., 2004). 

The presence of water in the feed gas is a well-known problem causing 

deactivation. Water can be a contaminant in the waste gas originating from humid 

air, which is typical in VOC treatment, but water is also formed as a product of 

oxidation. Water is a problem specifically for alumina-supported catalysts, since 

the adsorption of water vapour is unavoidable at the low temperatures that are 

needed for economically feasible catalytic oxidation. A supported catalyst that is 

intrinsically hydrophobic and consequently will prevent adsorption of water on the 

surface would have important benefits over a hydrophilic catalyst. If the 

hydrophobicity of a catalyst increases, hydrocarbons are often more readily 

adsorbed on the catalyst surface where they can subsequently react. This would 

provide more reduced active sites on the catalyst surface, which have been shown 

to be important in the mechanism of oxidation reaction over noble metal catalysts 

(Heneghan et al., 2004). 
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In addition to poisoning, there are other chemical routes resulting in catalyst 

deactivation as mentioned in the introduction of Section 2.4. The following 

phenomena can be identified: (1) reactions of the vapour phase with the catalyst 

surface to form (a) inactive bulk and surface (rather than strongly adsorbed species), 

(b) volatile catalyst compounds that exit the catalyst and reactor in the vapour phase, 

or (c) sintering due to adsorbate interactions (denoted as chemical-assisted sintering 

to distinguish it from thermal sintering); (2) catalytic solid-support or catalytic 

solid-promoter reactions, and (3) solid-state transformations of the catalytic phases 

during reaction (Argyle & Bartholomew, 2015; Bartholomew, 2001). 

Dispersed metals, metal oxides, metal sulphides and metal carbides are 

common catalytic phases, and their surfaces are similar in composition to that of 

the bulk phases. One of these phases is usually significantly more active than the 

other. If one of these metal catalysts is oxidised, sulphided or carbided, essentially 

it will lose all of its activity. Although these chemical transformations are related 

to poisoning, the distinction is that instead of losing activity due to the presence of 

an adsorbed species, the loss of activity is due to the formation of a new phase. For 

example, the reaction of SO3 with alumina to form aluminium sulphate results in 

support cracking and pore plugging in several applications (Argyle & Bartholomew, 

2015; Bartholomew, 2001). 

Loss of active metal can occur via direct volatilisation, which is generally an 

insignificant pathway to deactivation. In contrast, loss of active metal via formation 

of volatile species, for example metal carbonyls, oxides, sulphides and halides in 

CO, O2, H2S and halogen-containing conditions, can be significant over a broad 

range of conditions (Argyle & Bartholomew, 2015; Bartholomew, 2001). Well-

known examples are the volatilisation of Pt in ammonia oxidation (PtO2) and 

copper (CuCl2, Cu2Cl2) in the Deacon process, diesel soot oxidation or methanol 

synthesis (Argyle & Bartholomew, 2015; Bartholomew, 2001; Moulijn et al., 2001; 

Spivey & Butt, 1992). PtO2 is already formed at temperatures exceeding about 

500 °C (Tmelting = 450 °C), PtClx have melting points between 370 °C and 580 °C, 

and CuClx between 430 °C and 620 °C (Moulijn et al., 2001). 

Solid-state diffusion and chemical reactions seem to be important mechanisms 

for the deactivation of complex multicomponent catalysts. In most of these 

reactions it is problematic to identify the degree at which the solid-state processes 

are affected by surface reactions. The rate of diffusion of alumina to the surface to 

form an aluminate can be increased by the presence of gas-phase oxygen or water 

or the nucleation of a different phase can occur by either reducing or oxidising 

atmospheres (Argyle & Bartholomew, 2015; Bartholomew, 2001). 
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The reactions of gas/vapour with the solid can restructure the surface of a 

catalyst by chemical-assisted sintering and have significant impacts on the activity. 

These interactions induce a restructuring of the surface that is similar to thermal 

sintering, but at temperatures below the Tammann (0.5Tmelting) or Hüttig 

temperatures (0.3Tmelting), at which thermal sintering can be expected. Thus, this 

restructuring of the surface must be assigned to the interaction of the gas phase with 

the solid (Argyle & Bartholomew, 2015; Bartholomew, 2001). 

Effects of chlorine 

Both sulphur and chlorine originating from the emission compounds studied in this 

thesis pose a major threat to the catalysts since both can deactivate the catalysts via 

poisoning, mechanical fouling, gas-solid reactions or by inducing sintering. 

Chlorine can also originate from the precursor materials used in catalyst 

preparation, in addition to contaminants in the feed stream and reaction products. 

Oh et al. (2002) showed that the residual chloride originating from the Au precursor 

salt has an impact on the catalyst activity in CO oxidation, i.e. (1) it facilitates the 

agglomeration of the Au particles during heat treatment and (2) it hinders the 

catalytic activity by poisoning active sites. Chlorine is known to promote sintering 

and grain growth in magnesia and titania during calcination at higher temperatures 

(Argyle & Bartholomew, 2015; Bartholomew, 2001). In addition, chlorine ions 

have a hindering effect on oxygen activation (Duprez, 2006). 

Spivey and Butt (1992) drew conclusions on the deactivation of Pt by chlorine 

based on various CVOC oxidation experiments (C1-C2 CVOCs, vinyl chloride) and 

poisoning experiments using HCl. The deactivation seemed to be particularly 

substantial at lower temperatures, less than 300 °C, and in some cases, below 

400 °C, as well as when oxygen was present in amounts less than the stoichiometric 

requirement. This 300 °C limit is likely due to the increased retention of HCl that 

is produced during oxidation. At higher temperatures, HCl interaction with the 

catalyst surface is weaker. The observable effect on the deactivation of Pt/alumina 

catalysts in CVOC oxidation is dependent on the state of the Pt. Catalysts consisting 

primarily of large Pt crystallites are less susceptible to Cl poisoning in comparison 

with a highly dispersed catalyst, i.e. poisoning of Pt by Cl is connected to the 

crystallite size. Cl can also promote Pt redispersion at high temperatures via 

transforming the crystallite form Pt into less active Pt(IV), which can migrate 

across the surface. Some of these species are incorporated into other Pt crystallites 
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whereas other Pt oxide species are trapped on support sites where Cl is present. 

(Spivey & Butt, 1992) 

Water can react with chlorine to form HCl via the Deacon reaction, i.e. 

 2Cl2 + 2H2O  4HCl + O2, (1) 

and change the HCl to Cl2 selectivity. Generally, the presence of water vapour in 

the feed gas decreases the formation of molecular chlorine, in favour of HCl 

formation. In CVOC oxidation, the role of water as a hydrogen supply mitigates 

the formation of by-products by inhibiting the Cl-transfer reaction. The interaction 

between Cl formed during CVOC oxidation and metals present on the catalyst 

surface can result in the formation of volatile metal oxychlorides, which, in turn, 

promote the loss of active metal as discussed earlier. This can be minimised and 

prevented by adding water into the feed, which favours the formation of HCl 

instead of Cl2. However, the strong adsorption of HCl and Cl2 can rapidly deactivate 

ceria-based catalysts in CVOC oxidation. The temperature in operation is a key 

parameter in catalyst deactivation via Cl poisoning of transition metal oxides and 

ceria-based catalysts. Deactivation may be controlled to some extent by operating 

at higher temperature, at which the surface oxygen that is unreactive at lower 

temperatures is activated, favouring the continuous removal of strongly adsorbed 

Cl species as the reaction occurs (Aranzabal et al., 2014). 

All copper catalysts are susceptible to thermal sintering via a surface migration 

phenomenon, which is significantly accelerated by the presence of trace amounts 

of chlorine (Twigg & Spencer, 2001, 2003). Copper catalysts are also prone to 

deactivation by chlorine due to the volatilisation of the formed CuCl2 (Spivey & 

Butt, 1992). Thus, Cu-based catalysts need to be operated at relatively low 

temperatures, typically below 300 °C. Mechanisms resulting in the Cl poisoning of 

Cu catalysts include reactions leading to adsorbed chlorine atoms that may block 

or modify active sites. The low melting point and high surface mobility of Cu(I) 

chloride mean that even very small amounts of chloride are sufficient to produce 

mobile compounds that accelerate Cu sintering. Poisoning of Cu catalysts by 

reduced sulphur compounds such as H2S is intensified by traces of mobile Cu(I) 

chloride. Thus, the presence of chloride in gas streams involving Cu catalysts 

should be kept to an absolute minimum (Twigg & Spencer, 2001, 2003). El Assal 

et al. (2019) reported that DCM oxidation in the presence of water possibly 

prevents the formation of copper chlorides. 

Thermal sintering can be controlled in well-formulated Cu catalysts prepared 

under optimal conditions, provided they are operated under well-controlled 
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conditions. Modern Cu catalysts contain one or, more usually, several metal oxides 

to prevent and minimise thermal sintering. Usual formulations comprise Cr2O3 

and/or Al2O3 in addition to CuO and ZnO in unreduced commercial catalysts 

(Twigg & Spencer, 2001, 2003). 

Effects of sulphur 

Sulphur is a well-known catalyst poison in catalytic SVOC abatement. In some 

cases, poisoning can be reversible, which depends on temperature (Chu, Hao, & 

Tseng, 2003; Chu & Lee, 1998; Ojala, Pitkäaho et al., 2011; Wang et al., 1998; 

Wang, Lin, Liou, & Weng, 2002; Wang & Weng, 1997). 

Several possible deactivation mechanisms due to sulphurous compounds have 

been addressed. Sulphur compounds such as CH3SH, CH3SCH3, CH3SSCH3 and 

H2S could adsorb on the surface of a catalyst, leading to poisoning. However, the 

rate of sulphur poisoning and hence sulphur resistance is a function of catalyst 

composition and reaction conditions, and therefore varies from catalyst to catalyst. 

In the catalytic oxidation of SVOCs, under oxygen-rich conditions, sulphur 

compounds can cause severe sulphating of the catalyst surface when SO2 is further 

oxidised to SO3, especially on noble metal catalysts. SO3 can act as a catalyst poison 

or react with water vapour to form sulphuric acid, which may interact with the 

support, and is harmful for catalysts and process equipment surfaces. SO3 is 

strongly acidic and may react with basic or amphoteric compounds of the support 

(i.e. ceria to ceria oxysulphate and alumina to aluminium sulphate). It is also known 

that sulphur forms stable compounds with all transition metals. For example, Cu 

catalysts are sensitive to site-blocking poisons such as reduced sulphur. Sulphur 

and copper react to CuS and Cu2S. Regarding platinum, sulphur withdraws the 

charge from the metal influencing the valence bands that may result in substantial 

effects on the catalytic performance. Intriguingly, sulphur and gold interact weakly. 

Usually, the chemical bonding between sulphur and metal surfaces is very strong. 

Gold shows the lowest reactivity towards sulphur amongst the transition and noble 

metals. The desired end-product, SO2, may also decompose on various metals such 

as Fe, Ni, Cu, Mo, Ru, Rh, Pt, Zn, Sn and Cs, apart from Ag. On Pt(111) SO2 can 

react causing elemental sulphur deposition and the formation of SO3 and SO4 

species on the surface of the metal at room temperature (Argyle & Bartholomew, 

2015; Bashkova, Bagreev, & Bandosz, 2005; Chang, Chang, & Lin, 1997; Chu, 

Lee, Horng, & Tseng, 2001, Chu et al., 2003; Dalai, Tollefson, Yang, & Sasaoka, 

1997; Jones et al., 2003; Kalantar Neyestanaki et al., 2004; Meeyoo, Trimm, & 
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Cant, 1998; Ojala, Pitkäaho et al., 2011; Rodriguez, 2006; Twigg & Spencer, 2001, 

2003). 

Sulphur poisons Pt sites via adsorption, causing the Pt particles to become more 

mobile and thus accelerating sintering (Moulijn et al., 2001). In addition, sulphate 

promotes Pt mobility, which may result in Pt agglomerates via sintering and thereby 

a decrease in active surface area. Furthermore, the Pt crystals cannot be re-

dispersed adequately when sulphates are formed on the catalyst surface. According 

to Corro, Fierro and Odilon (2003), a catalyst having high oxidation states of Pt is 

the most susceptible towards sulphur. Similar observations were made by Darif et 

al. (2017). The 0.3Pt10Cu/Al catalyst studied showed the existence of Pt4+ species 

and a higher amount of sulphur on its surface compared to a 0.3Pt10Cu/AlSi20 

catalyst that contained Pt2+ on its surface. The AlSi20 support seemed to have a 

protective role against S poisoning, which was attributed to its acidic surface nature 

(Darif et al., 2017). 

Pope, Walker and Moss (1978) studied the Pt honeycomb (Pt-Thermacomb, 

3M) catalyst in DMS oxidation (100 ppm) and observed that the sulphur present in 

the feed gas as DMS could not be completely converted to SO2, except at 265 °C. 

They proposed that elemental S is not deposited on the catalyst at higher 

temperatures, indicating conversion of SO2 to SO3 (Pope et al, 1978). Heyes, Irwin, 

Johnson and Moss (1982) reported the oxidation of MM (100 ppm) and n-butanal 

(100 ppm) in air using the same catalysts. A 100-h stability experiment showed no 

deactivation although some SO2 was detected at the outlet, suggesting that some of 

the sulphur had converted to SO3 and was possibly stored on the catalyst in some 

form. If sulphur is captured on the catalyst rather than being continuously converted 

to SO3, deactivation will eventually occur (Heyes et al., 1982; Spivey & Butt, 1992). 

Rossin (1989) investigated the oxidation of diethyl sulphide (250 ppm) in dry air 

between 225 °C and 300 °C at around 1.25 bar over a commercial Pt/γ-alumina 

catalyst (Houdry). The results showed no clear deactivation, and the sulphur 

balances (SO2) were around 85%, suggesting the formation of SO3 (Rossin, 1989). 

For gas streams containing large amounts of sulphur (i.e. >50 ppm), less 

reactive support materials such as TiO2, SiO2 or α-Al2O3 are used for Pt. These 

support materials are relatively inert to the formation of sulphates in comparison 

with high-surface-area γ-Al2O3. Another option is to operate at higher temperatures 

to prevent sulphur adsorption on the catalytic sites, but this might require additional 

energy (Heck & Farrauto, 1995). The selection of an appropriate support and an 

active metal is important when dealing with waste gas streams containing SO2 or 

other sulphur species. A practical approach would be to use a catalyst in which the 
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active metal does not react with SO3 and the support sulphation is minimal. The 

support should not store sulphates, and this could be implemented by utilising silica 

or titania (Kalantar Neyestanaki et al., 2004). 
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3 Materials and methods 

This chapter consists of detailed information on the materials and methods used in 

catalyst preparation, characterisation and experimentation in order to compile a 

systematic evaluation of the catalytic properties that affect the performance of 

individual catalysts in DMDS and DCM oxidation. 

In this thesis, 33 different catalysts altogether were used in dichloromethane 

(DCM) oxidation (15 in Publication I and 9 in Publication II) and in dimethyl 

disulphide (DMDS) oxidation (12 in Publication III and 6 in Publication IV). Six 

of the materials were bare supports or washcoat materials. The catalysts used in 

Publication I were metallic monoliths having a cell density of 500 cpsi (Figure 4a) 

provided by Dinex Ecocat Ltd, whereas the catalysts studied in Publications II–IV 

were self-made and in a powder form with a particle size between 250 and 400 μm 

(Figure 4b). In general, the preparation of catalysts included three steps depending 

on the material and its provider: (1) washcoating of the support, (2) deposition of 

the active metal and (3) thermal treatment, i.e. calcination. 

 

Fig. 4. Examples of (a) Pt/Al2O3 catalyst test coil used in DCM oxidation and (b) powder 

form Cu-Au/Al2O3 catalyst used in DMDS oxidation (insets in Fig. 4b represent 

magnifications of approx. 20 and 200). 

In Publication I, all washcoats contained γ-alumina (γ-Al2O3) either alone or in a 

mixture with titania (TiO2) or ceria (CeO2). In Publications II–IV, the support 

materials were commercial γ-alumina, commercial ceria and commercial γ-alumina 



68 

washcoated with ceria (CeO2-Al2O3). The catalyst materials used are listed in Table 

6 with their targeted and actual loadings. 

In the final preparation step, all the monometallic catalysts and the ceria-

alumina support in Publications II and III were calcined in a 10 vol.% O2/N2 flow 

by heating from RT to 600 °C at a heating rate of 5 °C min−1 and a dwell time of 

five hours at 600 °C. In Publications II and IV, the bimetallic catalysts were 

subjected to the same calcination temperatures, but instead, they were calcined in 

a muffle furnace in air. In Publication I, the catalysts were calcined at 550 °C for 

four hours. 
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Table 6. Catalysts used in the experiments. 

Catalyst 

(Active phase/support) 

Abbreviation  Target loading (wt.%)  Measured loading 

(wt.%) 

 Publication 

Au Pt Cu Au Pt Cu 

            

Monometals            

Au/Al2O3 Au/Al  1    0.71    II, III 

Pt/Al2O3 Pt/Al   1    1.10   II, III 

Cu/Al2O3 Cu/Al    5    5.1  III 

Au/CeO2 Au/Ce  1    0.93    III 

Pt/CeO2 Pt/Ce   1    1.12   III 

Cu/CeO2 Cu/Ce    5    5.60  III 

Au/CeO2-Al2O3 Au/Ce-Al  1    0.46    II, III 

Pt/CeO2-Al2O3 Pt/Ce-Al   1    1.20   II, III 

Cu/CeO2-Al2O3 Cu/Ce-Al    5    5.80  III 

Bimetals            

Pt-Au/Al2O3 Pt-Au/Al  1 1   0.8 0.9   II, IV 

Cu-Au/Al2O3 Cu-Au/Al  1  5  0.6  4.7  IV 

Pt-Au/CeO2 Pt-Au/Ce  1 1   0.6 1.1   IV 

Cu-Au/CeO2 Cu-Au/Ce  1  5  0.2  5.6  IV 

Pt-Au/CeO2-Al2O3 Pt-Au/Ce-Al  1 1   0.9 1.1   II, IV 

Cu-Au/CeO2-Al2O3 Cu-Au/Ce-Al  1  5  0.6  5.9  IV 

            

Monoliths   Pt Pd Rh V  Pt Pd Rh V   

Pt/Al2O3   1     0.97     I 

Pd/Al2O3 *    0.5     0.72    I 

Rh/Al2O3 *     0.5     0.59   I 

V/Al2O3 *      5     5.7  I 

Pt/Al2O3-TiO2   1     1.3     I 

Pd/Al2O3-TiO2 *    0.5     0.64    I 

Rh/Al2O3-TiO2 *     0.5     0.71   I 

V/Al2O3-TiO2 *      5     5.2  I 

Pt/Al2O3-CeO2   1     1.3     I 

Pd/Al2O3-CeO2 *    0.5     0.61    I 

Rh/Al2O3-CeO2 *     0.5     0.55   I 

V/Al2O3-CeO2 *      5     5.4  I 

* Catalysts are not included in this thesis. 
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3.1 Catalyst preparation 

3.1.1 Preparation of ceria-alumina support – CeO2-Al2O3 

Wet impregnation in excess solution (Lakshmanan et al., 2010) was used in the 

preparation of a catalyst support containing 20 wt.% of ceria on commercial 

alumina (γ-Al2O3, Rhodia). The requisite amount of cerium(III) chloride 

heptahydrate (CeCl3∙7H2O, Acros Organics, 99%) was dissolved in distilled water 

(~25 cm3) and mixed with 4 g of γ-Al2O3 in a rotary evaporator to prepare 5 g of 

the ceria-alumina support. The solution was stirred for 2 h at room temperature. 

Next, excess water was evaporated away at 60 °C and the obtained material was 

dried overnight at 120 °C in an oven. 

3.1.2 Wet impregnation of Pt and Cu – monometals 

Catalysts containing platinum (1 wt.%) and copper (5 wt.%) supported on 

commercial γ-Al2O3 (Rhodia), commercial CeO2 (Rhodia) and self-made CeO2-

Al2O3 were prepared using wet impregnation. Firstly, the support powder was 

wetted with distilled water in a beaker with the aim of high dispersion and improved 

mass transfer of the added metal salts on the surface and pores of the support. The 

requisite amount of hydrogen hexachloroplatinate(IV) hexahydrate (H2PtCl6∙6H2O, 

Alfa Aesar, Pt approximately 38–40%) or copper(II) nitrate trihydrate 

(Cu(NO3)2∙3H2O, Prolabo, 99%) was dissolved in 20 cm3 of distilled water. The 

support suspension and the metal precursor solution were mixed and stirred for 18 

h at room temperature. Finally, the solution was dried on a sand bed at 60 °C and 

further in an oven at 120 °C overnight. The procedure was the same in the case of 

ceria and ceria-alumina supported catalysts. 

3.1.3 Deposition-precipitation of Au using urea – monometals 

Deposition-precipitation with urea was used in the preparation of monometallic Au 

catalysts with a loading of 1 wt.% according to Lakshmanan et al. (2010). Firstly, 

the support powder was mixed in distilled water. The temperature of the suspension 

was kept constant at 80 °C and agitated using a magnetic stirrer. Secondly, the 

requisite amount of hydrogen tetrachloroaurate(III) trihydrate (HAuCl4∙3H2O, 

Acros) in an aqueous solution was introduced into the reactor and it was given time 

for the temperature to stabilise. Thirdly, 4.5 g of urea (CO(NH2)2, Aldrich, 99%) 
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was fed into the reactor and stirred continuously for 4 h. The agitation time was 

chosen based on the work of Zanella, Giorgio, Henry and Louis (2002), because 

they found that a deposition time of 4 h in comparison with 12 h did not have a 

substantial effect on the Au loading or the particle size. The reactor vessel was 

covered properly with an aluminium foil layer to prevent effects induced by UV 

light. After deposition, the catalyst suspension was centrifuged in 50 cm3 tubes four 

times. After the first and second centrifugations the separated water was removed, 

and the tube was refilled with distilled water. Finally, the solid was collected and 

placed into a rotary evaporator and dried at ~40 °C under vacuum in a water bath. 

The obtained monometallic Au catalysts were dried in an oven at 120 °C overnight. 

During all handling and storage, the exposure to light was minimised. 

3.1.4 Surface redox reactions for deposition of Au on parent Pt and 

Cu catalysts – bimetals 

Bimetallic catalysts were made by applying surface redox reactions in an aqueous 

phase in accordance with Epron et al. (2008), which involves a reducing agent, in 

this case hydrogen, adsorbed on the surface of the parent metal. The amount of Au 

needed to reach the targeted loading in each catalyst was calculated based on the 

actual molar quantities of the ‘parent’ catalysts. 

Firstly, the requisite amount of a monometallic parent catalyst (Pt or Cu) was 

placed inside a glass reactor, followed by flushing in a counter-current N2 flow for 

15 min at room temperature (RT). Then, the catalyst was reduced in a H2 flow (100 

cm3 min−1) through heating from RT to 300 °C at a rate of 5 °C min−1 for the Pt 

catalysts and to 400 °C for the Cu catalysts. The reactor was cooled down to RT 

after the reduction and the catalyst bed was rinsed with ultrapure water. The reactor 

was degassed using a N2 flow for 10 min at RT. Then, the requisite amount of 

hydrogen tetrachloroaurate(III) trihydrate (HAuCl4∙3H2O, Acros) was dissolved in 

ultrapure water. Hydrochloric acid (HCl) was added to adjust the pH of the solution 

to 1. The Au solution was fed to the reactor under a N2 flow and then kept in the 

system for 1 h under a H2 flow (300 cm3 min−1). The obtained bimetallic catalyst 

was separated from the aqueous solution using a sieve. The sample powders were 

dried under a H2 flow (300 cm3 min−1) at 100 °C for 1 h. Finally, the catalysts were 

reduced by heating from 100 °C to 300 °C for 1 h. The prepared bimetallic catalysts 

were calcined in a muffle furnace by heating from RT to 600 °C at a rate of 

5 °C min−1 and a dwell time of 5 h at 600 °C in air. 
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3.2 Catalyst characterisation 

The prepared catalysts were characterised using inductively coupled plasma optical 

emission spectroscopy (ICP-OES), N2 physisorption, X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), high-resolution transmission electron 

microscope (HR-TEM), high-angle annular dark-field scanning transmission 

electron microscope (HAADF-STEM), field emission scanning electron 

microscope (FESEM), temperature-programmed reduction with hydrogen (H2-

TPR), temperature-programmed desorption with ammonia (NH3-TPD), 

temperature-programmed desorption with carbon dioxide (CO2-TPD) and 

temperature-programmed isotopic exchange with labelled oxygen (18O2-TPIE). 

Additionally, the elemental compositions of one support material (Publication III) 

and one catalyst after a stability experiment (Publication IV) were analysed using 

X-Ray fluorescence (XRF). The experimental methods used in this thesis are 

summarised in Table 7. 

Table 7. Characterisation methods and activity experiments carried out in this thesis. 

Analysis method Publication Facility* 

Activity   

DCM oxidation I, II UOulu 

DMDS oxidation III, IV UOulu 

BET/BJH I–IV UPoitiers, UOulu 

CO/H2 chemisorption I UOulu 

CO2-TPD II, IV UOulu 

FESEM I UOulu 

H2-TPR III, IV UPoitiers 

HAADF-STEM II, IV DICP, UOulu 

HR-TEM II–IV DICP, UOulu 

ICP-OES I–IV UOulu, UPoitiers 

NH3-TPD I, II, IV DICP, UOulu 
18O2-TPIE I–IV UPoitiers 

XPS II, IV UOulu 

XRD I–IV UOulu, UPoitiers 

XRF III, IV UOulu 

* UOulu = University of Oulu; UPoitiers = University of Poitiers; DICP = Dalian Institute of Chemical 

Physics, Academy of Sciences. 
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3.2.1 Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) 

In Publications II–IV, elemental compositions of the catalyst samples were 

determined after micro-wave assisted aqua regia sample digestion using 

PerkinElmer Optima 2000 DV ICP-OES equipment at the Institute of Chemistry of 

Materials and Media of Poitiers (IC2MP), University of Poitiers (UPoitiers), France 

and PerkinElmer Optima 5300 DV equipment at the Trace Element Laboratory, 

University of Oulu (UOulu), Finland. 

3.2.2 N2 physisorption 

N2 physisorption at −196 °C was used to determine the textural properties of the 

catalysts: specific surface areas (SBET) according to the classical Brunauer-Emmett-

Teller (BET) theory, pore volumes (Vp) based on the amount of adsorbed nitrogen 

at p/p0 = 0.99 and pore size distributions using the Barrett-Joyner-Halenda (BJH) 

method. Two devices were used for these experiments. 

In Publications I, II and IV, the SBET values were determined with a 

Micromeritics ASAP 2020 using the BET-BJH method. Prior to the analyses, the 

catalyst samples were pre-treated at over 300 °C under a vacuum for at least 2 h to 

eliminate adsorbed compounds. The physisorption analyses were carried out in the 

Environmental and Chemical Engineering Research Unit (ECE), UOulu. 

In Publication III, the SBET values were deduced from nitrogen adsorption 

performed with Micromeritics Tristar 3000 apparatus at the IC2MP, UPoitiers. 

Prior to the analyses, the catalyst samples were pre-treated at 250 °C under vacuum 

for at least 2 h to eliminate adsorbed compounds. 

3.2.3 X-ray diffraction (XRD) 

XRD was used to characterise structural properties: phase composition and 

crystallinity, and for estimation of the crystallite sizes of the catalysts. In 

Publication III, the XRD diffractograms were recorded with a PANanalytical 

Empyrean diffractometer using CuKα radiation (λKα1 = 1.5406 Å) generated at 

45 kV and 40 mA. The device was equipped with a high-speed linear detector, the 

X’Celerator, i.e. a silicon-based position-sensitive detector. The diffractograms 

were recorded with the following specifications: step time 120 s, step 0.05°, linear 

detector length 0.5°. These analyses were carried out at the IC2MP, UPoitiers. 
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In Publications II and IV, the XRD diffractograms of the bimetallic catalysts 

were recorded with a Siemens D5000 diffractometer equipped with a Cu anode 

(λKα = 1.5418 Å) and a nickel filter. The diffractograms were recorded with the 

following specifications: a 2θ range of 20–85°, step of 0.05° and step time of 3 s. 

These analyses were performed at the Centre for Material Analysis, University of 

Oulu. 

The Scherrer equation was used to calculate the crystallite sizes. The JCPDS 

(Joint Committee on Powder Diffraction Standards) database was used for the 

identification of different phases. 

3.2.4 X-ray photoelectron spectroscopy (XPS) 

XPS analyses were carried out to determine the oxidation states of different metals 

in the catalysts (gold, platinum, copper, cerium and aluminium), and also to 

evaluate the chemical states of oxygen and the composition of the catalysts. In 

Publications III and IV, the XPS analyses were performed with a Thermo Fisher 

Scientific ESCALab 250Xi spectrometer with an AlKα (1486.6 eV) radiation 

source and a pass energy of 20 eV. The data was interpreted using Thermo Scientific 

Avantage™ software. The signals were fitted with the mixed Gaussian-Lorentzian 

function. The C1s peak line at 284.8 eV was used as the reference for binding 

energies and the Smart function was used to reduce the background. 

3.2.5 X-ray fluorescence (XRF) 

A PANalytical AXIOSmAX 4kW PW2450 wavelength dispersive X-ray 

fluorescence spectrometer with the Omnian (standardless calibration) application 

was used to analyse the main elemental composition of the Ce-Al support and the 

amount of sulphur in the catalyst sample after the stability experiment (DMDS 

oxidation). The sample was measured using the ‘Loose Powder’ method in a He 

atmosphere using a sample cup with a Mylar film at the bottom of the cup. Analysis 

results were given normalised to 100% of the sum of all known analytes in their 

known oxide or elemental states. The analysis channel for CeKα in the Omnian 

method overlapped with Au, and thus Ce was analysed using the CeLα channel 

instead of the stronger Kα. The amount of sulphur was compared in relation to the 

stable support material species (CeO2 and Al2O3) in order to avoid misinterpretation 

of the catalyst weight changes due to different treatments, i.e. as a prepared catalyst 

or a used catalyst. Quartz was used as packing material in the reactor. Therefore, 
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silica that originated from the catalyst bed was eliminated mathematically during 

the derivation of the result. 

3.2.6 Temperature-programmed methods 

Temperature-programmed reduction with hydrogen (H2-TPR) 

The reducibility of the catalysts was determined using temperature-programmed 

reduction experiments with hydrogen (H2-TPR), which provides quantitative (if the 

material is well speciated) and qualitative information about the temperature ranges 

of reduction as well as information on the oxidation states of the reducible species 

in a given material. 

In Publications III and IV, prior to each H2-TPR experiment, the catalyst 

sample (200 mg) was pre-treated in situ under an oxygen flow during heating from 

room temperature (RT) to 600 °C at a heating rate of 5 °C min−1 and retained there 

for 10 min to eliminate residual species. Next, the sample was cooled down to 35 °C 

under an oxygen flow in two steps: firstly from 600 °C to 350 °C, followed by 2 h 

dwell time and further cooling down to 35 °C. Then, oxygen was purged from the 

system under an argon flow for 10 min. Finally, the H2-TPR experiment was 

conducted from 35 °C up to 400 °C at a heating rate of 5 °C min−1 under 1 vol.% 

of H2 in argon. Magnesium perchlorate was used to trap the formed water at the 

outlet of the reactor. Hydrogen consumption was monitored using a thermal 

conductivity detector (TCD). These experiments were conducted at the IC2MP, 

UPoitiers. 

Temperature-programmed desorption with ammonia (NH3-TPD) 

The amount of NH3 desorbed at a given temperature range is considered to be a 

measure of the concentration of acid sites, whereas the temperature range at which 

most of the NH3 is desorbed specifies the acid-strength distribution. The relative 

position of the temperature maximum in the NH3 desorption profile versus the 

temperature indicates the magnitude of the activation energy for NH3 desorption 

and thus the relative acid strength of the sites. 

Total acidity measurements were taken using NH3-TPD with Micromeritics 

AutoChem II 2920 and Quantachrome Chembet Pulsar TPR/TPD devices, both 

equipped with a TCD detector. The samples were pre-treated under a He flow at 
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500 °C for 30 min using 50 mg of a catalyst in an Autochem II device and 200 mg 

in a Quantachrome device and were then cooled down to 100 °C in a He flow. Next, 

the samples were treated with NH3 for 60 min at 100 °C using 50 cm3 min−1 of 15% 

NH3 in He with the Autochem II device and 120 cm3 min−1 of 10% NH3 in He with 

the Quantachrome device. The physisorbed NH3 was removed by feeding He for 

30 min at 100 °C. Finally, NH3 desorption was conducted from 100 °C to 950 °C 

(ramp rate of 10 °C min−1). 

Temperature-programmed desorption with carbon dioxide (CO2-TPD) 

The total basicity measurements were made using CO2-TPD with a Micromeritics 

AutoChem II 2920 equipped with a TCD detector. A sample weight of 50 mg was 

used in the experiments. Prior to the analysis, the samples were flushed in a He 

flow at 450 °C for 30 min. Next, 5% CO2 in He (50 cm3 min−1) was adsorbed on 

the sample over 60 min at 50 °C. After flushing with He for 30 min, the TPD was 

done from 50 °C to 600 °C at a heating rate of 10 °C min−1. 

Temperature-programmed isotopic exchange with labelled oxygen (18O2-

TPIE) 

The 18O2-TPIE experiments were performed at the IC2MP, UPoitiers. The 

experiments were conducted using a closed-loop tubular quartz reactor. Oxygen 

was circulated in the reactor loop with a pump in order to minimise the diffusion 

and mass transport effects that cause differences in the partial pressures of different 

isotopomers in the system. Concentrations were measured continuously using a 

Pfeiffer Vacuum mass spectrometer. Prior to the experiment, the catalyst sample 

(20 mg) was oxidised in situ by heating at a rate of 10 C min−1 from room 

temperature up to 600 C and retained for 15 min, followed by evacuation for 30 

min. Then, the oven temperature was lowered to the starting temperature of the 

experiment (200 C) while the catalyst sample was kept under vacuum. The 

procedure was as follows: a pre-determined amount of 18O2 (Isotec; 99.3 atom% 

purity) was introduced into the system. The initial total pressure of the gas mixture 

was kept at a constant level (65 mbar) in all the experiments. The actual sample 

part of the reactor was sealed during the introduction of 18O2. The initial 

concentrations of the gas compounds were measured at the beginning of the 

experiment and the reactor inlet was opened to initiate the reaction. The 
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temperature during the exchange experiment was increased at a heating rate of 

2 C min−1 from 200 C up to 600 C. 

3.2.7 Electron microscopy 

High-resolution transmission electron microscope (HR-TEM) 

HR-TEM images were obtained using JEOL JEM-2100 and JEM-2100F devices at 

DICP (Publication III, IV), and a JEOL JEM-2200FS device at UOulu (Publication 

II, IV), with an accelerating voltage of 200 kV. The electron microscopes were 

equipped with an energy-dispersive X-ray spectrometer (EDX). Prior to the 

analyses, the catalyst sample (~20 mg) was dispersed ultrasonically in ethanol for 

2 hours and then placed on a Cu grid. 

High-angle annular dark-field scanning transmission electron microscope 

(HAADF-STEM) 

HAADF-STEM images were obtained using the JEOL JEM 2100F (DICP, 

Publication IV) and JEM-2200FS (UOulu, Publications II and IV) devices. The 

electron microscopes were equipped with EDX. The catalyst samples (~20 mg) 

were dispersed ultrasonically in ethanol for 2 hours prior to the analysis and then 

placed on a Cu grid. 

Field Emission Scanning Electron Microscope (FESEM) 

A Zeiss ULTRA plus FESEM equipped with an Energy-Dispersive X-ray 

Spectroscope (EDS) at an accelerating voltage of 15.0 kV was employed for 

studying the surface of the monolithic Pt/Al2O3 catalyst prior to and after the 40.3-

h stability experiment (Publication I). To prevent the accumulation of charge, the 

samples were coaled prior to the analysis. For the detection of possible coke 

formation, an additional set of catalysts was pre-treated with Pt sputtering in an 

argon atmosphere that resulted in a Pt layer on the samples of less than 10 nm. 

FESEM analyses were conducted at the Centre for Material Analysis, UOulu. 
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3.3 Experimental set-ups, activity and stability experiments 

Reactor set-up and experimental procedures for CVOCs 

In DCM oxidation, the activity of the catalysts was determined from the results of 

light-off experiments obtained using a quartz reactor system operated under 

atmospheric pressure. Figure 5 shows a schematic diagram of the set-up used. The 

materials in the set-up (quartz glass, Teflon tubing heated to 180 °C and Teflon 

connectors) are corrosion-resistant, due to the characteristics of the reaction 

products. Liquid DCM and H2O were fed into an evaporator unit through gas-tight 

syringes and mixed with air introduced by a mass flow controller. The preheater, 

filled with spherical glass granules to guarantee the mixing of gases, was set to 

150 °C. Details of the experimental set-up and the FTIR analyser used for gas 

analysis can be found in Publication I. The accuracy of the FTIR analysis is 2 ppm. 

 

Fig. 5. Illustration of experimental set-up used for DCM oxidation experiments in 

Publications I and II. 

The light-off experiments conducted in Publication I were as follows: DCM 

concentration of 500 ppm, inlet gas flow of 1.07 dm3 min−1 resulting in a GHSV of 
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32 000 h−1, and a temperature range from 100 °C to 700 °C at a heating rate of 

10 °C min−1. The catalysts were pre-treated in an air flow by heating the catalyst 

from room temperature to 700 °C and then cooling it down to 100 °C in an air flow. 

The stability experiment for the Pt/Al2O3 catalyst was performed for 40.3 h at a 

temperature of 400 °C. The experiment was conducted over eight days as follows: 

at the end of each day the gas flow (air, DCM and water) was closed simultaneously 

as the oven was turned off for the night, and next morning, when the oven reached 

400 °C, the gas flow was fed into the reactor again. 

The light-off experiments in Publication II were conducted in a temperature 

range from 100 °C to 600 °C, using a heating rate of 5 °C min−1 and a total gas flow 

of 1 dm3 min−1, equivalent to a weight hourly space velocity (WHSV) of 

720 g gcat
−1 h−1. A DCM concentration of 500 ppm and a water feed of 1.5 vol.% 

were used in all the experiments. A catalyst sample of 100 mg was placed in the 

vertically aligned tubular fixed-bed reactor between quartz wool plugs to hold it in 

place. Prior to each experiment, the catalysts were pre-treated in an air flow from 

room temperature up to 600 °C, using a heating rate of 10 °C min−1. Each light-off 

experiment was repeated to validate the results. 

A stability experiment of 100 h was done for the Pt-Au/Al catalyst at a 

temperature of 395 °C, which corresponded to ~90% DCM conversion. A 

continuous DCM feed of 500 ppm into the evaporator unit was limited to about 5.5 

h before the syringe needed refilling. The refills for DCM and water were carried 

out at the same time, and their concentrations were left to stabilise before the gas 

stream (air, DCM and water) was introduced back into the reactor. The feed was 

stopped at the end of each testing day and the oven was turned off for the night. On 

the following day, when the oven temperature reached the set point, the gas flow 

was fed into the catalyst bed again. 

A Gasmet DX-4000N FTIR analyser, capable of detecting close to all gas phase 

compounds except for diatomic homonuclear species such as Cl2, H2, O2 and N2, 

was used for gas analysis. The analyser was calibrated to detect the following 

chlorinated compounds: CH2Cl2, C2Cl4, C2HCl3, CHCl3, COCl2, CH3Cl and HCl. 

Different VOCs were also included in the calibrations, such as formaldehyde 

(CH2O). Altogether 41 compounds were detected. The dichloromethane (CH2Cl2, 

DCM) conversion, and the yields of hydrochloric acid (HCl) and carbon dioxide 

(CO2), which are the desired final products, were determined as follows 

 𝑋 100 , (2) 
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 𝑌 100  (3) 

and 

 𝑌 100 , (4) 

where 𝑋 is the conversion (%), 𝑌 is the yield (%) and 𝑐 is the concentration of the 

compound 𝑥 (ppm) (𝑥 denoting DCM, HCl or CO2, and 𝑦 representing the inlet or 

outlet concentration). 

Reactor set-up and experimental procedures for SVOCs 

In DMDS oxidation, the activities of the catalysts were derived from the data from 

light-off experiments obtained with a tubular quartz reactor operated at atmospheric 

pressure with a weight hourly space velocity (WHSV) of 720 g gcat
−1 h−1. Figure 6 

shows a schematic illustration of the set-up used. The materials in the set-up (quartz 

glass, Teflon tubing heated to 180 °C and stainless-steel connectors) is corrosion-

resistant, due to the characteristics of volatile and corrosive compounds. Liquid 

DMDS was fed into an evaporator unit through a gas-tight syringe and mixed with 

air regulated by a mass flow controller. A catalyst sample weighing 100 mg was 

placed in the reactor on top of a quartz sand bed (400 mg) between two quartz wool 

plugs. The inlet air was purified from CO2 and water using a gas cleaning unit and 

fed into the system at a flow rate of 1 dm3 min−1. The liquid DMDS (Merck, >99%) 

was injected by a gas-tight syringe into a vaporiser unit, which was heated above 

the boiling point of DMDS (>110 C). The initial DMDS concentration in the 

experiments was set to 500 ppm. The oven was heated from room temperature up 

to 600 C at a rate of 5 C min−1. Each experiment was repeated at least once to 

validate the results. 
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Fig. 6. Illustration of experimental set-up used for DMDS oxidation experiments in 

Publications III and IV (Adapted, with permission, from Publication III © 2015 Elsevier). 

A stability experiment of 41.6 h was done for the Au/Ce-Al catalyst at a temperature 

of 475 °C, which corresponded to ~90% DMDS conversion. A DMDS 

concentration of 500 ppm was fed into the evaporator unit. For DMDS refills, the 

gas inlet was switched to by-pass, and after the refill, the DMDS concentration was 

left to stabilise before being introduced back into the reactor. 

The gas analysis was done using a multicomponent FTIR gas analyser, Gasmet 

CR-2000, equipped with a liquid nitrogen cooled MCT (mercury-cadmium-

telluride) detector. The compounds analysed were as follows: carbon dioxide, 

carbon monoxide, nitrogen monoxide, nitrogen dioxide, nitrous oxide, ammonia, 

sulphur dioxide, sulphur trioxide, methane, ethane, formaldehyde, methyl 

mercaptan, ethyl mercaptan, dimethyl sulphide, dimethyl disulphide, diethyl 

sulphate, carbonyl sulphite, ethylene, methanol, ethanol, formic acid, acetic acid, 

acetaldehyde and acetone. The detection limit of the FTIR analyser is 2 ppm. 

The dimethyl disulphide (CH3SSCH3, DMDS) conversion, and the yields of 

sulphur dioxide (SO2), carbon dioxide (CO2) and formaldehyde (CH2O) were 

calculated as follows 

FT‐IR

air

CO2 & H2O 
removal

MFC

evaporator

syringe pump

DMDS

purge
thermometer

oven

catalyst

O2

N2

by‐pass

reactor



82 

 𝑋 100  (5) 

and 

 𝑌 100 , (6) 

where 𝑋 is the conversion (%), 𝑌 is the yield (%) and 𝑐 is the concentration of the 

compound 𝑥 (ppm) (𝑥 denoting SO2, CO2 or CH2O and 𝑦 representing the inlet or 

outlet concentration). 
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4 Results and discussion 

This chapter describes the main results and findings based on the activity and 

stability experiments by reflecting the results of the characterisation methods used. 

Typically, during the early phases of catalyst research when aiming at the screening 

of potential catalyst candidates for a certain reaction, the catalytic activity is 

evaluated by measuring the increase in conversion as a function of temperature for 

a model VOC under given experimental conditions. As a result, the characteristic 

curve referred to as the light-off curve (or ignition) is obtained, which is used to 

assess the performance of the catalysts. In this thesis, the activity of catalysts was 

investigated using light-off experiments. 

4.1 Properties of the catalysts 

4.1.1 Monolithic Pt catalysts supported on Al2O3 and Al2O3-CeO2 

The measured metal loading, dispersion, metal surface area and specific surface 

area (SBET) of the Pt, Pd, Rh and V2O5 catalysts supported on Al2O3 and Al2O3-CeO2 

are listed in Table 8. The metal loading in the case of the Pt catalysts was at a 

satisfactory level – 0.97 wt.% on alumina and 1.3 wt.% on alumina-ceria – 

considering the desired Pt loading of 1 wt.%. The metal dispersion for Pt catalysts 

supported on Al2O3 and Al2O3-CeO2 was 49% and 36%, respectively. In general, 

the specific surface areas did not differ much as the SBET values were between 140 

and 170 m2 g−1. 
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Table 8. Metal loading, dispersion, metal surface area and specific surface area of Pt, 

Pd, Rh and V2O5 catalysts supported on Al2O3 and Al2O3-CeO2 (Publication I). 

Catalyst Metal loading 

(wt.%) 

Metal dispersion* 

(%) 

Metal surface area* 

(%) 

SBET value 

(m2 g−1) 

Al2O3 - - - 170 

Pt 0.97 49 122 140 

Pd** 0.72 16 72 150 

Rh** 0.59 29 128 165 

V** 5.7 * * 170 

Al2O3-CeO2 - - - 165 

Pt 1.3 36 88 160 

Pd** 0.61 33 145 150 

Rh** 0.55 75 333 170 

V** 5.4 * * 150 

* Not determined for vanadium catalysts. 

** Catalysts are not included in this thesis. 

The acidities of the Pt, Pd, Rh and V2O5 catalysts supported on Al2O3 and Al2O3-

CeO2 were analysed using the temperature-programmed desorption of ammonia 

(NH3-TPD). The total concentration of acid sites between 25 C and 700 C was 

determined (Table 9). Based on the method of Lowell, Shields, Thomas and 

Thommes (2004), the strength of the acid sites was calculated by considering strong 

acid sites as the sites that retain ammonia at temperatures higher than 300 C and 

the weak acid sites at temperatures below 300 C. 
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Table 9. Acidity and reducibility results of Pt, Pd, Rh and V2O5 supported on Al2O3 and 

Al2O3-CeO2 from Pitkäaho, Matejova, Jiratova, Ojala and Keiski (2012). 

Catalyst Weak acid sitesa 

(mmol NH3 g−1) 

Strong acid sitesb 

(mmol NH3 g−1) 

Total acidityc 

(mmol NH3 g−1) 

H2 consumptionc 

(mmol g−1) 

Al2O3 0.53 0.25 0.78 0.06 

Pt 0.43 0.25 0.68 0.44 

Pd* 0.62 0.30 0.92 0.18 

Rh* 0.56 0.29 0.85 0.85 

V* 0.60 0.37 0.97 0.47 

Al2O3-CeO2 0.52 0.23 0.75 0.31 

Pt 0.42 0.23 0.65 0.70 

Pd* 0.50 0.25 0.75 0.47 

Rh* 0.50 0.22 0.72 1.13 

V* 0.57 0.27 0.84 0.53 

a temperature range 25–300 °C, b temperature range 300–700 °C, c temperature range 25–700 °C. 

* Catalysts are not included in this thesis. 

The supports showed the presence of acid sites of different strengths, i.e. low, 

medium and strong. Interestingly, however, the numbers of low strength acid sites 

were the highest. An addition of 23 wt.% of ceria lowered the acidity of the Al2O3 

support. Concerning the addition of different noble metals, the order for the total 

acidity of the catalysts was as follows: Pd > Rh >Pt, with the palladium catalyst 

being the most acidic. The addition of a noble metal affected mostly the number of 

weak acid sites. The acidity decreased in the case of the Pt catalysts. 

The H2-TPR profiles of the Al2O3 and Al2O3-CeO2 supports as well as the 

Pt/Al2O3 and Pt/Al2O3-CeO2 catalysts are shown in Figure 7; the H2 uptakes are 

listed in Table 9. In the case of the Al2O3 support, two almost negligible reduction 

peaks were located at approximately 110 C and 495 C, which is in accordance 

with Wu and Kawi (2010) who verified that the H2 consumed during the reduction 

of γ-Al2O3 was only approx. 1% of the total theoretical H2 consumption, showing 

that only a small part of γ-Al2O3 could be reduced during the H2-TPR experiment. 

The addition of CeO2 to the Al2O3 support exhibited a strong enhancement of the 

reduction of the support, evidenced as larger peak areas and a significantly higher 

H2 consumption. Four peaks were observed with the Al2O3-CeO2 support, as shown 

in Figure 7: a broad peak centred at 140 °C, a poorly resolved shoulder peak at 

440 °C overlapped with the broad peak with a maximum at 570 °C, and a broad 

peak centred at 860 °C. 
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Fig. 7. H2-TPR profiles of Al2O3, Al2O3-CeO2, Pt/Al2O3 and Pt/Al2O3-CeO2 catalysts (Data 

from Pitkäaho, Matejova, Jiratova et al. (2012)). 

The addition of Pt enhanced the reducibility of Al2O3 and Al2O3-CeO2 supports, 

especially in the latter case. In the case of Pt/Al2O3, three peaks centred at 70 °C, 

230 °C and 450 °C were observed, which could be attributed to the reduction of the 

adsorbed oxygen on alumina, Pt oxide species, and dispersed Pt on alumina, 

respectively. The addition of Pt in the presence of ceria also resulted in a decrease 

in the reduction temperature of Pt oxide species by 50 °C. The main peak observed 

at 180 °C in the case of Pt/Al2O3-CeO2 could be associated with the reduction of Pt 

and surface CeO2. 

The 18O2-TPIE experiments shown in Figure 8a demonstrated that oxygen 

activation over the Pt/Al2O3 and Pt/Al2O3-CeO2 catalysts started at 245 °C and 

220 °C, respectively, and that the maximum rate of oxygen exchange was reached 

at 490 °C and 440 °C, respectively. The addition of ceria increased the oxygen 

exchange rate (Fig. 8a) and the number of exchanged oxygen atoms (Fig. 8b). 
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Fig. 8. Evolution of (a) rate of oxygen exchange and (b) number of exchanged oxygen 

atoms for Pt/Al2O3, Pt/Al2O3-CeO2 and Pt/Al2O3-TiO2 catalysts in temperature-

programmed isotopic exchange (TPIE) experiments with labelled oxygen (18O2) (Data 

from Pitkäaho, Matejova, Ojala, Gaalova and Keiski (2012)). 

4.1.2 Au, Pt, Cu, Pt-Au and Cu-Au catalysts supported on Al2O3, 

CeO2 and CeO2-Al2O3 

The metal loading, BET surface areas, pore volumes and average pore sizes, as well 

as basicity of the catalysts are summarised in Table 10. Please note that certain 

catalysts were not studied in the BET-BJH and CO2-TPD experiments. 
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Table 10. Summary of metal loading, surface area, total pore volume, average pore 

diameter and basicity of tested catalysts (Adapted under CC BY 4.0 license from 

Publication II © 2020 Authors). 

Catalyst  Metal loading 

[wt.%] 

 SBET a 

[m2 g−1] 

Total 

pore volume b 

[cm3 g−1] 

Average pore 

diameter b 

[nm] 

CO2-TPD c 

[mol g−1] 

  Au Pt Cu      

Al2O3  - - -  100 III - - - 

Pt/Al  - 1.1 -  105 II 0.51 II 18 II 100 II 

Au/Al  0.7 - -  95 II 0.48 II 18 II 135 II 

Cu/Al  - - 5.1  85 III - - - 

Pt-Au/Al  0.8 0.9   95 II, IV 0.49 II, IV 19 II, IV 100 II, IV 

Cu-Au/Al  0.6  4.7  90 IV 0.48 IV 19 IV 130 IV 

CeO2  - - -  200 III - - - 

Pt/Ce  - 1.1 -  190 III - - - 

Au/Ce  0.9 - -  240 III - - - 

Cu/Ce  - - 5.6  210 III - - - 

Pt-Au/Ce  0.6 1.1 -  65 IV 0.17 IV 9 IV 90 IV 

Cu-Au/Ce  0.2 - 5.6  50 IV 0.17 IV 12 IV 120 IV 

CeO2-Al2O3  - - -  65 III - - - 

Pt/Ce-Al  - 1.2 -  85 II 0.38 II 16 II 85 II 

Au/Ce-Al  0.5 - -  75 II 0.35 II 17 II 160 II 

Cu/Ce-Al  - - 5.8  70 III - - 45 IV 

Pt-Au/Ce-Al  0.9 1.1 -  85 II, IV 0.41 II, IV 18 II, IV 105 II, IV 

Cu-Au/Ce-Al  0.6 - 5.9  75 IV 0.37 IV 18 IV 90 IV 

a Rounded values (± 5 m2 g−1); b cumulative pore volume between diameters of 1.7 nm and 300 nm; 
c rounded values (± 5 mol g−1). II Data from Publication II; III Data from Publication III; IV Data from 

Publication IV. 

ICP-OES 

According to the ICP-OES results, the desired metal loadings were achieved with 

the Pt and Cu impregnations (Table 10). The Au deposition was not successful 

regarding the Al2O3- and CeO2-Al2O3-supported catalysts. The amount of Au in the 

Au/Al catalyst was 0.71 wt.%, and in the Au/Ce-Al catalyst only 0.46 wt.%. The 

Au loading of 0.93 wt.% in the Au/Ce-Al was close to the desired amount. The 

surface properties of Al2O3 could have influenced the Au deposition, because the 
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amount of Au in the Au/Ce catalyst was satisfactory. The explanation might be a 

change in pH during the deposition reaction, which can be different depending on 

the support used and on its ionic exchange capacity and point-zero charge (pzc). 

Grisel, Kooyman and Nieuwenhuys (2000) reported that the deposition-

precipitation of Au, and the resulting final Au content, is strongly dependent on the 

final pH of the solution. 

In the case of the CeO2-Al2O3 support, the elemental analyses conducted using 

ICP-OES and XRF confirmed the desired weight ratio of 1:4 for CeO2 to Al2O3. 

The ICP-OES showed 20.6 wt.% of CeO2 and 79.4 wt.% of Al2O3. 

N2 adsorption 

The specific surface areas (SBET) of the catalysts are shown in Table 10. The pure 

Al2O3 support had a SBET value of 100 m2 g–1. The SBET value decreased due to the 

addition of ceria as expected in agreement with the literature (Lakshmanan et al., 

2010). The pure CeO2 support showed a SBET value of 200 m2 g−1 and the prepared 

CeO2-Al2O3 support had a SBET value of 65 m2 g−1. 

The SBET values of Al2O3-supported catalysts decreased from 100 m2 g−1 to 

approximately 85 m2 g−1 as a consequence of the deposition procedures and the 

final calcination step (Table 10). Regarding CeO2-supported catalysts, the SBET 

values increased after the Cu addition, Au deposition and the final calcination. The 

Pt addition and the final calcination slightly decreased the SBET value. With the 

Au/Ce catalyst, the increase in the SBET value was significant (~40 m2 g–1). The 

result was verified with repeated measurements. Tang et al. (2007) observed a 

similar effect and proposed that the growth was a result of two probable causes: 

either the Au addition alone increased the specific surface area or the increase was 

a consequence of the partial disruption of the CeO2 agglomerates, since Au was 

deposited in a highly acidic aqueous solution. Regarding the CeO2-Al2O3-

supported catalysts, the addition of a metal on the surface increased the SBET value 

by 10 m2 g−1, at the highest. Overall, the SBET values of the Al2O3- and CeO2-Al2O3-

supported catalysts did not differ significantly, since they varied from 70 to 90 m2 

g−1. Comparable specific surface areas were desirable for further evaluation of the 

catalytic performance between the Al2O3 and CeO2-Al2O3 catalysts. 
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X-Ray Diffraction 

The XRD diffractograms for the Au, Pt, Cu, Pt-Au and Cu-Au catalysts studied are 

presented in Figure 9. The Al2O3-support exhibited characteristic peaks attributed 

to JCPDS 088-0107, CuO to JCPDS 048-1548, and Au to JCPDS 071-3755 in the 

case of monometallic alumina catalysts (Fig. 9a). No peaks for Pt or PtO were 

observed, which might be due to the high dispersion and small Pt particle size 

resulting from efficient impregnation and calcination at 600 °C. According to 

Moroz, Pyrjaev, Zaikovskii and Bukhtiyarov (2009), it is possible to determine the 

Au crystallite size from the Au(311) peak at (2θ = 77.5°) when the most intense 

Au(111), Au(200) and Au(220) peaks are superposed with the alumina phase peaks, 

but the Au(311) peak is strongly broadened when the Au catalyst is prepared using 

deposition-precipitation. Therefore, the width of the Au(311) peak could not be 

measured precisely. 
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Fig. 9. XRD patterns of Au, Pt and Cu on (a) γ-Al2O3, (c) CeO2, (e) CeO2-Al2O3 in addition 

to Pt-Au and Cu-Au on (b) γ-alumina, (d) CeO2, (f) CeO2-Al2O3 (Adapted, with permission, 

from Publication III © 2015 Elsevier and under CC BY 4.0 license from Publication IV © 

2019 Authors). 

In the case of CeO2-supported monometallic catalysts (Fig. 9c), the diffractograms 

verify the presence of ceria corresponding to JCPDS 043-1002. CuO or Au are not 

observed clearly. Cu could be in an amorphous state and therefore does not produce 

clear peaks. In addition, in this case, the peaks of Au are superposed with the 
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support and CuO and/or the Au particle size is too small to reflect intense 

diffraction peaks. Pt or PtO are not visible either. 

With the CeO2-Al2O3-supported monometallic catalysts (Fig. 9e), the presence 

of ceria (JCPDS 043-1002), alumina (JCPDS 088-0107) and gold (JCPDS 065-

2870) is proved. CuO is not observed clearly, most probably due to the amorphous 

state. Pt or PtO are not seen similarly to the alumina and ceria supported catalysts. 

Intense Au peaks are visible, suggesting a larger crystallite size, which is likely due 

to the high chlorine content detected by XRF. Ivanova, Petit and Pitchon (2004) 

reported that Cl provokes sintering during calcination, resulting in a larger Au 

particle size. 

In the case of bimetallic catalysts, the observed diffraction peaks corresponded 

to the peak positions of alumina (gamma, JCPDS 056-1186), ceria (JCPDS 043-

1002), copper oxide (JCPDS 089-5895) and gold (metallic, JCPDS 071-3755). 

With the alumina-supported bimetallic catalysts, the corresponding peaks of the 

support and dispersed metal were very close to each other and thus it was difficult 

to differentiate between Pt, Au, Cu and Al (Fig. 9b). 

Concerning the ceria-supported bimetallic catalysts shown in Figure 9d, 

metallic Au could be seen clearly from the diffraction patterns despite the very low 

Au loading. Most likely, calcination induced Au sintering, which was facilitated by 

the presence of chlorine from the precursor and the hydrochloric acid used in the 

preparation, thus resulting in large Au particle sizes. The ceria peaks were 

considerably more intense in the case of bimetallic catalysts in comparison with the 

parent catalysts (Pt/Ce and Cu/Ce), which suggests a more crystalline phase of ceria 

supported by the significantly lower specific surface area of the bimetallic catalyst. 

Thus, the addition of Au modified the ceria support of the parent catalyst. Based on 

the Scherrer equation, the Au crystallite size was 44 nm for the Au-Pt/Ce catalyst 

and 59 nm for the Cu-Au/Ce catalyst. Copper was not observed clearly in the XRD 

patterns. Nevertheless, very low-intensity peaks for copper at 35.5° on the alumina 

and ceria were seen. The absence of high-intensity peaks was probably due to small 

two- and three-dimensional copper-oxygen clusters, which were not detected in the 

XRD in contrast to large three-dimensional clusters and bulk CuO, which show 

characteristics comparable to the pure CuO powder observable in the XRD 

according to Dow, Wang and Huang (1996). Most of the Cu is probably in an 

amorphous state considering its fairly high amount of 4.7–5.9 wt.%, demonstrated 

by ICP-OES, and the fact that Cu oxides were not clearly visible in the XRD 

analysis. Pt was not seen probably due to the low Pt loading and assumed small 

particle size. 
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Regarding the CeO2-Al2O3-supported bimetallic catalysts shown in Figure 9f, 

Cu and Pt species were not seen from the XRD patterns. Au was validated from 

both the catalysts although the separation of the corresponding peaks from that of 

the support was not as visible as with the CeO2-supported catalysts, despite the 

higher Au loading. 

XPS 

XPS measurements were conducted to identify the oxidation state of the different 

metals and to determine the surface composition and surface metal loadings of the 

catalysts listed in Table 11. 

Table 11. Surface compositions of catalysts based on XPS (Adapted under CC BY 4.0 

license from Publications II and IV © 2020, 2019 Authors). 

Catalyst XPS 

Surface composition (wt.%) 

Au  Pt  Cu  Ce  Al  O 

Au/Al 1.6  -  -  -  49.6  48.9 

Pt-Au/Al 0.9  1.2  -  -  51.3  46.6 

Cu-Au/Al 5.2  -  7.5  -  46.1  41.2 

Au/Ce 1.0  -  -  73.9  -  25.0 

Pt-Au/Ce 0.9  3.6    66.6    29.0 

Cu-Au/Ce 0.1    12.4  61.1    26.4 

Au/Ce-Al 0.6  -  -  6.3  46.5  46.6 

Pt-Au/Ce-Al 2.2  2.1  -  4.4  48.1  43.2 

Cu-Au/Ce-Al 4.0    8.6  2.2  45.4  39.9 

Regarding Au-containing catalysts, a theoretical intensity ratio of I(Au 4f7/2):I(Au 

4f5/2) = 4:3 for Au0 was used in the fitting of the XPS data as one of the constraints 

(Ye et al., 2012). The binding energy of the Au 4f spectra for monometallic Au 

catalysts is presented in Figure 10. Typically, the oxidation states of Au are defined 

from the Au 4f7/2 at approximately 83.9–84.0 eV (Boyen et al., 2002; Koslowski et 

al., 2001; Nikolaev et al., 2015). The characteristic peaks for the different oxidation 

states of Au are as follows: Au0 at 84.0 eV, Au1+ at 84.6 eV and Au3+ at 85.9 eV 

(Abd El-Moemen et al., 2016; Leppelt, Schumacher, Plzak, Kinne, & Behm, 2006). 

Metallic Au0 is verified here based on the main peaks of Au 4f7/2 at 83.0, 83.4 and 

84.6 eV, and Au 4f5/2 at 86.6, 87.2 and 88.4 eV. The binding energy values were 

lower than those of the bulk metallic Au, i.e. Au 4f7/2 = 84.0 eV and Au 4f5/2 = 87.7 
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eV, except with the Au/Ce catalyst. Similar observations have been seen earlier for 

Au0 on different catalyst surfaces (Bai, Zhang, Chen, & Zhang, 2011; Leppelt et al., 

2006; Y. Liu et al., 2013; Musialska et al., 2010). The differences in oxidation states 

observed may be due to the size-dependent peak shifts, the presence of hydroxides 

or oxides (Leppelt et al., 2006), and the metal-metal and/or metal-support 

interactions (Bai et al., 2011; Leppelt et al., 2006; Y. Liu et al., 2013; Musialska et 

al., 2010). In addition, the Au/Al and Au/Ce catalysts demonstrated the presence of 

Au+1 based on the peaks at 83.6 and 84.6 eV, which is supported by the known peak 

difference of 0.6 eV between the Au0 and Au+1 oxidation states. In the Au/Ce 

catalyst, the presence of Au3+ is possible according to the peaks at 86.6 and 90.2 

eV (Abd El-Moemen et al., 2016; Leppelt et al., 2006). 

Fig. 10. XPS Au 4f spectra of monometallic Au catalysts (Au0, indicated in the figure, is 

the theoretical binding energy value of Au0) (Adapted under CC BY 4.0 license from 

Publication II © 2020 Authors). 

The binding energy of the Au 4f spectra for bimetallic catalysts is displayed in 

Figure 11. The main binding energy peaks of Au 4f7/2 and Au 4f5/2 between 83.1 

and 83.8 eV and 86.8 and 87.5 eV, respectively, indicated metallic Au0. The 

detected binding energy values were slightly lower compared to the bulk metallic 

Au0. In this case also, the differences in binding energy values of Au could result 

from the metal-metal and/or metal-support interactions (Bai et al., 2011; Leppelt et 

al., 2006; Y. Liu et al., 2013). Pt-Au and Cu-Au interactions on the catalysts were 

expected due to the preparation method used. The Au 4f spectra in the case of the 
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Pt-Au/Ce catalyst also exhibited the oxidation state of Au1+ with a binding energy 

at 84.6 eV (indicated in Fig. 11). The difference of approximately 0.6 eV between 

the binding energies of Au0 and Au1+ suggests the presence of the oxidation state 

Au1+ according to Abd El-Moemen et al. (2016). The Au1+ peak could also be the 

result of very small (<1.5 nm) Au particles on the surface (Abd El-Moemen et al., 

2016; Karpenko, Leppelt, Plzak, & Behm, 2007; Wertheim, DiCenzo, & 

Youngquist, 1983), since the HAADF-STEM images showed a possibility of the 

presence of very small Au particles co-existing with the larger particles detected by 

XRD. 

Fig. 11. XPS Au 4f spectra of bimetallic Au catalysts (Au0, indicated in the figure, is the 

theoretical binding energy value of Au0) (Under CC BY 4.0 license from Publication IV © 

2019 Authors). 

In our experiments, the differences in peak positions of Au between the mono- and 

bimetallic catalyst counterparts were quite small. The peak shapes were comparable, 
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and the binding energy did not differ considerably. Au was in the metallic state in 

all the Au-containing catalysts, with the exception of the Au/Al, Au/Ce and Pt-

Au/Ce catalysts, which also contained Au1+. 

The XPS spectra of Pt 4d and Pt 4f are presented in Figure 12. Typically, the 

most intense lines of platinum, i.e. Pt 4f lines, are used in the analysis of Pt species. 

In the cases of the Pt-Au/Al and Pt-Au/Ce-Al catalysts, the Pt 4f line overlapped 

with the Al spectral line and therefore, the analysis was conducted using the Pt 4d 

line. The Pt 4f spectra in the case of the Pt-Au/Ce catalyst showed two different Pt 

oxidation states. Based on the literature, the two peaks at 76.0 and 72.7 eV are 

associated with Pt2+, and the peaks at 77.2 and 74.4 eV with Pt4+ (Darif et al., 2016; 

Mei, Li, Fan, Zhao, & Zhao, 2015; Peng et al., 2016). The binding energies at 313.2 

and 313.0 eV in the Pt-Au/Al and Pt-Au/Ce-Al catalysts indicated the Pt0 state. 

Usually, the Pt0 values are higher (at approximately 315 eV), but high-temperature 

reduction of Pt catalysts decreases the observed Pt0 binding energy values (Serrano-

Ruiz et al., 2006). The catalysts were reduced in a H2 flow at 300 °C for 1 h after 

Au deposition followed by calcination at 600 °C for 5 h. The peak shift could also 

originate from the metal-metal and metal-support interactions. The binding 

energies of 316.4 eV (Pt-Au/Al and Pt-Au/Ce-Al) showed the presence of a Pt2+ or 

Pt4+ state (Darif et al., 2016; Serrano-Ruiz et al., 2006). 
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Fig. 12. XPS Pt 4f spectra of Pt-Au/Ce catalyst and Pt 4d spectra of Pt-Au/Ce-Al and Pt-

Au/Al catalysts (Adapted under CC BY 4.0 license from Publication IV © 2019 Authors). 

The Cu 2p spectra shown in Figure 13 evidence two spin-orbit multiplets, which 

correspond to Cu 2p3/2 (binding energy (BE) ~933 eV) and Cu 2p1/2 (BE ~953 eV) 

ionisations according to Nikolaev et al. (2015). Cu 2p spectra include shake-up 

peaks between 940 eV and 947 eV, and near 962 eV, according to Moulder, Stickle, 

Sobol and Bomben (1992). The Cu-Au/Ce catalyst did not show a shake-up peak 

near 962 eV, in contrast to the Cu-Au/Al and Cu-Au/Ce-Al catalysts, indicating that 

the Cu-Au/Ce catalyst contained more Cu2O (or Cu0) than the other catalysts 

(Biesinger, Lau, Gerson, & Smart, 2010). According to the literature, the main peak 

for the metallic Cu0 and/or Cu2O species is visible at a binding energy value of 

932.7 eV (de Smit et al., 2010; Nikolaev et al., 2015; Potemkin et al., 2014). Since 

the Cu-Au/Ce catalyst also exhibited shake-up peaks between 940 eV and 947 eV, 

the presence of CuO in the catalyst is possible. The peaks detected at 933.1 eV and 



98 

933.7 eV in the Cu-Au/Al and Cu-Au/Ce-Al catalysts indicate the presence of CuO 

species (Gaudin et al., 2016; Moulder et al., 1992), which was supported by the 

existence of shake-up peaks near 962 eV and between 940 and 947 eV. Binding 

energy values between 935.2 and 938.0 eV might denote the interaction between 

Cu and the support, according to Gaudin et al. (2016). 

Fig. 13. XPS Cu 2p spectra of all bimetallic Cu catalysts (Adapted under CC BY 4.0 

license from Publication IV © 2019 Authors). 

The XPS spectra of Ce 3d are presented in Figure 14. Based on the literature, Ce 

3d spectra exhibit two spin-orbit multiplets that correspond to Ce 3d3/2 (u) and Ce 

3d5/2 (v) ionisations. The binding energy values of u’ and v’ denote the oxidation 

state of Ce3+. The other detected peaks are associated with Ce4+ (Guo et al., 2015; 

Y. Liu et al., 2013; Väliheikki, Kolli, Huuhtanen, Maunula, & Keiski, 2015). 
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Fig. 14. XPS Ce 3d spectra of CeO2-containing bimetallic catalysts (Adapted under CC 

BY 4.0 license from Publication IV © 2019 Authors). 

HR-TEM 

In Publication II, the Au/Al, Au/Ce-Al and Cu/Al catalysts were studied using HR-

TEM in order to explain the reducibility results of these catalysts. The Au particle 

size influences the reducibility. Figures 15a and b show the HR-TEM images of 

Au/Al catalysts. In the HR-TEM images, structures resembling needles are side 

views of alumina 2D plates. The catalyst surface was analysed by EDX, which 

evidenced the presence of homogeneously dispersed Au particles mostly in sizes 

smaller than 10 nm and 1.8 wt.% of Au. Most of the Au particles were below 5 nm. 

In contrast, the Au/Ce-Al catalyst shown in Figures 15c and 15d demonstrated 

unevenly dispersed Au particles in smaller sizes similarly to the Au/Al catalyst, but 

also large Au clusters of fused particles, probably due to sintering in sizes of 
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hundreds of nanometres as verified by EDX. The particle size distribution (PSD) 

data of the Au/Ce-Al catalyst in Figure 15c exhibit a small amount of 

distinguishable Au particles (n = 22) that could be precisely measured, and hence, 

do not exemplify an adequate population for PSD. In addition, islands of smaller 

particles that were close to fusing together were seen, which suggests the 

occurrence of sintering. These particles were difficult to differentiate from each 

other and, thus, could not be taken into account in the PSD data. The EDX spectrum 

from the cluster in Figure 15d shows intense Au peaks. A representative bulk 

loading of Au using EDX was not possible due to the very poor Au distribution. 

The Au/Ce-Al catalyst did not show a significant H2 uptake during the TPR 

experiment and thus, it seems that the Au particle size was not small enough to 

induce hydrogen dissociation on the surface resulting in a lack of H2 consumption. 

These observations were supported by the XRD and H2-TPR results. Based on the 

HR-TEM images, in the Au/Ce-Al catalyst, the Au particle size was much larger in 

comparison with the Au/Al and Au/Ce catalysts, which was also supported by the 

XRD and H2-TPR results. Figures 15e and f verify the presence of different sizes 

of copper oxide particles in the Cu/Al catalyst (Publication III). Highly dispersed 

and very small copper oxide particles as well as big clusters were observed. 
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Fig. 15. HR-TEM images of Au/Al2O3, Au/CeO2-Al2O3 and Cu/Al2O3 catalysts: (a) 

corresponding PSD data of Au/Al2O3 catalyst, (b) example particles in sizes below 10 

nm shown with magnification of the inset in Fig. 15a, (c) corresponding PSD data of 

Au/CeO2-Al2O3 catalyst, (d) an EDX spectrum from the agglomerate in the Au/CeO2-Al2O3 

catalyst (Cu peaks in the spectrum originate from the sample grid used), (e) example 

particle of about 1 μm in size in the Cu/Al2O3 catalyst and (f) examples of small particles 

in the Cu/Al2O3 catalyst (Adapted under CC BY 4.0 license from Publication II © 2020 

Authors, and, with permission, from Publication III © 2015 Elsevier). 

Typical HR-TEM images of the Pt/Al and Pt/Ce-Al catalysts are shown in Figures 

16a–d. Pt particles were not differentiated clearly from the surface due to contrast 

similarity, but the EDX spectrum (Fig. 16a and c) evidenced the presence of Pt. 
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Based on Figures 16a–d and other interpreted images, the Pt particle size was below 

10 nm. 

 

Fig. 16. HR-TEM images of Pt/Al2O3 and Pt/CeO2-Al2O3 catalysts; (a) an EDX spectrum 

from the surface of Pt/Al2O3 catalyst, (b) an example of a 20 nm scale image from the 

surface of Pt/Al2O3, (c) and EDX spectrum from the Pt/CeO2-Al2O3 surface and (d) an 

example of a 10 nm scale image presenting the magnification from the inset in Fig. 16c. 

(Cu peaks in the EDX spectrum originate from the sample grid used.) (Under CC BY 4.0 

license from Publication II © 2020 Authors). 

Figures 17a–f shows representative HR-TEM images of the bimetallic catalysts. 

The PSD in each catalyst was analysed based on Feret’s diameter due to the 

irregular shape of the particles. As observed in Figure 17a, the Pt-Au/Al catalyst 

contained rather uniformly dispersed particles, mostly in sizes of about 10 to 30 nm 

(88%, n = 253), but some larger agglomerates were also seen. Several EDX spectra 

analysed from the HR-TEM images of the Pt-Au/Al catalyst (Supplementary 

Material in Publication IV) showed that spherical particles contained more Au than 

Pt, while irregular particles contained more Pt than Au (the needle-like forms in the 

HR-TEM images are side views of the alumina 2D plates). An image of the Cu-

Au/Al catalyst is presented in Figure 17b, evidencing homogeneously dispersed 
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particles mostly in sizes ranging between 10 nm and 50 nm. Few of the images 

reported in the Supplementary Material of Publication IV demonstrated “islands” 

of agglomerated particles in sizes of a few hundreds of nanometres in addition to 

unevenly dispersed smaller particles. The agglomerates were a consequence of 

sintering during the calcination step, which was likely since the calcination 

temperature used during the preparation (600 °C) was higher than the Tammann 

(0.5Tmelting) and Hüttig (0.3Tmelting) temperatures of Au, Cu, CuO and Cu2O and 

higher than the Hüttig temperature of Pt shown in Table 12, which lists the melting 

points, Tammann and Hüttig temperatures of selected metals and metal oxides. The 

EDX spectrum of the grain presented in Figure 17b demonstrated the presence of 

Au (Supplementary Material in Publication IV). The presence of Cu could not be 

verified by analysis due to the Cu grid used in the sample preparation. 
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Fig. 17. HR-TEM images of bimetallic catalysts: (a) Pt-Au/Al, (b) Cu-Au/Al, (c) Pt-Au/Ce, 

(d) Cu-Au/Ce, (e) Pt-Au/Ce-Al and (f) Cu-Au/Ce-Al (Adapted under CC BY 4.0 license 

from Publication IV © 2019 Authors). 

Table 12. Melting point, Tammann and Hüttig temperatures (converted from Kelvin) for 

dispersed metals and their oxide forms (Modified from Moulijn et al. (2001)). 

Temperature Compound 

Pt PtO PtO2 Au Cu CuO Cu2O 

Tmelting (°C) 1 755 550 450 1 063 1 083 1 326 1 235 

TTammann (°C) 741 139 89 395 405 527 481 

THüttig (°C) 335 −26 −56 128 134 207 179 
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The HR-TEM images of Pt-Au/Ce and Cu-Au/Ce catalysts shown in Figure 17c 

and d demonstrate how difficult it was to differentiate the particles from each other. 

The EDX spectrum measured from the surface presented in Figure 17c verified the 

presence of Pt and Au. Some randomly dispersed Pt-Au particles in sizes from 10 

to 100 nm were observed in the Pt-Au/Ce catalyst (Supplementary Material in 

Publication IV). The EDX spectrum analysed from the surface of the Cu-Au/Ce 

catalyst presented in Figure 17d validated the presence of Au. 

The HR-TEM images of the CeO2-Al2O3-supported catalysts in Figures 17e 

and f show homogeneously dispersed particles. Some areas of the catalyst 

evidenced isolated islands of agglomerated Pt-Au particles (Supplementary 

Material in Publication IV). Correspondingly to the case of the Al2O3-supported 

catalysts, EDX revealed that spherical particles contained more Au than Pt, while 

irregular particles contained more Pt than Au (Supplementary Material in 

Publication IV). The PSD of the Pt-Au/Ce-Al catalyst was from 10 to 40 nm. 

Homogeneously dispersed particles mainly in sizes between 10 and 30 nm (77%, n 

= 112) were observed, but also in sizes of 30 to 40 nm (11%). Spherical particles 

were seen in addition to some larger isolated islands of agglomerated particles. The 

PSD of the Cu-Au/Ce-Al catalyst showed a higher number of larger particles in the 

size ranges of 40–50 nm and >50 nm. 

H2-TPR 

H2-TPR was conducted to determine the reducibility of the studied catalysts. The 

H2 uptakes of Au, Pt, Cu, Pt-Au and Cu-Au catalysts on Al2O3, CeO2, and CeO2-

Al2O3 supports are shown in Figure 18. The theoretical and measured H2 

consumptions in the experiments are shown in Table 13. The theoretical values 

were calculated for different oxidation states of the deposited metals in the 

monometallic catalysts. Due to the lack of dispersion data, the theoretical values 

were not determined in the case of the bimetallic catalysts. The effect of the support 

was taken into account and deduced from the H2 consumption. 
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Fig. 18. H2-TPR profiles for (a) supports, (b) Au, (c) Pt, (d) Cu, (e) Pt-Au and (f) Cu-Au 

catalysts on γ-Al2O3, CeO2 and CeO2-Al2O3 (Adapted, with permission, from Publication 

III © 2015 Elsevier, and under CC BY 4.0 license from Publication IV © 2019 Authors). 
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Table 13. Hydrogen consumption in the H2-TPR experiments (Publications III and IV) 

(Adapted, with permission, from Publication III © 2015 Elsevier). 

Catalyst   Theoretical H2 

consumption 

(µmol g−1) 

  Measured H2 

consumption 

(µmol g–1) 

 Oxidation state  

 1+  2+  3+  

Au/Al 18  36  54 52 

Pt/Al 28  56  n.d. 149 

Cu/Al 401  803  n.d. 1 461 

Pt-Au/Al n.d.  n.d.  n.d. 44 

Cu-Au/Al n.d.  n.d.  n.d. 1 222 

Au/Ce 24  47  71 See. Fig. 18b 

Pt/Ce 29  57  n.d. 903 

Cu/Ce 441  881  n.d. 3 119 

Pt-Au/Ce n.d.  n.d.  n.d. 781 

Cu-Au/Ce n.d.  n.d.  n.d. 2 566 

Au/Ce-Al 12  23  35 83 

Pt/Ce-Al 31  62  n.d. 326 

Cu/Ce-Al 456  913  n.d. 1 690 

Pt-Au/Ce-Al n.d.  n.d.  n.d. 315 

Cu-Au/Ce-Al n.d.  n.d.  n.d. 1 307 

n.d. = not determined. 

H2 uptake was not observed with the Al2O3 support in the temperature range of 

35–400 °C, as expected (Fig. 18a). The CeO2 and CeO2-Al2O3 supports (Fig. 18a) 

exhibited a H2 uptake starting from approximately 350 °C, which agrees with the 

literature on ceria catalysts (X. Liu et al., 2013; Pillai & Deevi, 2006; Scirè, Minicò, 

Crisafulli, Satriano, & Pistone, 2003; Solsona et al., 2006). The H2 uptake in the 

supports that contain several metal oxides with CeO2 is mainly due to the reduction 

of ceria. The H2 consumption value is always higher than that of the theoretical H2 

uptake of oxide from Au, Pt or Cu. The higher values indicate that the support is 

reduced or that the catalyst contains impurities, for example, oxychlorides that are 

reduced during the H2-TPR experiment. 

The H2-TPR profiles of monometallic Au catalysts are shown in Figure 18b. 

No significant H2 uptake was detected with the Al2O3- and CeO2-Al2O3-supported 

Au catalysts. A large peak was seen in the case of Au/Ce catalyst between 100 and 

200 °C with a maximum consumption between 106 and 156 °C, which agrees with 

the literature (Andreeva et al., 2002; Arena et al., 2006; Chen, Shi, Crocker, Wang, 
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& Zhu, 2013; Fu, Weber, & Flytzani-Stephanopoulos, 2001; Pillai & Deevi, 2006; 

Solsona et al., 2006). Fu et al. (2001) reported that the surface oxygen of ceria is 

considerably weakened by the presence of Au nanoparticles, and thus the reduction 

temperature shifts by hundreds of degrees to 100 °C or lower. Andreeva et al. (2002) 

proposed that the low-temperature peak emerging for CeO2 at approximately 

500 °C is attributed to the reduction of surface oxygen species. Xiaoyu Liu et al. 

(2013) reported that the deposition of Au shifted the reduction peak of CeO2 to 

roughly 110 °C and discussed whether highly dispersed Au particles can dissociate 

hydrogen below 150 °C, improving the reduction of CeO2 due to a hydrogen 

spillover. Scirè et al. (2003) reported a peak at 140 °C denoting that the presence 

of Au improved the reduction of surface oxygen species due to the weakening of 

the surface Ce-O bond. Solsona et al. (2006) observed a peak maximum at 117 °C 

and proposed that the improvement was likely to be a consequence of defects on 

the support surface due to the formation of new sites at the edge of the Au particles 

and the oxide surface. Reducibility is influenced by the Au particle size. With the 

Au/Ce-Al catalyst, the Au particles were much larger, evidenced by XRD and HR-

TEM in comparison with the cases of Au/Al and Au/Ce catalysts. The HR-TEM 

images of the Au/Al catalyst are presented in Figures 15a and b. The Au/Al catalyst 

demonstrated the presence of homogeneously dispersed Au particles in sizes 

smaller than 10 nm. In contrast, the Au/Ce-Al catalyst shown in Figures 15c and d 

evidenced large Au clusters in sizes of 100 to 200 nm, confirmed by EDX. The 

Au/Ce-Al catalyst did not show major H2 uptake during the TPR experiment. It is 

likely that the Au particle size was not small enough to induce H2 dissociation on 

the catalyst surface, and therefore no H2 consumption was detected in the TPR 

experiment. 

The H2-TPR profiles of monometallic Pt catalysts are shown in Figure 18c. A 

minor H2 uptake was seen within a wide temperature range of approximately 

100 °C to 300 °C with a peak maximum at 229 °C. A very low H2 uptake was 

detected between 50 °C and 70 °C, which might originate from the reduction of 

adsorbed oxygen species. Abbasi, Haghighi, Fatehifar and Saedy (2011) reported a 

minor reduction peak for 1% Pt/Al2O3 at temperatures between 260 °C and 500 °C 

with a peak maximum at 290 °C associated with the reduction of Pt-oxide species 

and/or PtClxOy species (platinum oxychloride surface complexes). Pitkäaho, 

Matejova, Jiratova et al. (2012) observed peaks centred at 70 °C and 230 °C with a 

1% Pt/Al2O3 catalyst, which could be assigned to the reduction of adsorbed oxygen 

on alumina and the reduction of Pt oxides, respectively. The addition of Pt 

improved the reduction of CeO2, as seen in the case of Pt/Ce catalyst where the 
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peak maximum moved to 400 °C compared to the pure CeO2 support. Pt also 

enhanced the reduction of the CeO2-Al2O3 support as expected. A peak maximum 

was detected at 205 °C. A shoulder was also observed, which could be explained 

by the reduction of the Pt species and by the fact that the presence of Pt on the CeO2 

surface facilitates the reduction of surface CeO2 due to the H2 spillover effect, as 

proposed by Abbasi et al. (2011). They observed a peak centred at approximately 

270 °C with a shoulder at 340 °C with a (1%)Pt/Al2O3-CeO2(30%) catalyst, which 

was attributed to the reduction of platinum oxychloride complexes and to the 

reduction of superficial CeO2 enhanced by Pt (Abbasi et al., 2011). 

The H2-TPR profiles of monometallic Cu catalysts are presented in Figure 18d. 

Cu oxides are probably present due to the calcination at 600 C. With the Cu/Al 

catalyst, clear reduction peaks were observed, positioned at 210 C and 280 C. 

Similar observations were made for the Cu/Ce and Cu/Ce-Al catalysts. The Cu/Ce 

exhibited reduction peaks, positioned at 154 C and 203 C. In the case of the 

Cu/Ce-Al catalyst, a peak maximum was seen at 234 C with an overlapping 

shoulder at higher temperatures. Similar results were observed for alumina-

supported Cu catalysts in the study by Wang and Weng (1997), who reported double 

peaks at roughly 260–280 C and 210–230 C. The high temperature peak 

represented the crystal phase of Cu oxide and the low temperature peak could be 

due to the amorphous phase of Cu oxide. Similar peaks were detected by Dow et 

al. (1996) with a Cu/-Al2O3 catalyst. The peak maximum at roughly 210 C was 

attributed to the reduction of highly dispersed Cu oxide species, which are not 

detected by XRD. The peak at the higher temperature of approximately 245 C was 

attributed to the reduction of large three-dimensional clusters and bulk CuO phase 

that have characteristics and properties identical to those of pure CuO powder, 

which is detected by XRD. Based on HR-TEM (Figures 15e and f), different sizes 

of Cu oxide particles were also observed. Similar observations were also made for 

the Cu/Ce catalyst. 

The H2-TPR profiles of the bimetallic catalysts are shown in Figures 18e and 

f. The TPR profile of the Pt-Au/Al (Fig. 18e) was very similar to the ‘parent’ Pt/Al 

catalyst, and no significant changes were observed in the reduction behaviour due 

to the addition of gold. A very low H2 uptake was detected at low temperatures of 

up to 80 °C, which might have been a consequence of the reduction of Pt species 

or adsorbed oxygen species. This was also observed for the Pt-Au/Ce and Pt-

Au/Ce-Al catalysts up to temperatures of around 120 °C. Another low H2 uptake 

was observed in a wide temperature range of 150–300 °C. Since the catalysts were 

calcined up to 600 °C, Au was probably reduced to Au0 (Scirè et al., 2003), and 
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thus the reduction of Au was not detected in either of the cases, i.e. monometallic 

Au/Al or bimetallic Pt-Au/Al catalysts. The addition of gold in the Pt/Ce-Al 

catalysts shifted the reduction of the catalysts to higher temperatures by 

approximately 50 °C. With Pt/Ce, the effect of Au was the opposite, and the uptake 

temperature of H2 decreased substantially by approx. 160 °C. The location of this 

peak (at 240 °C with a shoulder at 255 °C) was between the detected reduction of 

monometallic Au/Ce (at approx. 125 °C) and Pt/Ce (at approx. 400 °C). 

The H2-TPR profiles for the bimetallic catalysts based on the Cu-containing 

‘parent’ catalysts are shown in Figure 18f. The Cu-Au/Al catalyst showed clear 

peak maxima at 210 °C and 280 °C, respectively, due to the reduction of Cu species 

(Fig. 18f), which is in line with the “parent” Cu/Al catalyst. The Cu-Au/Al catalyst 

consumed 16 percentage points less H2 than the Cu/Al catalyst (Table 13). The Au 

addition made reduction more difficult by moving the reduction temperatures to a 

higher temperature region. With Cu-Au/Ce, the shift was the most substantial, at 

over 100 °C. The Cu-Au/Ce catalyst demonstrated peak maxima at 230 °C and 

350 °C, respectively, and similarly, roughly 18 percentage points less H2 was 

consumed compared to the Cu/Ce catalyst. Hydrogen was also consumed in a much 

broader temperature range, starting at a higher temperature in comparison with the 

Cu/Ce catalyst. The Cu-Au/Ce-Al catalyst exhibited a peak maximum at 265 °C 

with a small shoulder at a higher temperature (~340 °C). This behaviour was similar 

to the monometallic Cu/Ce-Al, although the peak maxima for the Cu/Ce-Al catalyst 

occurred at somewhat lower temperatures. The H2 uptake of Cu-Au/Ce-Al catalyst 

was around 23 percentage points less than with the Cu/Ce-Al catalyst. In all of the 

cases, the H2 uptake was lower in comparison with the monometallic catalysts. The 

peak shapes that indicate H2 uptake were also influenced. The first peak with Cu-

Au/Al was nearly two times higher than the second peak when compared to the 

peaks with Cu/Al, which were close to equal. With Cu-Au/Ce, the observation was 

the opposite. The lower temperature peak was substantially smaller in comparison 

with the high temperature peak. These changes could be due to the differences in 

particle size and/or interaction of Cu species with the support oxide. Both reduction 

peaks were most likely related to Cu2+, because the transformation of Cu+ to Cu0 is 

usually detected at higher temperatures than those shown in Figure 18 (Jones & 

McNicol, 1986). A low temperature peak is usually attributed to small, well-

dispersed Cu species, which are in weak interaction with the support. It is worth 

bearing in mind that the metal loadings also affect the hydrogen uptake. In the case 

of Cu catalysts, the Cu loadings were five times higher than the targeted 1 wt.% of 

Au and Pt and therefore resulted in higher reducibility. 
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The addition of Au to the monometallic (Pt and Cu) catalysts made the 

reduction of the catalysts more difficult, except for the Pt/Ce catalyst. The reduction 

temperatures shifted towards higher regions, and the total H2 uptakes decreased. 

Regarding the Pt/Ce catalysts, although the total H2 uptake decreased after the 

addition of Au, the reduction began at a substantially lower temperature. Hydrogen 

can dissociate only on very small (clusters of <20 nm) Au particles (Bond & 

Thompson, 1999; Haruta, 2002), which in turn could explain the more difficult 

reduction after the Au addition. Very small Au particles (smaller than clusters of 20 

atoms) were confirmed not to be present in amounts that would allow better 

dissociation of H2. 

It appeared that the Au addition onto the Cu/Al catalyst enhanced the 

dispersion of Cu species. This was supported by the HR-TEM images (Publication 

III) that demonstrated very small and well-dispersed (less than 10 nm) Cu particles 

in the Cu/Al sample as well as big agglomerates in sizes of a few hundreds of 

nanometres. In the case of the Cu-Au/Al catalyst (Publication IV), the dispersion 

was much more homogeneous, and the particle sizes were between 10 and 50 nm. 

NH3-TPD 

The total acidity of the catalysts was measured using NH3-TPD experiments. The 

temperature range of up to 600 °C is of special interest, since it represents the 

maximum temperature used in the light-off experiments as well as in the calcination 

step during catalyst preparation. The increase or decrease in acid sites after the Au 

deposition onto a parent catalyst might have affected the adsorption of DCM or 

DMDS and their corresponding product distribution, since the acido-basic 

properties of a catalyst may influence catalytic performance. The characteristic of 

acid sites has especially been proven to influence the intermediate or by-product 

distribution and therefore, the reaction mechanism (El Assal et al., 2017). 

The NH3-TPD profiles of each analysed catalyst are shown in Figures 19a–c. 

In this study, the strengths of the acid sites are distinguished as weak and 

medium/strong sites, retaining NH3 at lower than 300 °C and higher than 300 °C, 

respectively. The shapes of the profiles and positions of the peaks demonstrate the 

presence of acid sites of different strengths, but one main band for the Al2O3 and 

CeO2-Al2O3-supported catalysts centred at 210–250 °C and attributed to the weak 

acid sites can be observed in Figure 19. The Cu-Au/Al catalyst had fewer weak and 

medium acid sites compared to the Pt-Au/Al catalyst. The Cu-Au/Ce-Al catalyst 

had a slightly higher amount of weak acid sites compared to the Pt-Au/Ce-Al 
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catalyst. The Cu/Al, Cu/Ce-Al, Pt/Al, Au/Ce-Al and Pt/Ce-Al catalysts exhibited 

the largest amounts of weak acid sites, whereas the Pt-Au/Al, Au/Al, Pt-Au/Ce-Al, 

Pt-Au/Ce and Cu-Au/Ce catalysts had the smallest amounts. The amounts of strong 

acid sites are comparable between the catalysts, except for the Pt-Au/Ce, Cu/Ce-

Al, Cu-Au/Ce-Al and Pt-Au/Ce-Al catalysts. The least acidic were the Pt-Au/Ce 

and Cu-Au/Ce catalysts. Overall, the Cu-Au and Pt-Au catalysts supported on 

Al2O3 and CeO2-Al2O3 lost some weak acidity (100–400 °C) after the Au addition. 
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Fig. 19. NH3-TPD profiles of Au, Pt, Cu, Pt-Au and Cu-Au catalysts supported on (a) Al2O3, 

(b) CeO2 and (c) CeO2-Al2O3 (Fig. 19a and c adapted under CC BY 4.0 license from 

Publications II and IV © 2020, 2019 Authors). 

CO2-TPD 

The basicity of the catalysts was measured to investigate whether it could explain 

the results in connection with CO2 formation during DCM and DMDS oxidation. 

The CO2 consumption of the Al2O3-supported catalysts was between 

100 and 135 μmol g−1 and that of the CeO2-Al2O3-supported catalysts between 85 
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and 160 μmol g−1. Au-containing catalysts had higher total basicity compared to 

the corresponding Pt catalysts. 

Based on the CO2-TPD experiments, the total basicity of the Pt/Ce-Al catalyst 

increased after Au deposition from 85 to 105 μmol g–1. For the Cu/Ce-Al catalyst, 

the basicity increased slightly, from 45 to 90 μmol g−1, after Au addition. The total 

consumption of CO2 in the cases of the Pt-Au/Al and Cu-Au/Al catalysts were 100 

and 130 μmol g−1, respectively, and for the Pt-Au/Ce and Cu-Au/Ce catalysts 90 

and 120 μmol g−1, respectively. The Cu-Au/Al and Cu-Au/Ce catalysts were 

slightly more basic than the corresponding Pt-Au catalysts. The basicity of the Cu-

Au/Ce-Al catalyst remained at a lower level than the corresponding Pt-Au catalyst. 

In general, the basicity of the catalysts was at a low level based on the CO2-

TPD experiments (Lu, Gao, Yin, Wang, & Liu, 2015), which should be beneficial 

for the desorption of the formed CO2 from the catalyst surface during oxidation. 

The basic sites can be designated low, medium and high according to different CO2 

desorption regions at 80–140 °C, 160–240 °C, and >300 °C, respectively (Cho, 

Park, Choi, Lee, & Kim, 2005). Based on these results, the Pt and Pt-Au catalysts 

lacked medium-strength basic sites, whereas the Au/Al and Au/Ce-Al catalysts had 

low-, medium- and high-strength basic sites. 

18O2-TPIE 

All the catalysts and supports were used in TPIE experiments with labelled oxygen 

(18O2). Figure 20 shows the evolution of the rate of oxygen exchange (Re) and the 

number of exchanged oxygen atoms (Ne), and the results are summarised in Table 

14. The catalysts are able to exchange oxygen within a certain temperature range 

depending on the support and the metal phases. 
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Fig. 20. Evolution of the rate of oxygen exchange for Au, Pt, Cu, Pt-Au and Cu-Au 

catalysts supported on (a) γ-Al2O3, (c) CeO2 and (e) CeO2–Al2O3 and evolution of the 

number of exchanged oxygen atoms on (b) γ-Al2O3, (d) CeO2 and (f) CeO2–Al2O3 in 

temperature-programmed isotopic exchange (TPIE) experiments with labelled oxygen 

(18O2) (Adapted, with permission, from Publication III © 2015 Elsevier, and under CC BY 

4.0 license from Publication IV © 2019 Authors). 
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Table 14. Results of 18O2-TPIE experiments for all the prepared catalysts and 

corresponding supports (Adapted, with permission, from Publication III © 2015 Elsevier, 

and under CC BY 4.0 license from Publication IV © 2019 Authors). 

Catalyst Temperature range 

of exchange (°C) 

Temperature of 

max. rate (°C) 

Re max. (1017 at g–1 

s−1) 

Ne final at 600 °C 

(1021 at g−1) 

Support     

Al2O3 390 520 5.60 1.86 

CeO2 310–540 450 16.9 3.90 

CeO2-Al2O3 370 510 9.03 2.44 

Monometals     

Au/Al 310 500 4.61 1.83 

Pt/Al 370 500 5.59 1.80 

Cu/Al 340 450 4.36 1.68 

Au/Ce 230–510 410 13.7 4.24 

Pt/Ce 330–550 440 14.6 4.30 

Cu/Ce 290–560 370 11.9 4.00 

Au/Ce-Al 380 500 7.08 2.24 

Pt/Ce-Al 340 510 7.18 2.45 

Bimetals     

Pt-Au/Al 380 555 5.0 1.5 

Cu-Au/Al 340 470 5.1 1.8 

Pt-Au/Ce 340 490 11.6 4.0 

Cu-Au/Ce 280 410/520 5.2/10.1 4.7 

Pt-Au/Ce-Al 390 510 6.8 2.3 

Cu-Au/Ce-Al 330 440 4.2 2.1 

The Al2O3- and CeO2-Al2O3-supported catalysts activate oxygen in broader 

temperature ranges in comparison with the CeO2-supported catalysts. According to 

Duprez (2006), the 16O2/18O2 isotopic equilibration on different metals is a 

structure- and support-sensitive reaction, especially on reducible supports, which 

may result in strong metal-support interactions (SMSI). Isotopic equilibration 

(homoexchange) takes place only when the dissociative adsorption of 18O2 and 

desorption of 18O16O occur at a significant rate. Additionally, chlorine ions have an 

inhibiting effect on the equilibration reaction. Usually, Cl ions are found on the 

support in the vicinity of the metal particles. Some of the Cl atoms are still attached 

to the metal particle after high-temperature oxidation or reduction, which may 

explain the deterring role in equilibration (Duprez, 2006). In this study, oxygen 

activation might be influenced by the precursor metal salts containing chlorine used 

in the preparation of the CeO2-Al2O3 support, the wet impregnation of Pt and the 

deposition of Au. 
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On pure Al2O3, the formation of 18O16O was observed to start at approximately 

440 C. The Cu/Al catalyst demonstrated the formation of 18O16O at approx. 360 

C, which was the lowest temperature concerning the Al2O3-supported catalysts. 

As expected, the addition of metal decreased the initial temperature of the 

accelerated exchange rate significantly. The amounts of exchanged oxygen atoms 

did not increase substantially. 

On pure CeO2, the formation of 18O16O (0.1 mbar) was observed already at the 

beginning of the experiment at approximately 230 C; on the Au/Ce catalyst the 

formation of 18O16O (1 mbar) was seen at around 270 C. In the cases of Pt/Ce and 

Cu/Ce, the formation of 18O16O was observed to start at approx. 330 C and 300 C, 

respectively. The deposited metal improved the oxygen activation similarly to the 

case of the Al2O3 support. Increasing exchange rates were observed at lower 

temperatures in comparison with the Al2O3-supported catalysts. The pure ceria-

supported catalysts activated surface oxygen at lower temperatures in comparison 

with the catalysts on the other supports. Pure ceria showed the highest exchange 

rates in comparison with the Au-, Pt- and Cu-doped ceria catalysts, but exhibited 

the lowest number of exchanged oxygen atoms. This could be related to the 

chlorine-containing precursor salt used in the preparation of the Pt and Au catalysts. 

The CeO2-Al2O3 support, Au/Ce-Al and Pt/Ce-Al exhibited similar 

performance. Amongst the CeO2-Al2O3-supported catalysts, only the addition of 

Cu improved the oxygen activation by decreasing the temperature level at which 

the exchange rate began to increase substantially. 

The bimetallic catalysts supported on Al2O3 or CeO2-Al2O3 activated oxygen 

in similar temperature ranges and at similar exchange rates to the monometallic 

“parent” catalysts. In the case of CeO2-supported catalysts, the temperature ranges 

for oxygen exchange broadened towards the high-temperature region (500–600 C), 

and the maxima (Re maximum) shifted to higher temperatures. 

The lowest temperatures for oxygen activation were seen in the case of the Cu-

Au catalysts. The Pt-Au catalysts exhibited lower performance compared to the 

pure supports, in terms of the exchange rates and number of exchanged oxygen 

atoms. For example, with the Pt-Au/Ce catalyst, the formation of 18O16O was 

observed at approx. 340 C, at a significantly higher temperature compared to the 

CeO2 support alone. 

A Pt catalyst can enhance the exchange of 18O2 on the supports, but the reaction 

is controlled by the adsorption/desorption of O2 over a wide range of temperatures. 

In addition, the performance of Pt catalysts is sensitive to particle size variations, 

and the exchange is faster on larger Pt particles. The differences are significant by 
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a factor of almost 45 on the rate of equilibration, when the Pt dispersion varies by 

a factor of 15 (Descorme & Duprez, 2000). The somewhat small particle size 

observed with HR-TEM for the Pt-Au/Ce-Al and Pt-Au/Al catalysts could be the 

reason for the relatively low oxygen activation. Overall, based on the TPIE 

experiments, the addition of Au only enhanced the performance of the Cu/Ce 

catalyst by widening the temperature window and increasing the amounts of 

exchanged oxygen atoms. According to XPS, the Cu-Au/Ce catalyst contained 

more Cu1+ and Cu0 than the other Cu catalysts. A lower oxidation state of the metal 

can be advantageous for oxygen activation according to Ojala, Bion et al. (2011). 

In addition, the loading of Au was the lowest in this catalyst, which might be due 

to the low acidity evidenced by NH3-TPD that, in turn, affected the Au adsorption 

during the preparation phase. 

4.2 What is the catalytic performance of supported Pt compared to 

Pd, Rh and V2O5 catalysts in DCM oxidation? 

4.2.1 Activity 

The T50 and T90 temperatures for the studied catalysts are shown in Table 15. The 

results indicate that the bare supports were active in DCM oxidation in comparison 

with the thermal experiments reported by Pitkäaho et al. (2011). For example, DCM 

conversion at 450 C increased from 10% up to 92% and 98% respectively over 

Al2O3 and Al2O3-CeO2 supports. Overall, the addition of a metal improved the T50 

and T90 values by up to 60C. It was anticipated that the supports would show high 

activity since it had been earlier reported in several studies (Bond & Francisco, 

1996; Chen, Li, Luo, & Lu, 2012; Maupin, Pinard, Mijoin, & Magnoux, 2012; van 

den Brink et al., 1998; Wang, Sakurai, & Kameyama, 2008). 
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Table 15. Summary of T50 and T90 temperatures of Pt, Pd, Rh and V2O5 catalysts 

supported on Al2O3 and Al2O3-CeO2 in DCM oxidation (values rounded to 5 C) (Adapted, 

with permission, from Publication I © 2013 Elsevier). 

Catalyst Support material 

  Al2O3  Al2O3-CeO2 

  T50  T90  T50  T90 

-  335  425  330  390 

Pt  310  365  320  375 

Pd  355  410  335  395 

Rh  305  360  320  375 

V2O5  330  400  315  385 

The connection of T50 temperature to total acidity and reducibility is shown in 

Figure 21. The order of activity with the bare supports followed the measured 

values of acidity, i.e. the least active support was the least acidic, especially 

considering the weak acid sites reported in Pitkäaho, Matejova, Jiratova et al. 

(2012). Based on the literature (Bond & Francisco, 1996; Haber et al., 1999; Ma et 

al., 2011; Maupin et al., 2012; van den Brink et al., 1998; Wang et al., 2008; 

Windawi & Zhang, 1996), surface acid sites are catalytically active centres for 

DCM decomposition. The order for reducibility in the case of the supports did not 

correlate with the order of activity, but the differences in H2 uptake between the 

supports were small, especially below 500 C, at which DCM oxidation takes place. 

 

Fig. 21. Connection of T50 temperature with (a) total acidity and (b) H2 consumption (Al 

= Al2O3, Al-Ti = Al2O3-TiO2, Al-Ce = Al2O3-CeO2; total acidity and H2 consumption values 

were considered between 25 °C and 700 °C) (Adapted, with permission, from 

Publication I © 2013 Elsevier). 
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The addition of Pt, Pd, Rh and V2O5 influenced activity depending on the support 

used (Table 15). Generally, the effect was positive in the case of the Al2O3 support, 

except with the addition of Pd. A DCM conversion of 100% was achieved at 420 

C with the Pt/Al2O3 catalyst and at 440 C with the Rh/Al2O3 catalyst. 

The addition of CeO2 to the support had a minor effect on activity (Table 15). 

In comparison with the bare Al2O3-supported catalysts, the T50 temperatures of Pd 

and V2O5 were improved and the activity of both the Pt and Rh catalysts was lower. 

A DCM conversion of 100% was achieved with the Pt and Rh catalysts at 

temperatures higher than 430 C and 465 C, respectively. 

Figure 21 demonstrates that surface acidity has an important function in DCM 

oxidation, although high acidity alone is not enough to explain the high activity of 

the catalysts. In addition, higher reducibility correlates well with activity, but it 

seems that acidity combined with high reducibility (e.g. Pt/Al2O3) results in a 

highly active catalyst for DCM oxidation. This conclusion is in agreement with 

Chen et al. (2012), who studied a series of CeO2-Al2O3-supported catalysts in DCM 

oxidation and concluded that an optimal combination of surface acidity and redox 

ability results in high activity. The metal dispersions were not seen to affect the 

order of activity under these reaction conditions (Table 15). In addition, the lower 

Pt loading on Al2O3 (0.97 wt.% vs. 1.3 wt.%) did not have an effect on the activity, 

which is supported by Maupin et al. (2012), who reported no difference in DCM 

conversion when comparing different Pt loadings on γ-Al2O3. 

The Pt/Al2O3 catalyst was the most active catalyst amongst the studied 

materials in DCM total oxidation due to the optimal surface acidity and redox 

ability of the catalyst. 

4.2.2 Selectivity 

Based on the FTIR analysis, the reaction products in DCM oxidation in moist 

conditions with the Pt/Al2O3 and Pt/Al2O3-CeO2 catalysts were CO2, CO and HCl. 

At a DCM conversion of 99%, the only products detected were HCl and CO2. In 

addition, methyl chloride and formaldehyde were observed as intermediates during 

the light-off experiments in lower temperature regions below 480 C. The measured 

gaseous products for the Al2O3 and Al2O3-CeO2 supports as well as those for 

Pt/Al2O3 and Pt/Al2O3-CeO2 catalysts are shown in Table 16. 
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Table 16. Gaseous products detected during the light-off experiments (Data from 

Publication I). 

Catalyst DCM conv. at 

670 °C 

CH2O (ppm at 

temp. 

range, °C) 

CH3Cl (ppm 

at temp. 

range, °C) 

CO (ppm at 

temp. 

range, °C) 

CO2 (ppm at 

temp. 

range, °C) 

HCl (ppm at 

temp. 

range, °C) 

Al2O3 100 2–52 

at 255–480 

2–55 

at 270–470 

2–510 

at 255–670 

2–500 

at 255–670 

2–1 037 

at 255–670 

Pt/Al2O3 100 

at 655 

2–43 

at 205–465 

2–63 

at 250–440 

2–15 

at 285–440 

2–462 

265–670 

2–864 

at 250–670 

Al2O3-CeO2 99 

at 635 

2–20 

at 200–425 

2–12 

at 225–405 

2–143 

at 260–635 

2–500 

at 250–635 

2–1 013 

at 235–635 

Pt/Al2O3-CeO2 99 

at 665 

2–10 

at 225–390 

- 2–8 

at 265–445 

2–700 

at 265–665 

2–1 071 

at 290–665 

Both supports, i.e. Al2O3 and CeO2-Al2O3, showed high selectivity towards CO, 

CO2 and HCl. The Al2O3 support reached the maximum CO2 yield of 85% at 660 

C and the maximum HCl yield of 86% at 480 C. At higher temperatures, the HCl 

yield decreased and at 550 C the HCl yield was only about 75%. Over the Al2O3-

CeO2 support, a CO2 yield of 100% was achieved at 590 C, whereas the HCl yield 

was 99% starting from 610 C. 

The addition of Pt improved the HCl yields of the Al2O3 and CeO2-Al2O3 

supports, to above 90% in both cases and to a maximum of 92% with the Pt/Al2O3. 

Over the Al2O3-CeO2 support, the addition of Pt was observed to enhance the HCl 

yield in a lower temperature region, except at temperatures above 380–430 C 

where the influence was negative and the maximum HCl yield remained below 

90%. 

The methyl chloride (CH3Cl) yields were lower in the case of the Al2O3-CeO2 

support in comparison with the Al2O3 support. The formation of methyl chloride 

was not observed with the Pt/Al2O3-CeO2 catalyst. The highest detected methyl 

chloride yield was 13% at 340 C over the Pt/Al2O3 catalyst. Methyl chloride was 

not seen at temperatures above 450 C with the Pt/Al2O3 catalyst or at above 420 

C with the Pt/Al2O3-CeO2 catalyst. Formation of methyl chloride over alumina-

supported catalysts has previously been reported in many studies (Haber et al., 1999; 

Maupin et al., 2012; van den Brink et al., 1998; Wang, Guo, Tsuji, Sakurai, & 

Kameyama, 2006; Wang et al., 2008). 

The formation of formaldehyde (CH2O) was observed with all the tested 

catalysts, with the maximum concentration varying from 4 ppm to 60 ppm 

depending on the catalyst. The Pt/Al2O3-CeO2 catalyst formed small quantities of 
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formaldehyde. With both the Pt catalysts, the formation of formaldehyde was not 

observed above 530 C. 

The Al2O3-CeO2-supported catalysts formed the lowest amounts of CO. The Pt 

catalysts exhibited the lowest selectivity towards CO. Over the Pt/Al2O3 catalyst, 

CO formation was not detected at above 440 C, while over the Pt/Al2O3-CeO2 

catalyst, CO was not seen at above 460 C. In the case of the bare supports, CO 

formation was still detected at the end of the experiment at 700 C. The mechanisms 

leading to the formation of methyl chloride and formaldehyde in DCM oxidation 

are discussed in more detail in sub-chapter 4.3, in connection with the results of 

Au/Al and Pt-Au/Al catalysts. 

The Pt/Al2O3 and Rh/Al2O3 catalysts demonstrated the highest HCl 

selectivities likely due to the high acidity, which, in turn, provided the necessary 

adsorption sites for DCM. The Al2O3 support proved to result in a more HCl-

selective final catalyst than the Al2O3-CeO2 and Al2O3-TiO2 supports, independent 

of the active phase. The addition of Pt, Pd, Rh and V2O5 improved the HCl yields 

of the Al2O3-supported catalysts, with the highest of all the catalysts (>90%). In the 

case of the Al2O3-CeO2- and Al2O3-TiO2-supported catalysts, the addition of an 

active phase improved the HCl yields in the lower temperature range, but at above 

380–430 °C and 480–530 °C, respectively, the effect was negative and the 

maximum HCl yields were below 90%. 

4.2.3 Stability of Pt/Al2O3 catalyst in DCM oxidation 

The Pt/Al2O3 catalyst was chosen for a stability experiment in DCM oxidation since 

it was the most active and HCl-selective catalyst based on the light-off experiments. 

The stability experiment was conducted in moist conditions, i.e. 1.5 vol.% of H2O, 

at a constant temperature of 400 C. Over 40.3 hours, the catalyst performance did 

not show any evident change. The DCM conversion remained stable, i.e. between 

91% and 96%, while the HCl yield was quite constant, i.e. between 82% and 90%. 

No significant decline in selectivity was observed during the experiment. In 

addition, the CO yield remained at around 2%. 

The FESEM- and EDX-mapping images of the fresh and used Pt/Al2O3 

catalysts showed that Pt was dispersed well on the surface of the catalysts. The 

measured Pt dispersion for the Pt/Al2O3 catalyst was 49% (Table 17). Some visible 

differences were observed in the FESEM images as some smoothening of the 

catalyst surface was seen after the stability experiment. The smallest particles in 

the fresh surface were no longer visible. This observation was supported by the fact 



123 

that the SBET value of the catalyst decreased by approximately 9 percentage points 

(Table 17). The systematic decrease in all textural properties suggests that sintering 

occurred. 

Table 17. Textural properties of Pt/Al2O3 catalysts before and after the 40.3-h stability 

experiment (parameters were measured for powder catalysts) (Adapted, with 

permission, from Publication I © 2013 Elsevier). 

Sample a SBET 

(m2 g–1) 

Vp (p/p0 = 0.990) 

(mmliq
3  g−1) 

PoSD type Mesopore size 

(nm) 

S(meso) 

(m2 g−1) 

V(micro) 

(mmliq
3  g–1) 

Fresh 183.1 437 Mono- 7.5 113.3 41.6 

Aged 40.3 h 167.0 404 Mono- 7.7 109.3 35.3 

a Parameters were measured for powder catalysts. 

Since the pore-size distributions (PoSD) of fresh and aged catalysts were 

practically identical, no substantial changes occurred in the case of alumina 

crystallites. Another difference observed was that some oxygen was lost or covered, 

and some chlorine was detected on the catalyst surface based on EDX. The detected 

chlorine amounts were less than 1 wt.%. At this point, the measured chlorine on the 

surface did not have any effect on the catalyst performance. The Pt/Al2O3 did not 

lose its activity or selectivity after 40.3 h. The FESEM-EDS analysis of the samples 

pre-treated with Pt sputtering showed no detectable carbon accumulation on the 

catalyst surface. 

During 40.3 h on stream, the Pt/Al2O3 catalyst showed no serious signs of 

deactivation and, hence, can be considered stable in DCM oxidation. 

4.3 Can Au surpass the catalytic performance of supported Pt 

catalysts in DCM oxidation? 

The aim was to investigate whether Au supported on Al2O3 and CeO2-Al2O3 could 

be a better catalyst than Pt in DCM oxidation. Pt was chosen as a reference catalyst 

because it has been previously used in industry and widely studied in academia. 

These results were considered in Publication II. 

4.3.1 Activity 

The conversion curves of the Pt, Au and Pt-Au catalysts studied in DCM oxidation 

are shown in Figure 22. The T50 and T90 temperatures as well as the HCl and CO2 
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yields at T90 and at the maximum are listed in Table 18. The results indicate that the 

bimetallic Pt-Au/Al and monometallic Au/Al catalysts were the most active 

catalysts based on their T50 and T90. The addition of Au resulted in a significant 

enhancement in performance by lowering the T50 by 65 °C and 85 °C compared to 

the γ-Al2O3 support and Pt/Al catalyst. With the CeO2-Al2O3-supported catalysts, 

similar results were seen, i.e. Au in the catalyst enhanced the performance in DCM 

oxidation. The T50 value was lowered by 35 °C and 40 °C compared to the CeO2-

Al2O3 support and Pt/Ce-Al catalyst, respectively. It is worth noting that the active 

metal loadings in the Au/Al and Au/Ce-Al catalysts were 0.7 wt.% and 0.5 wt.%, 

which are considerably lower than in the Pt/Al catalyst with 1.1. wt.% and the 

Pt/Ce-Al catalyst with 1.2 wt.% (Table 6). The SBET values were comparable, 

ranging from 95 to 105 m2 g−1 in the case of Al2O3-supported catalysts and from 75 

to 85 m2 g−1 for the CeO2-Al2O3-supported catalysts. Thus, the superior 

performance of Au catalysts cannot be elucidated by differences in these physical 

properties. 

 

Fig. 22. Dichloromethane (DCM) conversion of Pt, Au and Pt-Au catalysts supported on 

(a) Al2O3 and on (b) CeO2-Al2O3 (DCM 500 ppm, H2O 1.5 vol.%, weight hourly space 

velocity (WHSV) 720 g gcat
–1 h−1) (Under CC BY 4.0 license from Publication II © 2020 

Authors). 
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Table 18. Summary of catalytic performance and selectivity of Pt, Au and Pt-Au 

catalysts supported on Al2O3 and CeO2-Al2O3 in DCM oxidation (DCM 500 ppm, H2O 1.5 

vol.%; values rounded to 5 C) (Under CC BY 4.0 license from Publication II © 2020 

Authors). 

Catalyst T50 (°C) T90 (°C) HCl yield 

at T90 (%) 

Max. HCl 

yield (%) 

CO2 yield 

at T90 (%) 

Max. CO2 

yield (%) 

Al2O3 455 - - 96 a - 5 b 

Pt/Al 460 555 79 79 70 70 

Au/Al 390 475 80 97 2 30 

Pt-Au/Al 375 485 81 97 36 70 

CeO2-Al2O3 470 585 76 76 48 48 

Pt/Ce-Al 470 560 73 76 70 77 

Au/Ce-Al 435 - - 80 c - 28 d 

Pt-Au/Ce-Al 430 570 81 81 70 70 

- = not reached; a DCM conversion at 570 °C = 89%, b CO2 yield at 570 °C, c DCM conversion at 570 °C = 

89% and d CO2 yield at 570 °C. 

Based on the results, the presence of Au, alone or together with Pt, improved the 

performance of the catalyst in comparison with the catalyst containing Pt alone. 

The existence of Pt in the catalyst enhanced the selectivity towards the total 

oxidation products but not the conversion, which agrees with the previous literature. 

Maupin et al. (2012) reported that Pt/Al2O3 catalysts oxidise DCM completely 

at 380 °C, and the rate-limiting step occurs on alumina, since neither the Pt loading 

nor the dispersion (particle size) influence conversion and selectivity. Similar 

observations were made in Publication I. The deposition of Pt and/or ceria on the 

catalyst improved the selectivity towards CO2, but there was no substantial effect 

on DCM conversion (Publication I). 

The activity of Au in oxidation reactions is dependent on the Au particle size 

and shape (Haruta, 1997, 2002). The activation of oxygen by Pt takes place faster 

on larger particles (Descorme & Duprez, 2000). The Au/Al catalyst contained well-

dispersed nanoparticles in sizes below 10 nm, whereas the particles were mostly 

between 10 nm and 30 nm in size in the Pt-Au/Al catalyst. The Pt-Au/Ce-Al 

catalyst contained mainly particles between 10 nm and 40 nm, although some 

examples of larger agglomerates were seen. The Pt/Al and Pt/Ce-Al catalysts also 

seemed to contain fairly small particles, but that did not lead to better performance. 

The good performance of Au/Al and Pt-Au/Al catalysts might be, at least partly, 

connected to the particle size distribution. 
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Based on earlier studies, both acidity (Chen et al., 2012; Haber et al., 1996, 

1999; Matějová et al., 2013; Padilla, Corella, & Toledo, 1999; Publication I; Pinard, 

Mijoin, Ayrault, Canaff, & Magnoux, 2004; van den Brink et al., 1998) and 

reducibility (Chen et al., 2012; Matějová et al., 2013; Publication I) contribute to 

improved activity in DCM oxidation. The reducibility of the catalysts also had a 

significant effect on the performance in this work but in the opposite way. The 

catalysts exhibiting the lowest H2 uptake, i.e. Pt-Au/Al and Au/Al (see Table 13), 

showed the best performance, while high reducibility correlated with a poorer 

performance. In general, the catalysts that showed reducibility below 300 °C due 

to the presence of ceria (Pt/Ce-Al and Pt-Au/Ce-Al), with the exception of the 

Au/Ce-Al catalyst, exhibited poorer performance in comparison with the less 

reducible catalysts. This poorer performance is probably because of the large Au 

particles that were incapable of dissociating hydrogen. 

The three most active catalysts in DCM oxidation were the three least acidic 

catalysts. When weak acidity was taken into account, the acidity order of the 

catalyst from the lowest to the highest was Pt-Au/Ce-Al, which had the lowest 

acidity overall < Au/Al, followed by the Pt-Au/Al catalyst < Au/Ce-Al < Pt/Ce-Al 

< Pt/Al. The Au/Al catalyst also showed the highest number of strong acid sites, 

which correlated with performance according to the earlier studies. It may be that, 

in our case, the deposition of Au and/or Pt on CeO2-Al2O3 supports compensated 

the acidity loss to some degree by introducing Cl- species from the chloride 

precursors used in the catalyst preparation. These sites might have different 

characteristics in different quantities resulting from deposition, therefore affecting 

the catalyst performance. The total basicity of the catalysts differed between 85 and 

160 μmol g−1, but no direct connection to the performance could be observed. 

Moreover, it is worth noting that the Au deposition in the Pt catalysts increased the 

basicity, and the DCM conversion was higher in every case compared to the 

monometallic Pt catalysts. 

Concerning the catalytic performance of the Au catalysts studied in the earlier 

literature, Chen et al. (1996) reported T50 and T90 values of roughly 220 °C and 

250 °C, respectively, for a 5%Au/Co3O4 catalyst in DCM oxidation (DCM 500 ppm, 

H2O 0.6 wt.%, GHSV 15 000 h–1). Matêjová et al. (2013) showed that a 

0.3%Au/CeZr catalyst resulted in T50 and T90 values of 417 °C and 487 °C, 

respectively, in DCM oxidation (DCM 1 000 ppm, H2O 1.5 vol.%, space velocity 

71 m3 kg−1 h−1), with a maximum HCl yield of 77%. Redina et al. (2015) reported 

that an Au-Rh/TiO2 catalyst exhibited a DCM conversion of 99% and a HCl 
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selectivity of 90% at 400 °C in DCM oxidation (DCM 510 ppm, H2O 0.25 vol.%, 

40 000 h–1). 

Based on the results, the addition of Au onto the Pt/Al catalyst enhanced the 

activity in DCM oxidation. The Pt-Au/Al catalyst was the most active based on T50 

amongst the studied catalysts in Publication II. The monometallic Au/Al2O3 

catalyst also performed better than the Pt/Al2O3 in terms of activity. Concerning the 

T90 values, the activity order for Al2O3- and CeO2-Al2O3-supported catalysts was 

Au > Pt-Au > Pt and Pt > Pt-Au > Au, respectively. 

4.3.2 Selectivity 

The results showed that the main reaction products observed during DCM 

oxidation in this study were CO2, CO and HCl. The formation of methyl chloride 

(CH3Cl) and formaldehyde (CH2O) was seen during the experiments over certain 

catalysts at above 300 °C. The HCl yields of the studied catalysts are presented in 

Figures 23a and b and Table 18. 

 

Fig. 23. HCl yields of Pt, Au and Pt-Au catalysts supported on (a) Al2O3 and on (b) CeO2-

Al2O3 in DCM oxidation (same conditions as in Fig. 22) (Under CC BY 4.0 license from 

Publication II © 2020 Authors). 

The formation of intermediates for each catalyst is shown in Figures 24a–f. 

Amongst all the studied catalysts, the Pt-Au/Al and Au/Al catalysts were the most 

active and HCl-selective, both reaching close to 100% HCl yields at approximately 

550 °C. The other catalysts achieved HCl yields of up to 70–80% during the 

experiments. Although the monometallic Au/Al and Au/Ce-Al catalysts were 

significantly more active than the Pt catalysts, the formation of CO and other 

intermediates was observed to be considerable (Fig. 24c and d). The Pt-Au/Al 
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catalyst yielded mainly CO2 and HCl, but a slight formation of CO and 

formaldehyde was detected. Chlorine-containing intermediates were not seen with 

the Pt-Au/Ce-Al catalyst. The catalysts were prepared from chloride precursors and, 

thus, might have contained residual chlorine. Calcination in dry air is not able to 

remove residual chlorine as HCl (Kalantar Neyestanaki et al., 2004; Paulis, Peynard, 

& Montes, 2001). Chlorine stays on Al2O3-based catalysts and, further, influences 

hydrocarbon oxidation as an inhibitor. Residual chlorine is eliminated during 

oxidation in the presence of water, forming HCl. This restores catalytic activity, 

and might even enhance activity, because the initial Cl in contact with the active 

phase is removed completely (Paulis et al., 2001). 
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Fig. 24. Product concentrations of Pt, Au and Pt-Au catalysts supported on Al2O3 (a), (c) 

and (e) and on CeO2-Al2O3 (b), (d) and (f) in DCM oxidation (same conditions as in Fig. 

22) (Under CC BY 4.0 license from Publication II © 2020 Authors). 

The formation of CO was detected in each case in concentrations from a few ppm 

up to over 200 ppm, depending on the catalyst. The Pt/Al and Pt/Ce-Al catalysts 

consistently exhibited the lowest CO formation, the maximum being 27 ppm at 

555 °C and 30 ppm at 530 °C, respectively. In the case of the Pt-Au/Al and Pt-

Au/Ce-Al catalysts, the highest observed CO concentrations were 78 ppm at 560 °C 

and 62 ppm at 570 °C, respectively. Overall, the highest CO concentrations 
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amongst the studied catalysts were detected with the Au/Al and Au/Ce-Al catalysts, 

being over 200 ppm at above 520 °C. CO formation began at the same temperature 

levels as HCl formation with all the catalysts. 

The Pt catalysts were the most selective towards the total oxidation product, 

i.e. CO2 (Fig. 24a and b). This may be simply due to the well-known efficiency of 

Pt in complete oxidation and its relatively low tendency to catalyse partial oxidation 

(Heneghan et al., 2004; Spivey, 1987). The bimetallic Pt-Au/Al and Pt-Au/Ce-Al 

catalysts were able to oxidise carbon intermediates better compared to the 

monometallic Au catalysts (Fig. 24e and f), which is probably due to the presence 

of Pt. 

The selectivities towards HCl were fairly high with all the catalysts, as 

demonstrated by the methyl chloride concentrations, i.e. the intermediate of the 

DCM oxidation reaction, which were relatively low from zero up to 31 ppm. The 

highest methyl chloride concentrations were observed in the case of the Pt-Au/Al 

catalyst, the maximum being 31 ppm at 405 °C, followed by the Au/Al catalyst 

producing a maximum of 27 ppm at 390 °C. The formation of methyl chloride was 

not seen in the case of the Pt-Au/Ce-Al catalyst at all, and with the other CeO2-

Al2O3-supported catalysts and the Pt/Al catalyst, the concentrations were below 8 

ppm. Methyl chloride formation was reported over Al2O3-supported catalysts in 

oxidative conditions in several previous studies (Bond & Francisco, 1996; Haber 

et al., 1996, 1999; Maupin et al., 2012; van den Brink et al., 1998; Wang et al., 2006, 

2008). It seems that the presence of ceria decreases the formation of methyl 

chloride. 

The formation of formaldehyde (CH2O) was detected with every catalyst, and 

the maximum concentrations were from 6 ppm up to 108 ppm. The highest 

formaldehyde concentrations were detected with the Au/Al (>100 ppm between 

440 °C and 505 °C) and Pt-Au/Al (21 ppm at 445 °C) catalysts. The lowest 

formaldehyde concentrations were observed over Pt/Ce-Al (6 ppm at 495 °C), Pt-

Au/Ce-Al (21 ppm at 445°), Au/Ce-Al (35 ppm at 470 °C) and Pt/Al (36 ppm at 

510 °C). The presence of ceria reduced the formation of the intermediate in this 

case as well. 

The alumina support alone converted DCM selectively into HCl, achieving 

yields of over 90% at temperatures above 555 °C (Table 18). The formation of 

methyl chloride (CH3Cl) up to 60 ppm was detected during the reaction and carbon 

compounds were seen as partial oxidation products (CO and formaldehyde) up to 

530 °C, after which CO2 formation began. The CeO2-Al2O3 alone was also selective 

towards HCl and the concentrations of other Cl-containing products were below 7 
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ppm during the light-off experiment. The final carbon products were mostly CO2 

and CO. The advantageous effect of ceria was evident in this case, too. The 

formation of formaldehyde was insignificant. However, both supports exhibited 

low DCM conversion. The Al2O3 support did not reach T90, whereas the CeO2-

Al2O3 support showed a T90 value of 585 °C (Table 18). 

Methyl chloride (CH3Cl) formation in oxidative conditions over Al2O3-

supported catalysts has been reported earlier in several studies (Haber et al., 1996; 

Maupin et al., 2012; Publication I; van den Brink et al., 1998; Wang et al., 2008). 

It has been proposed that methyl chloride forms in the presence of the Lewis acid 

sites that are typical for alumina. It has been suggested that formaldehyde is formed 

on the Brønsted acid sites, the number of which could be increased by the presence 

of water (Pinard, Mijoin et al., 2004; van den Brink et al., 1998). The largest 

differences were observed in CO formation, since both the Au/Al and Au/Ce-Al 

catalysts produced relatively high amounts of CO, i.e. over 200 ppm, in addition to 

the alumina support that produced over 340 ppm CO. The Pt-containing catalysts 

showed the most beneficial product distributions in regard to intermediate yields. 

The monometallic Au catalysts exhibited the lowest CO2 yields. 

It is known that oxygen activation is easier on ceria and noble metals in 

comparison with alumina (Duprez, 2006), which enables a faster delivery of 

reactive oxygen and, therefore, accelerates total oxidation. In addition, surface 

diffusion and the strength of chemisorption on the catalyst have an effect on the 

ability of the surface intermediates to move closer to each other for further reactions 

(Publication I). 

The oxygen activation on monometallic (Publication III) and bimetallic 

(Publication IV) catalysts correlated well with the DCM oxidation in terms of the 

Au/Al and Pt/Al catalysts. Oxygen exchange began at approximately 310 °C in the 

case of Au/Al catalyst, which is at the same temperature as the formation of HCl 

and partial oxidation products were observed (7 ppm of HCl and 10 ppm of CH2O 

at 300°C). A slight formation of 18O16O (0–0.1 mbar) was detected right at the 

beginning of the experiment (200 to 310 °C), after which it quickly increased. The 

Pt/Al catalyst activated oxygen at around 370 °C based on the formation of 18O16O 

(first observations of 18O16O, i.e. 0–0.1 mbar, already at approx. 340 °C) and during 

DCM oxidation; 6 ppm of HCl and 5 ppm of CH2O were detected at 340 °C). Even 

though the oxygen activation in the case of Pt-Au/Al catalyst began at the higher 

temperature of around 380 °C, oxidation products during DCM oxidation were seen 

already at approx. 290 °C (4 ppm of HCl and 6 ppm of CH2O), which is at the same 



132 

temperature where the slight formation of 16O16O (0–0.1 mbar) was detected in the 

isotopic exchange experiment (18O2-TPIE). 

The Au/Ce-Al catalyst started oxygen activation increasingly at 380 °C, but a 

slight formation of 18O16O (0-0.1 mbar) was detected already between 250 °C and 

380 °C. During DCM oxidation, the formation of HCl and oxidation products was 

observed at 305 °C (5 ppm HCl and 6 ppm of CH2O). Regarding the Pt/Ce-Al 

catalyst, oxygen activation started progressively at 340 °C, and a slight formation 

of 18O16O was detected at above 250 °C. During DCM oxidation, the formation of 

HCl and CO2 was observed at the same temperature (345 °C). The oxygen 

activation appears to have a connection with the initiation of the DCM oxidation 

reaction in the case of Al2O3-supported catalysts. Over the Pt-Au/Ce-Al catalyst, 

the oxygen activation began at approximately 390 °C, but during DCM oxidation, 

the formation of HCl, CH2O and CO2 was observed already at 315 °C, which cannot 

be explicated by the results of the isotopic exchange experiment. This could be 

connected to the reduction of the Pt-Au/Ce-Al catalyst, which showed a hydrogen 

uptake between 150 °C and 300 °C. The behaviour of the CeO2-Al2O3 catalyst 

could be attributed to the reducibility of ceria, i.e. the ability to gain electrons that 

provide the available oxygen at lower temperatures before oxygen activation begins 

to increase gradually. Au was in the metallic state in all of the Au-containing 

catalysts, with the exception of the Au/Al, Au/Ce and Pt-Au/Ce catalysts also 

containing Au1+, and no substantial differences were demonstrated based on the 

XPS results. Therefore, the Au oxidation state does not appear to explain the 

differences in the catalytic performance of Au/Al and Pt-Au/Al catalysts compared 

to the Au/Ce-Al and Pt-Au/Ce-Al catalysts. 

Carbon balances for the best performing catalysts in the light-off experiments 

are presented in Figures 25a and b. Over the Au/Al catalyst, CO2 formation initiated 

at 450 °C, which did not directly affect the CO formation, but formaldehyde 

formation started to decrease concurrently. The carbon balance was almost closed 

at the end of the light-off experiment. The Pt-Au/Al catalyst demonstrated a better 

performance regarding total oxidation, as observed in Figure 25b, in comparison 

with the Au/Al catalyst, shown in Figure 25a. The CO2 formation began at roughly 

340 °C, increasing towards the higher temperature level at the end of the light-off 

experiment. The formation of CO and formaldehyde was detected during the whole 

temperature range of the reaction, but both yields were below 16%. The carbon 

balance was closed at the end of the experiment. 
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Fig. 25. DCM oxidation over (a) Au/Al and (b) Pt-Au/Al catalysts (same conditions as in 

Fig. 22) (Under CC BY 4.0 license from Publication II © 2020 Authors). 

The Au/Al2O3 and Pt-Au/Al2O3 catalyst showed the highest HCl selectivities: close 

to 100% compared to that of the Pt/Al2O3 catalyst (~80%). The HCl selectivity 

seems to be affected by oxygen activation at the very least. 

4.3.3 Stability of Pt-Au/Al2O3 catalyst in DCM oxidation 

During operation, the durability of a catalyst is highly important, especially in the 

oxidation of chlorinated compounds. The most active and selective catalyst in this 

study (Publication II), i.e. Pt-Au/Al, was selected for a 100-hour stability 

experiment. The experimental conditions were chosen based on the T90 temperature 

in the light-off experiment, but in isothermal conditions, the 90% DCM conversion 

was achieved already at a lower temperature. The conditions were the following: 

500 ppm DCM and a constant temperature of 395 °C in moist conditions (H2O 1.5 

wt.%). During every refill of the DCM and water syringes, the temperature was 

raised by approximately 10 °C, because no gas was fed into the reactor in by-pass 

but stabilised down to 395 °C for a few minutes after the gas flow was introduced 

back into the reactor. 

The results of the stability experiment are shown in Figure 26. The 

performance of the Pt-Au/Al catalyst was stable throughout the 100-hour 

experiment. The DCM conversion remained between around 85% and 93% and 

only a slight decrease in DCM conversion was detected after 50 h. The HCl yield 

appeared to increase simultaneously by a few percentage points on average. The 

HCl yield varied from 68% to 91% and the CO2 yield from 13% to 33%. Regarding 

by-products, the CO and formaldehyde yields fluctuated between 14% and 30% 
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and between 12% and 20%, respectively. The formation of methyl chloride (CH3Cl) 

appeared to decrease by a few percentage points. 

 

Fig. 26. Stability of Pt-Au/Al catalyst in DCM oxidation during the 100-h experiment 

(395 °C, DCM 500 ppm, H2O 1.5 vol.%, weight hourly space velocity (WHSV) 

720 g gcat
−1 h−1) (Under CC BY 4.0 license from Publication II © 2020 Authors). 

The light-off experiments conducted before and after the stability experiment (Fig. 

27a and b) evidenced a slight sintering of active sites and/or support material, based 

on the shape of the curves in Figure 27b (Heck & Farrauto, 1995). The T50 and T90 

values did not change significantly since the values increased by 5 °C and 20 °C 

after the stability experiment, respectively. The HR-TEM and HAADF-STEM 

analyses performed after the 100-h stability experiment showed evidence of 

sintering of the bimetallic Pt-Au particles. Based on Figure 26, the formation of 

CO2 and CO demonstrated a minor increase during the experiment, but the light-

off experiment done after the stability experiment (Fig. 27b) exhibited less CO2 
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formation, which could be a result of the differences between experiments 

conducted at constant and increasing temperatures. 

 

Fig. 27. (a) DCM conversion, as well as (b) HCl and CO2 yields, over Pt-Au/Al catalyst 

before and after the stability experiment in DCM oxidation (same conditions as in Fig. 

22) (Under CC BY 4.0 license from Publication II © 2020 Authors). 

Carbon balances for the Pt-Au/Al catalyst during the light-off experiments before 

and after the 100-h stability experiment are presented in Figures 28a and b. 

Evidence for deactivation can be observed based on the yields of CO2 and CO. The 

CO2 yield is slightly lower and, in turn, the CO yield higher in Figure 28b. In this 

respect, the stability experiment might have caused transformations in the catalyst 

structure that influenced the oxidation ability of the Pt-Au/Al catalyst. Nevertheless, 

the formation of methyl chloride (CH3Cl) was slightly lower, which was also 

observed during the stability experiment (Fig. 26), as discussed earlier. The carbon 

balance was closed in both light-off experiments. 
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Fig. 28. Carbon balance in DCM oxidation over Pt-Au/Al catalyst (a) prior to and (b) after 

the stability experiment (same conditions as in Fig. 22) (Under CC BY 4.0 license from 

Publication II © 2020 Authors). 

Chen et al. (1996) investigated the stability of a 5%Au/Co3O4 catalyst in DCM 

oxidation (DCM 100 ppm, H2O 0.6 wt.%, balance air, 395 °C, GHSV 90 000 h–1). 

During 130 h on stream, the 5%Au/Co3O4 catalyst did not demonstrate any serious 

signs of deactivation at a DCM conversion level of roughly 90% to 95%, yet a 

slight decrease could be detected, similarly to this study. It is worth noting that, in 

their experiment, the DCM concentration was five times lower and the Au loading 

five times higher in comparison with this study (Chen et al., 1996). 

Aida, Higuchi and Niiyama (1990) studied the stability of a 5%Au/Al2O3 

catalyst in methyl chloride oxidation (catalyst 1 g, CH3Cl 1 000 ppm, H2O 2 vol.%, 

balance air, 300 °C, weight/flow (W/F) 13.4 kg s mol−1). At a constant temperature 

of 300 °C, the catalyst lost its activity entirely from about 100% conversion to 5% 

in 5 h, but it could be regenerated by increasing the temperature above 427 °C. A 

thermogravimetric analysis conducted after the reaction showed that HCl did not 

desorb from the catalyst surface at below 327 °C, even after the introduction of 

water, and the active sites suffered from deactivation. When the temperature was 

increased to above 400 °C, the catalyst activity recovered. The reaction of chlorine 

with water, resulting in the formation and further desorption of HCl, closed the 

catalytic cycle (Aida et al., 1990). In CVOC oxidation, it is important to avoid the 

strong interaction of HCl with the catalyst surface, which leads to deactivation 

(Heneghan et al., 2004), but at higher temperatures another problem might occur, 

since HCl attacks the alumina support (Chen et al., 1996). Bond and Francisco 

(1996) proposed that the reaction mechanism comprises the disruption of the 

chlorinated reactant at a Lewis acid site, followed by the formation of metal-

chloride bonds. Furthermore, the chemisorption of water at a similar Lewis acid 
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site and its reaction with the metal-chloride bond to form HCl occur. Water and the 

chlorinated reactant compete for the same active sites, and the water molecules are 

more effective. If the rate of formation of Cl-M bonds is too high and the water 

vapour pressure too low, species such as Cl2M and Cl3M are formed, and these 

might react further to produce gaseous metal chloride (Bond & Francisco, 1996). 

In this study, the HCl yield remained at a high level throughout the stability 

experiment and thus no severe adsorption of HCl was observed. It seems that the 

water content of 1.5 vol.% was sufficient to prevent deactivation. 

Figure 29 presents characteristic HR-TEM and HAADF-STEM images 

including the corresponding PSD data in Figure 29a that provide evidence on the 

structural transformations in the catalyst after the long-term stability experiment. 

The bright-field STEM image in Figure 29b demonstrates the sintering of the active 

phases. The Feret diameter of the largest agglomerates in that image were 150 to 

175 nm. Even though the image evidenced significant sintering, the PSD data 

(n = 450) suggested the contrary. The amounts of particles between 0 and 10 nm in 

size and 10 to 20 nm increased by 2 and 9 percentage points, respectively, while 

the amounts between 20 nm and 30 nm in size decreased by 20 percentage points 

after the stability experiment. Although the amounts of larger particles (i.e. 30 to 

40 nm, 40 to 50 nm and >50 nm) all increased by a few percentage points, the size 

distribution demonstrated a larger number of smaller particles, mostly between 

10 nm and 20 nm (52%) compared to the fresh Pt-Au/Al catalyst, which had 43% 

for the same size range. These observations could be a consequence of the removal 

of the residual chlorine. There might not have been a sufficient amount of chlorine 

present on the catalyst surface to cause severe sintering of the particles. Gold with 

its resistance to highly electronegative elements and the reduced amount of Cl in 

the catalyst during the reaction could be two reasons why the catalytic performance 

was retained in the stability experiment. 



138 

Fig. 29. Representative (a) HR-TEM image with PSD data and (b) HAADF-STEM image of 

used Pt-Au/Al catalyst after the 100-h stability experiment in DCM oxidation (same 

conditions as in Fig. 26) (Under CC BY 4.0 license from Publication II © 2020 Authors). 
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Legawiec-Jarzyna et al. (2009) investigated the catalytic activity of Pt-Au/Al2O3 

catalysts in the hydrochlorination of carbon tetrachloride (CCl4) and proposed that 

the deposition of Au onto Pt without a significant change in metal particle size 

decreases the affinity to the chloride species. A direct comparison of the free energy 

of formation for AuCl3 and PtCl3 (in a temperature range of 27–227 °C) 

demonstrate a much lower metal-Cl bond strength for gold. A higher activation 

energy for the monometallic Pt catalyst (56 vs. ~30 kJ mol−1 for the bimetallic 

catalysts) suggests that Cl removal from the Pt surface is more difficult than for the 

bimetallic Pt-Au surface. Pt particles are very susceptible to excessive chloriding 

and, in effect, to a severe deactivation in the hydrochlorination of carbon 

tetrachloride (Legawiec-Jarzyna et al., 2009). In this study, although some sintering 

of the Pt-Au particles was seen, excessive chloriding of the Pt was not observed – 

perhaps due to the lower affinity of Au towards the chloride species, which protects 

the Pt particles. In our case, Au was deposited on the Pt particles, and, therefore, 

they were in close contact to each other.  

The Pt-Au/Al2O3 catalyst demonstrated good stability during the long-term 

100-h experiment with high DCM conversion. A slight sintering of the Pt-Au 

particles was observed after the experiment, but it did not seem to influence the 

catalytic performance. 

4.3.4 Role of Au in the reaction mechanism on alumina-supported 

catalysts 

The Al2O3-supported catalysts in this study were selected for further investigation 

in respect to the reaction mechanism, since they were better than the CeO2-

containing analogues. The main reaction products detected during DCM oxidation 

were CO2, CO and HCl (see Fig. 24). The formation of methyl chloride (CH3Cl) 

and formaldehyde (CH2O) was observed during the experiments over the Au/Al 

and Pt-Au/Al catalysts. However, only formaldehyde was seen over the Pt/Al 

catalyst. To understand the role of gold in DCM oxidation better, the measured 

gaseous products for the Pt/Al, Au/Al and Pt-Au/Al catalysts are listed in Table 19. 

Considering these catalysts, the formation of formaldehyde was observed already 

at a temperature of around 40 °C lower in comparison with the formation of HCl. 

This could mean that, at lower temperatures, direct DCM hydrolysis into 

formaldehyde occurs. Moreover, methyl chloride was not detected with the Pt/Al 

catalyst, which suggests that the direct hydrolysis reaction rate was also high with 

the Pt/Al catalyst at a higher temperature. The DCM oxidation over the Pt/Al, 
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Au/Al and Pt-Au/Al catalysts in excess hydrogen resulting from the water feed can 

proceed via the cleavage of all chlorines from the carbon atom, hence following the 

lowest bond energy. Formaldehyde formation is predicted to take place on Brønsted 

acid sites (Pinard, Mijoin et al., 2004). Van den Brink et al. (1998) reported that the 

first step in DCM oxidation over γ-Al2O3 is the reaction of the adsorbed DCM 

molecule with a surface OH group that forms a chloromethoxyl species, which 

further reacts to form the chemisorbed formaldehyde analogue. The adsorbed 

formate species decomposes to CO or CO2. The chloride removed after the 

formation of the chemisorbed formaldehyde species can react with Al3+ on the 

surface to form an aluminium chloride species or attach to a proton to form HCl. 

Water can regenerate the Al-Cl entities (van den Brink et al., 1998). 

Table 19. Gaseous products detected during light-off experiments (same conditions as 

in Fig. 22) (Under CC BY 4.0 license from Publication II © 2020 Authors). 

Catalyst DCM Conv. 

at 570 °C 

(%) 

CH2O 

(ppm at temp. 

range, °C) 

CH3Cl 

(ppm at temp. 

range, °C) 

CO 

(ppm at temp. 

range, °C) 

CO2 

(ppm at temp. 

range, °C) 

HCl 

(ppm at temp. 

range, °C) 

Pt/Al 90 

at 555 

2–35 

at 285–555 

- 2–30 

at 340–555 

2–350 

at 290–555 

2–795 

at 330–555 

Au/Al 100 2–110 

at 250–575 

2–30 

at 300–575 

2–230 

at 305–575 

2–150 

at 460–575 

2–960 

at 290–575 

Pt-Au/Al 96 2–75 

at 245–570 

2–30 

at 315–496 

2–80 

at 265–570 

2–340 

at 345–570 

2–955 

at 290–570 

Haber et al. (1996, 1999) and van den Brink et al. (1998) discussed the role of 

Lewis acid sites in DCM oxidation. Haber et al. proposed that the activity of Al2O3 

in DCM oxidation is connected to the distribution of Lewis acid sites, whereas the 

formation and selectivity to methyl chloride is depending on the concentration of 

Lewis acid sites (Haber et al., 1996, 1999). In the mechanism suggested by van den 

Brink et al. both chlorines are displaced, and instead of forming HCl or aluminium 

chloride, Cl can also re-enter a surface methoxy species by nucleophilic 

displacement. The formaldehyde species may also disproportionate to form 

methoxy and formate groups. The methoxy species can react with HCl to form 

methyl chloride, which was seen in our study, at slightly higher temperatures. At 

higher temperatures, formaldehyde species can decompose quickly and desorb 

more easily, making disproportionation less probable. If methyl chloride is still 

formed, it will be decomposed on γ-Al2O3 (van den Brink et al., 1998). 
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Maupin et al. (2012) proposed a slightly different mechanism for methyl 

chloride formation in comparison with that of van den Brink et al. (1998). Firstly, 

one chlorine atom from DCM molecule is replaced by an alumina hydroxyl group 

(step 1), resulting in the formation of chloromethoxy species. Secondly, the last 

species is transformed into a hemiacetal species (step 2) (Maupin et al., 2012). 

These steps are in agreement with van den Brink et al., with the exception that, in 

the mechanism by van den Brink et al., both chlorines of DCM molecule are 

displaced and then Cl re-enters on a surface methoxy species. However, methyl 

chloride formation is described in a different way. Maupin et al. proposed that two 

chloromethoxy species react, via hemiacetal species, to form a formate species and 

methyl chloride (step 3), as also discussed in van den Brink et al., in which the 

hydride is transferred from the hemiacetal species rather than from the surface, as 

proposed by Haber et al. (1996). The chloromethoxy disproportionation is 

coincident with the formation of Al-O-Al bridges that lead to a decrease in the 

numbers of available OH groups. After that, the formate species formed decompose 

to CO or CO2, and finally, water regenerates the OH groups (step 4) (Maupin et al., 

2012). 

Pinard, Mijoin, Magnoux and Guisnet (2003) investigated DCM oxidation 

over pure NaY and PtNaY catalysts, NaX and NaY zeolites (Pinard, Magnoux, 

Ayrault, & Guisnet, 2004), and PtHFAU (Pinard, Mijoin et al., 2004) and PtFAU 

catalysts (Pinard, Mijoin, Magnoux, & Guisnet, 2005). They suggested that DCM 

transformation takes place bifunctionally via DCM hydrolysis on the Brønsted acid 

sites of the support, leading to formaldehyde and HCl, followed by formaldehyde 

oxidation into CO2 and water on the Pt sites. Water is needed for the formation of 

formaldehyde. The formation of CO can result from formaldehyde oxidation or by 

decomposition of formate species. The proposed main reactions were (Pinard, 

Mijoin et al., 2004) 

 CH2Cl2 + H2O  CH2O + 2HCl (7) 

and 

 CH2O + ½O2  CO + H2O. (8) 

A methyl chloride intermediate was formed via the Lewis acid sites at higher 

temperatures (Pinard, Mijoin et al., 2004). The CO formation could be a 

consequence of the direct oxidation of formaldehyde (Pinard, Mijoin et al., 2004), 

in addition to the suggested decomposition of formate species on the Lewis acid 

sites, as reported by van den Brink et al. (1998) and Maupin et al. (2012). According 
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to Maupin et al., DCM is oxidised completely over a Pt/Al2O3 catalyst at 380 °C, 

and neither the Pt loading nor the dispersion influence the conversion rates and 

selectivity as was also observed in Publication I. In this study, the Au deposition on 

Al2O3 resulted in a substantial decrease in the light-off temperature, and the 

addition of Au on the Pt/Al2O3 catalyst improved both DCM conversion and 

selectivity towards total oxidation. 

Supported Au catalysts are effective in selective partial oxidation (Haruta, 1997, 

2002; Hashmi & Hutchings, 2006; Hughes et al., 2005; Pina, Falletta, & Rossi, 

2012), often succeeding in applications where other metals fail due to a weaker 

adsorption of the reactants, such as hydrocarbons, on the catalyst surface (Bond, 

2012a). One reason for the lower total oxidation result seen in our study with the 

monometallic Au catalysts (Publication II) could be that the adsorption of reaction 

intermediates was too weak. According to Haruta (1997), the surface adsorption 

and reactivity of Au can be tailored by creating surface structures via downsizing 

or scratching. The moderate bonding strength on the defect sites of Au, which is 

weaker than that on Pd and Pt, often makes Au catalysts better in comparison with 

other noble metal catalysts at lower temperatures (Haruta, 1997). This can also be 

observed in our study since reaction products were detected at lower temperatures 

in the case of Au-containing catalysts than over the Pt/Al catalyst. 

Alumina is strongly hydrated in the presence of water, which facilitates the 

reaction between the DCM and OH groups from alumina (Maupin et al., 2012). It 

is worth pointing out that alumina is also hydrophilic and therefore attracts water 

on its surface (Sung et al., 2012). In addition, the Pt/Al2O3 catalyst is hydrophilic 

(Heneghan et al., 2004) and Au has a hydrophilic character (Haruta, 1997). Water 

adsorbs weakly on Au (Outka & Madix, 1987). The adsorption of water is followed 

by the dissociation of water into protons and hydroxyl groups, on which DCM 

adsorbs, thus enhancing the adsorption. It could be speculated that the relatively 

high amounts of formaldehyde formed by the Au/Al catalyst could be a result of a 

large amount of Brønsted acid sites. Costello, Kung, Oh, Wang and Kung (2002) 

and Costello et al. (2003) investigated an Au/γ-Al2O3 catalyst in CO oxidation and 

suggested that water forms Au+-OH- via adsorption on Au clusters. Chemisorbed 

oxygen on Au has a Brønsted base character (Haruta, 1997; Outka & Madix, 1987). 

On the Au surface, atomic oxygen reacts like a Brønsted base by abstracting a 

hydrogen atom from acidic compounds. Moreover, oxygen atoms on the Au(110) 

surface were seen to react like a nucleophilic base towards formaldehyde (Outka & 

Madix, 1987). This could explain the product distributions with the Au-containing 

Al2O3 catalysts in our study. Further oxidation of an adsorbed molecule, in this case, 
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formaldehyde, is inhibited when the activation energy for desorption is lower than 

that for oxidation. CeO2-containing catalysts, however, are capable of oxidising 

carbon products, further leading to the formation of CO and CO2 due to their high 

oxygen storage capacity and good reduction-oxidation character (Wang et al., 

2019). The different product distribution could be also the result of different 

reaction pathways: on Al2O3, direct DCM hydrolysis into formaldehyde occurs, and 

on CeO2 the Mars-van Krevelen mechanism predominates. 

The role of Au is distinct, since formaldehyde, methyl chloride and CO are 

formed compared to the Pt/Al catalyst, which forms mostly CO2. Au improves the 

DCM conversion and HCl yields but results in partial oxidation products. The 

results demonstrate that DCM decomposition over the Au-containing Al2O3-

supported catalysts occurs via a bifunctional mechanism in which hydrolysis is the 

first step, followed by oxidation. 

4.4 Can Au surpass the catalytic performance of Pt and Cu 

catalysts in DMDS oxidation? 

The objective was to study whether Au supported on Al2O3, CeO2 and CeO2-Al2O3 

could outperform Pt and Cu catalysts in DMDS oxidation in terms of activity, 

selectivity and stability. Pt and Cu were selected as reference catalysts because they 

have been used in previous investigations in academia and industry. These results 

have been discussed in Publication III. 

4.4.1 Activity 

The DMDS light-off curves for the monometallic catalysts and corresponding 

supports are shown in Figure 30. Complete DMDS conversion was achieved in the 

temperature range from 300 C to 600 C with most of the catalysts. Table 20 

presents the T25, T50, T90 and T100 temperature values for the catalysts. 
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Fig. 30. Dimethyl disulphide (DMDS) conversion of Au, Pt and Cu catalysts supported 

on (a) Al2O3, (b) CeO2 and (c) CeO2-Al2O3 (DMDS 500 ppm, weight hourly space velocity 

(WHSV) 720 g gcat
–1 h−1) (Adapted, with permission, from Publication III © 2015 Elsevier). 
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Table 20. Summary of T25, T50, T90 and T100 temperatures of Au, Pt and Cu catalysts 

supported on Al2O3, CeO2 and CeO2-Al2O3 in DMDS oxidation (values rounded to 5 C) 

(Publication III). 

Catalyst Support material 

 Al2O3 CeO2 CeO2-Al2O3 

 T25  T50  T90  T100  T25  T50  T90  T100  T25  T50  T90  T100 

- 395  420  505  *  235  360  480  *  340  375  440  * 

Au 320  350  420  600  290  350  480  580  280  405  525  * 

Pt 370  390  415  550  255  325  435  *  290  380  460  * 

Cu 230  280  400  545  260  300  445  *  270  275  290  325 

*Not reached below 600 °C. 

In regard to the T50 values, the Cu/Ce-Al catalyst showed the best activity, followed 

by the Cu/Al and Cu/Ce catalysts. In the case of the Cu/Ce-Al catalyst, DMDS 

oxidation started at approximately 250 C and complete oxidation was achieved at 

325 C. The next best catalysts that reached complete oxidation were Cu/Al and 

Pt/Al, at significantly higher temperatures of 545 C and 550 C, respectively. In 

general, Cu catalysts exhibited higher activity than the Pt and Au catalysts. The 

high activity of the Cu/Al and Cu/Ce-Al catalysts could be a result of high 

reducibility, but also of high acidity, as observed by NH3-TPD in Figure 19. One 

could speculate that high acidity enables good adsorption of the basic DMDS on 

the surface and high reducibility would provide readily available oxygen from the 

Cu oxide structures. The Cu species were mostly in an amorphous form, as shown 

by XRD and H2-TPR. They provided weakly bonded oxygen that was readily 

available in the catalyst and, thus, oxygen activation occurred at lower temperatures, 

contributing to a low light-off point and the observation of partial oxidation 

products. Au did not show significant enhancement in DMDS oxidation, especially 

regarding higher conversion regions. The relatively low activity could be a 

consequence of the small Au particles sintering during high-temperature 

calcination at 600 C due to the low melting point of <10 nm Au particles (below 

~530 C), leading to less active catalysts (Edwards et al., 2005). According to 

Zanella et al. (2002), the deposition-precipitation with urea used for the preparation 

of monometallic Au catalysts is known to produce Au particles of between 1 nm 

and 6 nm in size. When comparing Au and Pt catalysts, the Au catalysts oxidised 

DMDS better at low and intermediate temperatures, as expected (Haruta, 1997). 

The CeO2-supported catalysts began to adsorb DMDS already at 

approximately 140 °C. The Au/Ce catalyst started to adsorb DMDS at 140 °C and 

oxidation to SO2 was detected at 190 °C. Likewise, the Pt/Ce catalyst started to 
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adsorb DMDS at approx. 140 °C and SO2 formation was seen at 180 °C. With the 

Cu/Ce catalyst, the DMDS adsorption was observed to initiate at about 170 °C at 

the same temperature as SO2 formation. Furthermore, the light-off curves in the 

case of CeO2-supported catalysts were located in wider temperature ranges. In 

addition, the CeO2 support alone demonstrated considerable activity. 

The results showed that Au catalysts are active in DMDS oxidation. However, 

Au could not surpass the performance of the Cu and Pt catalysts in most of the 

cases. 

4.4.2 Selectivity 

The SO2 yields for the monometallic catalysts and corresponding supports are 

shown in Figure 31. Over 100% SO2 yields were seen probably due to the 

adsorption-desorption phenomenon. DMDS adsorption was observed at 

temperatures below 100 C and thus desorption and reaction at higher temperatures 

producing higher than 100% yields were possible. This was observed especially 

with the Al2O3-containing catalysts. In oxidising conditions, at around 400 C, 

sulphur can be stored through the oxidation of SO2 to produce SO3 that reacts with 

Al2O3 to form sulphates (Corro, Velasco, & Montiel, 2001). This sulphur can be 

released at higher temperatures. Waqif, Bazin et al. (1997) reported that the 

oxidative adsorption of SO2 on CeO2 results in the formation of bulk and surface 

species, the latter being formed more easily. The bulk species, which were produced 

via oxidation of SO2 under excess of oxygen at 400 C, were not very stable since 

most of the bulk species formed had disappeared at 600 C. SO2 species stay 

adsorbed at 400 C and they are then oxidised by O2. Waqif, Pieplu, Saur, Lavalley 

and Blanchard (1997) also studied CeO2-Al2O3 using thermogravimetric 

experiments and reported that the sulphate species adsorbed on CeO2 at lower 

temperatures began to decompose at above 400 C. They suggested that CeO2 

improves SO2 oxidation into sulphates, which are thermally more stable on CeO2-

Al2O3 than on CeO2, but less stable on Al2O3. In addition, sulphation of CeO2 

results in a loss of surface area and blocking of the small mesopores, and thus 

influences activity. According to Deshmukh, Zhang, Kovalchuk and d’Itri et al. 

(2003), the loss of surface area is probably a result of the crystallite size growth 

induced by sintering. Kylhammar, Carlsson, Härelind Ingelsten, Grönbeck and 

Skoglundh (2008) reported that sulphur oxides are stored at temperatures between 

200 C and 500 C and then released above 500 C in lean conditions. Alumina and 

ceria do not release substantial amounts of sulphur oxides below 500 C. The 
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addition of Pt on CeO2 improves the SOx storage capacity by increasing the rate of 

bulk sulphate formation (Kylhammar et al., 2008). SOx desorption starts at around 

500 C, indicating that thermal decomposition of SOx adsorbed on CeO2 is 

significant (Happel et al., 2009). These studies support the fact that the sulphate 

species formed could desorb above 400 C, contributing to the detected SO2 yields 

of over 100% in our experiments. 
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Fig. 31. SO2 yields over Au, Pt and Cu on (a) Al2O3, (b) CeO2 and (c) CeO2-Al2O3 in DMDS 

oxidation (same conditions as in Fig. 30) (Adapted, with permission, from Publication 

III © 2015 Elsevier). 

With all the monometallic catalysts, except for Pt, the SO2 yields were at similar 

levels. The addition of a noble metal decreased the formation of intermediates, i.e. 

formaldehyde and carbon monoxide. The CH2O yields during DMDS oxidation are 

shown in Figure 32. Generally, the lowest amounts of intermediates were produced 
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over the Pt-containing catalysts. The results indicate that SO2 is oxidised further 

over the Pt catalysts, especially Pt/Al catalyst. The decrease in SO2 formation was 

not observed with the Pt/Ce catalyst. 

 

Fig. 32. CH2O yields over Au, Pt and Cu on (a) Al2O3, (b) CeO2 and (c) CeO2-Al2O3 in DMDS 

oxidation (same conditions as in Fig. 30) (Adapted, with permission, from Publication 

III © 2015 Elsevier). 
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The formation of CH2O was significant and independent of the support used with 

Cu catalysts. Cu seemed to promote CH2O formation. In addition, the presence of 

CeO2 in the Au and Pt catalysts increased CH2O formation. The Pt/Ce catalyst 

exhibited a fast decrease and a subsequent increase in CH2O formation in the 

temperature range of approximately 400–500 C, which was associated with a 

comparable decrease in CO formation and increase in CO2 formation. The Pt/Ce 

and Cu/Ce catalysts showed double peaks in CH2O formation, which was not 

observed with the Au/Ce catalyst. 

The CeO2-containing catalysts were SO2 selective in the high temperature 

region and could provide a solution to prevent the formation of sulphuric acid. The 

Au/Ce-Al catalyst and CeO2 support are promising in regard to SO2 selectivity, as 

shown in Figure 31. In addition, Au deposition enhanced CO2 formation at higher 

temperatures. CH2O was formed between 400 C and 500 C without excessive CO 

formation (Fig. 32). The Au/Ce-Al catalyst is especially interesting due to the 

hypothesised sulphur resistance of gold. CeO2 exhibited a major drop in activity as 

far as the repeated light-off experiments were concerned, but the Au/Ce-Al catalyst 

exhibited better performance, showing only a slight decrease in DMDS conversion. 

It is worth pointing out that when designing a catalyst for complete oxidation of 

SVOCs, the formation of CH2O should be prevented. 

Overall, the most appropriate catalyst was the Cu/Al catalyst regarding 

undesired reaction products also. The Cu/Al catalyst should be operated well above 

T100 to prevent CH2O and CO formation, although SO2 formation is also decreased, 

which is problematic. The optimal temperature range of operation would be 

500–550 C if a slight formation of CH2O and CO is acceptable. The Pt/Al catalyst 

would also enable the prevention of the formation of an undesired product within 

a very narrow temperature window at 425 C. The Pt/Al catalyst is a good choice 

in the temperature range of 400 C to 500 C, even though 100% DMDS conversion 

was not achieved. Therefore, the key could be a bimetallic catalyst, which is 

discussed in sub-chapter 4.5. 

Au did not enhance the yields of the total oxidation products significantly. Only 

CO2 formation was higher in the lower temperature region. The CO2 yields for the 

monometallic catalysts in DMDS oxidation are shown in Figure 33. The best CO2 

yields were obtained with the Pt catalysts varying from about 50% to 100% in the 

temperature region between 400 C and 600 C. With the Pt/Ce catalyst, high SO2 

and CO2 yields were achieved in the temperature window of about 400 C to 500 

C, after which the CO2 yield decreased significantly. In the case of Cu catalysts, 

the CO2 yield was very low due to the substantially high formation of a partial 
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oxidation product, CH2O, at low and intermediate temperatures. The Cu/Al and 

Cu/Ce-Al catalysts both achieved higher than 80% CO2 yields in a temperature 

region of approximately 530 C. The Cu catalysts exhibited lower starting 

temperatures for DMDS conversion. With the noble metal catalysts, DMDS 

oxidation started at higher temperatures, leading to complete oxidation products. 

Therefore, the preparation of bimetallic catalysts combining all their advantages is 

a promising avenue for further development. 
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Fig. 33. CO2 yields over Au, Pt and Cu on (a) Al2O3, (b) CeO2 and (c) CeO2-Al2O3 in DMDS 

oxidation (same conditions as in Fig. 30) (Data from Publication III). 

In the H2-TPR experiments, the Cu catalysts consumed more H2 than the Au and Pt 

catalysts. Cu was in a more oxidised state than Au and Pt, and thus the Cu oxides 

seemed to provide more reactive oxygen to start the reaction with DMDS at lower 

temperatures. CuO and other quantitatively minor Cu oxides can release more 

oxygen from their structures for DMDS oxidation at lower temperatures, according 
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to the Mars-van Krevelen mechanism, than Au and Pt can dissociate oxygen from 

the gas phase. These conclusions were supported by the 18O2-TPIE experiments. In 

addition, ceria enhanced this desirable catalyst property in all cases, but with the 

Cu catalysts, the reaction resulted in the partial oxidation of DMDS. 

The formation of SO2 seemed to result from oxygen activation, which started 

at lower temperatures with the Cu catalysts in comparison with the Au and Pt 

catalysts on the corresponding supports. This seemed to influence the DMDS 

reaction, leading to lower conversion temperatures. The effect was more significant 

with the Al2O3- and CeO2-Al2O3-supported catalysts. On a pure CeO2 support, the 

differences between catalysts were not significant. In addition, the reducibility of 

the catalysts influenced the oxidation products with the Cu catalysts based on the 

matching temperature ranges. 

The observations support the fact that oxygen activation is linked to SO2 

formation, which was more noticeable with the Al2O3- and CeO2-Al2O3-supported 

catalysts. Scirè et al. (2003) reported that Au prepared using deposition-

precipitation on CeO2 is more active compared to the Au deposited by colloidal 

dispersion and that there is a direct connection between the surface oxygen mobility 

and catalytic activity of the Au/oxide catalyst. In our experiments, Au increased the 

catalytic activity substantially in the case of Al2O3-supported catalysts but did not 

match the catalytic activity of the Cu/Al catalyst. The DMDS conversion began at 

slightly lower temperatures with the Au/Ce-Al catalysts (~170 C), but no oxidation 

products were formed at this temperature. This could indicate the adsorption of 

DMDS on the surface, followed by possible rupture of the S-S bond, as discussed 

by Nuzzo and Allara (1983), Nuzzo, Fusco and Allara (1987), Nuzzo, Zegarski and 

Dubois (1987), and Bain et al. (1989). 

Based on the results, Au catalysts are SO2-selective in DMDS oxidation. 

However, during the light-off experiments, the Au catalysts produced significant 

amounts of partial oxidation products, resulting in low CO2 yields. The SO2 

selectivities were generally higher than those of the Pt catalysts but did not 

outperform the Cu catalysts. 

4.4.3 Stability of Au/CeO2-Al2O3 catalyst in DMDS oxidation 

The Au/Ce-Al catalyst was chosen for a 40-hour stability test at constant 

temperature to study the hypothesised resistance towards sulphur. In general, the 

catalysts containing CeO2 showed good SO2 selectivity at higher temperatures, 

especially the Au-loaded catalysts, which also exhibited better activity at lower 
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temperatures in comparison with the Au/Al catalyst. The initial temperature was set 

based on the light-off experiment of the Au/Ce-Al catalyst from the point at which 

T90 was achieved (525 C). In isothermal conditions at 525 C, DMDS conversion 

was about 98% and thus the temperature was decreased during the first 30 min 

stepwise to match better the desired 90% conversion. The results of the stability 

experiment for the Au/Ce-Al catalyst are shown in Figure 34. 

 

Fig. 34. Stability of Au/CeO2-Al2O3 catalyst in DMDS oxidation during the 41.6-h 

experiment (475 °C, DMDS 500 ppm, WHSV 720 g gcat
−1 h–1) (Adapted, with permission, 

from Publication III © 2015 Elsevier). 

The DMDS conversion maintained stable throughout the experiment (41.6 h). 

Within the first 30 min of the experiment, the temperature was allowed to stabilise 

from 525 C down to 475 C, which resulted in a slight decrease in DMDS 

conversion. CH2O formation showed a minor decrease throughout the stability 

experiment, which correspondingly resulted in a minor increase in CO2 and CO 

formation (Fig. 34b). The average yields of formed SO2, CO2, CO and CH2O were 

96.5%, 7.2%, 38.4% and 53.3%, respectively. The results suggest that the Au 

catalyst is a selective and stable catalyst in DMDS oxidation. The performance 

could be attributed to the high electronegativity of Au, which makes it unreactive 

toward electronegative elements such as sulphur and oxygen according to the 

literature (Bond & Thompson, 1999; Rodriguez, 2006). The Au/Ce-Al catalyst 

demonstrated stability, but it should be developed further to avoid the formation of 

CH2O and CO instead of the desired total oxidation product, CO2. 
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4.5 Does the addition of Au improve the catalytic performance of 

supported Pt and Cu catalysts in DMDS oxidation? 

The objective was to investigate whether the addition of Au onto Pt and Cu 

supported on Al2O3, CeO2 and CeO2-Al2O3 would enhance the performance of the 

catalysts, which was evaluated in terms of activity, selectivity and stability. The 

addition of Au was done using surface redox reactions in aqueous solution. 

4.5.1 Activity of bimetallic catalysts 

The DMDS light-off curves for the bimetallic catalysts and corresponding supports 

are shown in Figure 35. Complete DMDS conversion was achieved in the 

temperature range from 500 C to 600 C with most of the catalysts. Table 21 

presents the T25, T50, T90 and T100 temperature values for the bimetallic catalysts. 

The Cu-Au/Al catalyst exhibited the best activity followed by the Cu-Au/Ce-Al 

catalyst. In general, the Cu catalysts showed better activity in regard to DMDS 

conversion compared to Pt catalysts. This could be partly due to the higher quantity 

of reactive oxygen available in the Cu catalyst structures as observed based on the 

H2-TPR and 18O2-TPIE experiments, which showed poorer oxygen activation over 

the Pt-Au catalysts. Due to the preparation method used, it is expected that Au is in 

close contact with Pt or Cu. Thus, Cu oxides may deliver a higher quantity of 

oxygen at lower temperature directly from their structure via the Mars van Krevelen 

mechanism than the Pt-Au catalysts can dissociate oxygen from the gas phase via 

the Langmuir-Hinshelwood mechanism to initiate the reaction at lower 

temperatures. This might have influenced the catalyst performance. 
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Fig. 35. Dimethyl disulphide (DMDS) conversion of Au, Pt, Cu, Pt-Au and Cu-Au 

catalysts supported on (a) Al2O3, (b) CeO2 and (c) CeO2-Al2O3 (DMDS 500 ppm, weight 

hourly space velocity (WHSV) 720 g gcat
−1 h−1) (Adapted, with permission, from 

Publication III © 2015 Elsevier, and under CC BY 4.0 license from Publication IV © 2019 

Authors). 
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Table 21. Summary of T25, T50, T90 and T100 temperatures in DMDS oxidation for bimetallic 

catalysts with their corresponding “parent” catalysts (values rounded to 5 C) 

(Publications III and IV) (Adapted under CC BY 4.0 license from Publication IV © 2019 

Authors). 

Catalyst Support material 

 Al2O3 CeO2 CeO2-Al2O3 

 T25  T50  T90  T100  T25  T50  T90  T100  T25  T50  T90  T100 

Pt 370  390  415  550  255  325  435  *  290  380  460  * 

Pt-Au 310  350  390  480  310  380  455  *  365  425  480  * 

Cu 230  280  400  545  260  300  445  *  270  275  290  325 

Cu-Au 200  275  340  515  305  330  450  575  210  275  370  570 

* Not reached below 600 C. 

The Au deposition on Pt had an enhancing effect on the activity in the case of the 

Pt-Au/Al catalyst. The T50 and T100 values for the “parent” monometallic Pt/Al 

catalyst decreased by 40 C and 70 C, respectively. With Pt/Ce and Pt/Ce-Al, the 

effect was negative since the T50 values were 55 C and 45 C higher. The Au 

deposition on Cu also improved the performance of the Cu-Au/Al catalyst by 

decreasing the T50 and T100 values of the “parent” Cu/Al catalyst by 5 C and 30 C, 

respectively. In the case of the Cu/Ce catalyst, the effect of Au deposition was 

negative. With the Cu/Ce-Al catalyst, which was the best in terms of DMDS 

conversion amongst the monometallic “parent” catalysts, the Au deposition 

decreased the T25 value by 60 C, although the T50 remained the same at 275 C. 

Unfortunately, the T90 shifted from 290 C up to 370 C. The lower activity of the 

Cu-Au/Ce and Pt-Au/Ce catalysts could be due to a substantial decrease in the 

specific surface area and pore blocking, resulting from the Au deposition, but could 

also be attributed to the considerably larger metal particles existing on the catalyst 

surface, as reported in Publication III. 

In summary, the addition of Au enhanced the activity of the Pt/Al2O3 and 

Cu/Al2O3 catalysts, which was not observed in the case of the CeO2- and CeO2-

Al2O3-supported catalysts. The improvement may be partly due to the Pt-Au and 

Cu-Au interactions, and in the case of the Cu-Au/Al catalyst, the increased 

reducibility in the lower temperature region (~250 C). 

4.5.2 Selectivity of bimetallic catalysts in DMDS oxidation 

The SO2 yields for the bimetallic catalysts in DMDS oxidation are shown in Figure 

36. The highest SO2 yields were obtained in the case of the Cu catalysts (Fig. 36). 
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The addition of Au onto the Cu/Al and Cu/Ce-Al catalysts did not affect the SO2 

yield profile substantially. With the Cu/Ce catalyst, the addition of Au resulted in a 

decrease of over 10 percentage points in the maximum SO2 yield. The addition of 

Au onto the “parent” Pt catalysts had a positive influence in the case of the Al2O3-

supported catalysts, by broadening the temperature range for SO2 formation by 

approximately 100 C. With the Pt-Au/Ce catalyst, the deposition of Au decreased 

the formation of SO2. Regarding the Pt-Au/Ce-Al catalyst, the formation of SO2 

shifted to a higher temperature region. When comparing the performance of the 

bimetallic catalysts, the Cu-Au/Ce and Pt-Au/Ce catalysts maintained a SO2 yield 

at a rather high value of 80% even at high temperatures, i.e. 550 C (Fig. 36b). The 

other catalysts exhibited a decrease in SO2 formation above approximately 490 C, 

which suggests the further oxidation of SO2 into SO3. Maintaining the high SO2 

yield in a broad temperature range is important in regard to catalyst durability and 

industrial treatment equipment. 
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Fig. 36. SO2 yields over Au, Pt, Cu, Pt-Au and Cu-Au on (a) γ-Al2O3, (b) CeO2 and (c) 

CeO2-Al2O3 in DMDS oxidation (same conditions as in Fig. 35) (Adapted, with permission, 

from Publication III © 2015 Elsevier, and under CC BY 4.0 license from Publication IV © 

2019 Authors). 

Figure 37 shows the CO2 yields for bimetallic catalysts in DMDS oxidation. The 

highest CO2 yields were obtained with the Pt-Au catalysts starting at approximately 

400 C. The Pt-Au/Al, Pt-Au/Ce and Pt-Au/Ce-Al catalysts reached CO2 yields of 
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~100% at 515 C, 570 C and 530 C, respectively. Generally, the Pt-Au catalysts 

exhibited high CO2 yields, whereas the Cu-Au catalysts showed partial oxidation 

to produce mostly CH2O. However, a slight formation of CO2 was observed to 

begin at approximately 300 C and CO2 yields of about 50–60% were achieved at 

the end of the experiment in the case of the Cu-Au/Al and Cu-Au/Ce-Al catalysts. 
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Fig. 37. CO2 yields over Au, Pt, Cu, Pt-Au and Cu-Au on (a) γ-Al2O3, (b) CeO2 and (c) 

CeO2-Al2O3 in DMDS oxidation (same conditions as in Fig. 35) (Data from Publications 

III and IV). 

Certain by-products were also observed during DMDS oxidation. The formation of 

CH2O, CO, CH3OH, CH3SH and CH3SCH3 in the temperature range of 

approximately 350 C to 500 C was somewhat higher with the Pt-Au/Al catalyst 

in comparison with the other Pt-Au catalysts. The Au addition in the case of Pt/Al 
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catalyst increased the formation of by-products. With the Pt-Au/Ce catalyst, the 

addition of Au improved the selectivity. The distribution of the main oxidation 

products, shown in Figure 38a, for the Pt-Au/Ce catalyst was better in comparison 

with that of the “parent” Pt/Ce catalyst, shown in Figure 38c, which produced 

higher amounts of by-products (CH2O, CO), except in the temperature range from 

400 C up to 480 C. The Pt/Ce catalyst exhibited a rapid decrease and a subsequent 

increase in CH2O formation between 400 C and 480 C (Fig. 38c), which was 

linked to a comparable decrease in CO formation and an increase in CO2 formation. 

This uncharacteristic behaviour observed in the yields of carbon products in the 

case of the Pt/Ce catalyst between certain temperature ranges was not observed 

after the addition of Au, as shown in Figure 38a. The Au addition did not have a 

substantial effect on the yields of by-products with the Pt-Au/Ce-Al catalyst. The 

by-products formed in a slightly broader temperature window, but the amounts 

were very similar to those with the Pt/Ce catalyst. 

Fig. 38. Distribution of main products, i.e. CO2, SO2, CO and CH2O in DMDS oxidation 

over (a) Pt-Au, (b) Cu-Au, (c) Pt and (d) Cu on CeO2 catalysts in DMDS oxidation. 

Concentrations of other by-products were less than 50 ppm (same experimental 

conditions as in Fig. 35) (Under CC BY 4.0 license from Publication IV © 2019 Authors). 
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The Au deposition on the Cu/Al catalyst increased the CO formation at high 

temperatures, but the CH2O formation remained at a comparable level. With the 

Cu-Au/Ce-Al catalyst, lower CO yields were observed at high temperatures when 

compared to the “parent” Cu/Ce-Al, although the lower CO formation did not result 

in an increased CO2 formation. Moreover, the CH2O formation decreased. The 

addition of Au on Cu/Ce had a stronger effect on the selectivity of the main 

oxidation products (Fig. 38b). The double peaks seen in SO2 and CH2O formation 

in the case of the Cu/Ce catalyst (Fig. 38d) were eliminated after the Au deposition, 

similarly to the Pt-Au/Ce catalyst. The Au addition to the Pt/Ce and Cu/Ce catalysts 

appeared to stabilise SO2 formation. 

CO and CH2O were the most substantial by-products observed and therefore 

will be discussed in more detail. The CH2O yields and CO concentration during 

DMDS oxidation are shown in Figures 39a, c and e and Figures 39b, d and f, 

respectively. In general, the lowest by-product yields were obtained over the Pt-Au 

catalysts. CH2O formation with the Cu-Au catalysts was substantial and 

independent of the support used. The highest CH2O yields were observed over the 

Cu catalysts. CH2O formation was improved by the presence of Cu and CeO2. The 

least CO formation was seen over the Pt-Au/Ce catalyst. It is noteworthy that the 

Cu-Au/Ce catalyst could be of interest when considering the concept of producing 

valuable chemicals from waste streams. The production of CH2O from the waste 

gases that originate from pulp mills is a known process. Titania-supported 

vanadium oxide catalysts are used for the conversion of methanol and mercaptans 

into CH2O with high selectivities and also for converting dimethyl sulphide 

(CH3SCH3, DMS) to CH2O at operating temperatures above 350 °C (Burgess, 

Gibson, Furstein and Wachs, 2002). In our study, the Cu-Au/Ce catalyst converted 

DMDS to CH2O at above 300 °C with high yields of SO2 and CH2O, even though 

DMDS proved more difficult to oxidise than DMS. It is important to note that this 

catalyst did not produce CO2 below 550 °C. 
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Fig. 39. CH2O yields over Au, Pt, Cu, Pt-Au and Cu-Au on (a) γ-Al2O3, (c) CeO2, (e) CeO2-

Al2O3 and CO concentrations on (b) γ-Al2O3, (d) CeO2, (f) CeO2-Al2O3 in DMDS oxidation 

(same experimental conditions as in Fig. 35) (Adapted, with permission, from 

Publication III © 2015 Elsevier, and under CC BY 4.0 license from Publication IV © 2019 

Authors). 

When considering all the unwanted reaction products, the most suitable catalysts 

for complete DMDS oxidation were the Pt-Au/Ce and Pt-Au/Ce-Al catalysts, 
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which produced high SO2 and CO2 yields in a wide temperature range. The SO2 

formation was higher above 500 C over the Pt-Au/Ce catalyst compared to the Pt-

Au/Ce-Al catalyst. Considering the Al2O3-supported catalysts, the Pt-Au/Al 

catalyst formed more CH2O in comparison with the Pt/Al, but the temperature 

range for SO2 formation broadened towards higher temperatures. Over the Cu-

Au/Al catalyst, Au deposition decreased the CH2O formation to some extent and 

did not affect the SO2 formation. In the case of CeO2-supported catalysts, SO2 and 

CH2O formation remained at quite a comparable level or declined depending on 

the metal catalyst. 

Altogether, the addition of Au did not provide any significant improvement in 

comparison with the monometallic “parent” catalysts, although satisfactory SO2 

yields were achieved within certain temperature ranges. Amongst the bimetallic 

catalysts, only the Pt-Au catalysts demonstrated high CO2 selectivities in a high 

temperature region above 550 °C, but at the same time, SO2 yields were around 

80% at most. The Cu-Au catalysts produced substantial amounts of partial 

oxidation products, probably due to the high reducibility and the amorphous state 

of the Cu oxide species present in the catalysts, further enhanced by ceria. Both Cu 

and Au alone or together resulted in the formation of CH2O. 

4.5.3 Stability of Pt-Au/CeO2-Al2O3 catalyst in DMDS oxidation 

As described in Publication III, the Au/Ce-Al catalyst showed good stability and 

selectivity towards SO2 in DMDS oxidation. The formation of CH2O was 

substantial, and thus, the selectivity towards CO2 needed further development. 

Since Pt-Au/Ce-Al exhibited good performance in the light-off experiments, it was 

selected for a stability test to compare its results with those of the monometallic 

Au/Ce-Al catalyst. In addition, the Pt-Au/Ce-Al catalyst contained Pt in lower 

oxidation states, which should have made the catalyst less prone to sulphur 

poisoning. The experimental conditions were selected based on the 90% DMDS 

conversion observed in the light-off experiments. Before the stability experiment, 

a single light-off experiment was conducted. After the second light-off experiment 

(after the stability experiment), the Pt-Au/Ce-Al catalyst was regenerated in situ 

using a heating procedure from room temperature to 600 C (5 C min–1) in an air 

flow, and then a third light-off experiment was carried out. 

During the stability experiment, a gradual decrease from 90% to about 70% in 

DMDS conversion was observed. The SO2, CO2 and CH2O yields were roughly 
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50–55%, 50–80% and 5%, respectively. The results of the light-off experiments 

conducted before and after the stability experiment are shown in Figure 40. 

 

Fig. 40. DMDS conversion over Pt-Au/Ce-Al catalyst before (fresh) and after the stability 

experiment and after regeneration with air (same experimental conditions as in Fig. 35) 

(Under CC BY 4.0 license from Publication IV © 2019 Authors). 

The Pt-Au/Ce-Al catalyst lost some activity during the 40-h stability experiments, 

as shown in Figure 40. The T50 temperatures decreased by approximately 50 C and 

the complete conversion of DMDS was not achieved. In situ regeneration using air 

did not restore the activity. The deactivation might be a consequence of several 

factors. For example, sintering of the metal particles resulting in a loss of active 

surface area could have taken place. Sintering could have been facilitated by 

residual chlorine after the Au deposition. 

According to Heck and Farrauto (1995), deactivation might be due to the loss 

of accessibility of reactants to active sites (e.g. sintering) resulting in a shift of 

conversion to higher temperature. Based on the slopes, selective poisoning by 

deposition of sulphates on the support might also have occurred, leading to 

increased diffusional resistance (partial blockage of pores). The XRF analysis of 
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the used catalyst confirmed the presence of about 3.4 wt.% of sulphur. In 

comparison with previous experiments with the monometallic Au/Ce-Al catalyst, 

the presence of platinum seemed to decrease the stability. 

The used catalyst was also analysed using HR-TEM. A recalculation of particle 

size distribution (PSD) was made. An HR-TEM image of the used Pt-Au/Ce-Al 

catalyst including inset PSD information is shown in Figure 41. 

 

Fig. 41. HR-TEM image of used Pt-Au/Ce-Al catalyst after the stability experiment and in 

situ regeneration (Under CC BY 4.0 license from Publication IV © 2019 Authors). 
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The PSD of the used Pt-Au/Ce-Al catalyst evidenced sintering. Particles of less 

than 10 nm in size were not clearly observed in the used catalyst. The ratio of 

particles between 10 and 20 nm and 20 and 30 nm in size changed substantially 

from approximately 1:1 to 1:2 in the used catalyst. In addition, the amounts of 

30–40-nm and 30–50-nm particles increased from ~10% up to ~25% and from ~1% 

up to ~7%, respectively. 

Sintering occurred because the TTammann of Au is 405 C, much less than the T90 

used during the stability experiment. The mobility of Au on the catalyst surface was 

also enhanced by residual chlorine in the catalyst. In addition, sulphates could have 

promoted the mobility of Pt particles especially, resulting in agglomeration and 

concurrent prevention of redispersion during regeneration. Sulphur was mostly 

observed on the support rather than covering the active phases based on the EDX 

data – perhaps due to the electronegative nature of Au limiting chemisorption and 

bonding with sulphur in contrast to Pt alone, which is prone to sulphur deactivation. 

Based on these results, the addition of Au via surface redox reactions in the aqueous 

phase was not able to enhance the stability of the Pt-Au/Ce-Al catalyst. 

In summary, the stability of the Pt-Au/CeO2-Al2O3 catalyst was not improved 

in comparison with the Au/CeO2-Al2O3 catalyst studied in Publication III. Sintering 

caused a slight deactivation of the Pt-Au/CeO2-Al2O3 catalyst. 

4.5.4 Discussion of the reaction mechanism 

The results reviewed in Figure 42 are shown to underline certain activity- and 

selectivity-related observations and their dependence on temperature in the case of 

the Pt-Au/Ce-Al catalyst. A similar approach was used for the other bimetallic 

catalysts in Publication IV. In Figure 42, the DMDS conversion, SO2, CO2, CO and 

CH2O yields, the oxygen exchange rate, H2 uptake and NH3 desorption results are 

presented in a temperature range of 50 °C to 600 °C for the Pt-Au/Ce-Al catalyst. 

The three grey vertical lines in the plot demonstrate temperature regions that were 

related to DMDS conversion and the yields of products and by-products. 
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Fig. 42. Summary of DMDS conversion, product yields, oxygen exchange rate, H2 

uptake and NH3 desorption results for the Pt-Au/Ce-Al catalyst. The temperature scale 

of the results is common for the different experiments, and the y axis values are related 

to each experiment (Under CC BY 4.0 license from Supplementary Material of 

Publication IV © 2019 Authors). 
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It appears that the formation temperature of SO2 correlated with the starting 

conversion temperature of DMDS, indicating the initiation of partial oxidation, as 

observed by the concurrent formation of CO and CH2O. At higher temperatures, 

before the oxygen exchange rate started to increase, the formation of by-products 

was at the highest level. At temperatures where the oxygen exchange rate was at 

the maximum, the CO2 yield began to increase progressively, whereas the by-

product yields decreased, demonstrating total oxidation. Furthermore, in the same 

temperature region, the DMDS conversion reached its maximum of ~98%. 

Disadvantageously, the SO2 formation began to decrease at the same temperature. 

Similar behaviour was observed in the case of the Pt-Au/Al and Pt-Au/Ce catalysts. 

The same scenario was examined for Cu-Au catalysts. The DMDS conversion, 

SO2, CO2, CO and CH2O yields, the oxygen exchange rate, H2 uptake and NH3 

desorption results are presented in Figure 43 in a temperature range of 50 °C to 

600 °C for the Cu-Au/Ce-Al catalyst. First, in the case of the Cu-Au catalysts, the 

DMDS conversion increased due to the adsorption of DMDS, since no oxidation 

products had yet formed at a temperature of approximately 150 °C. At approx. 

200 °C, the formation of SO2 began. Regarding the Cu-Au/Ce catalyst, the 

initiation of the DMDS reaction was hindered compared to the Al2O3-based 

catalysts, but the reaction was faster when it started at the same temperature at 

which the oxygen activation initiated, thus supplying oxygen for the reaction. In 

addition, the Cu-Au catalysts resulted in the highest SO2 yields at the temperature 

where the oxygen exchange rate was at the maximum. Generally, in the case of the 

Cu-Au catalysts, the oxygen activation began at lower temperatures compared to 

the Pt-Au catalysts, which appeared to influence the DMDS reaction, leading to 

lower conversion temperatures. These results show that oxygen activation at a 

lower temperature contributed to the low light-off point of the Cu-Au catalysts, 

which resulted in partial oxidation products. The relation of a lower light-off 

temperature to the higher availability of reactive oxygen was mentioned earlier. 
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Fig. 43. Summary of DMDS conversion, product yields, oxygen exchange rate, H2 

uptake and NH3 desorption results for the Cu-Au/Ce-Al catalyst. The temperature scale 

of the results is common for the different experiments, and the y axis values are related 

to each experiment (Under CC BY 4.0 license from Supplementary Material of 

Publication IV © 2019 Authors). 
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The slightly higher basicity of the Cu-Au/Al and Cu-Au/Ce catalysts might play a 

role in the adsorption of DMDS at lower temperatures. The Cu-Au/Ce catalyst 

contained mainly weak basic sites, whereas the Cu-Au/Al and Cu-Au/Ce-Al 

catalysts had both weak and medium strength basic sites. The lower acidity and 

higher basicity of the Cu-Au/Ce catalyst could be one reason for the hindered 

reaction of DMDS over Cu-Au/Ce in comparison with the Al2O3- and CeO2-Al2O3-

supported Cu-Au catalysts. 
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5 Summary and conclusions 

The widespread use of volatile organic compounds (VOCs) in industry has 

increased their emissions into the atmosphere. Due to their harmful effects on the 

environment and human health, stringent legislation has been put into effect, which, 

in turn, necessitates effective measures and treatment technologies to control and 

mitigate VOC emissions. The most effective and desirable methods are primary 

control measures that include modification of process equipment as well as 

replacing raw materials and/or the relevant processes. Secondary methods are 

divided into two groups: recovery and destruction. High-value VOCs are preferably 

recovered, while low-value VOCs or solvent mixtures are destroyed. Catalytic 

oxidation is a suitable method for treating VOC emissions in an economic, efficient 

and environmentally friendly way. Catalysts used in VOC treatment need to be 

highly active at relatively low temperatures, demonstrate high selectivity towards 

total oxidation products, i.e. CO2 and HCl in the case of chlorinated VOCs 

(CVOCs), and CO2 and SO2 in the case of sulphur-containing VOCs (SVOCs), and 

have resistance to poisoning induced by compounds, such as chlorine or sulphur, 

that leads to catalyst deactivation. In this thesis work, a total of 33 different catalysts 

were investigated in terms of DCM and DMDS oxidation. The main goal was to 

study the applicability of Au catalysts in CVOC and SVOC oxidation. 

The objective of Publication I was to investigate the catalytic performance of 

supported Pt in comparison with Pd, Rh and V2O5 catalysts in DCM oxidation. All 

of the catalysts showed activity in DCM oxidation and selectivity towards HCl. The 

Pt/Al2O3 catalyst was the most active and HCl-selective catalyst. A DCM 

conversion of 100% was observed at 420 °C whereas the maximum HCl yield was 

92%. An addition of CeO2 to the Al2O3 support had only a slight effect on the 

activity, whereas more noticeable improvement was observed with the addition of 

Pt. The HCl and CO2 yields were enhanced significantly. The results demonstrated 

that high acidity combined with high reducibility leads to an active catalyst in DCM 

oxidation. A stability experiment of 40.3 h showed no substantial decrease in the 

catalytic performance of the Pt/Al2O3 catalyst. Characterisation after the stability 

experiment revealed no carbonaceous species on the surface, but some chlorine was 

present, which did not influence the catalytic performance. 

The scope of Publication II was to study whether Au catalysts could perform 

better than Pt catalysts supported on Al2O3 and CeO2-Al2O3. The Au, Pt and Pt-Au 

catalysts supported on Al2O3 and CeO2-Al2O3 were investigated in DCM oxidation. 

The results demonstrated that Au/Al2O3 is active and highly HCl-selective, even 
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surpassing Pt/Al2O3, which was the most active and HCl-selective catalyst 

according to the results presented in Publication I. After the addition of Au, 

significantly lower light-off temperatures were observed, decreasing by 70 °C and 

85 °C in the case of Al2O3-supported catalysts, and by 35 °C and 40 °C for the 

CeO2-Al2O3-supported catalysts. Excellent HCl selectivities of close to 100% were 

achieved with the Au/Al2O3 and Pt-Au/Al2O3 catalysts. The reason for this could 

be the small Au particle size with a narrow size distribution and good metal 

dispersion. The ability to activate oxygen appeared to result in the high DCM 

conversion of the Au/Al2O3 and Pt-Au/Al2O3 catalysts. Au also changed the product 

distribution. The formation of Cl-containing intermediates such as methyl chloride 

was rather low in the case of Pt-Au/Al2O3 catalyst and zero with the Pt-Au/Ce-Al 

catalyst. The addition of CeO2 on Al2O3 decreased the total acidity of these catalysts, 

thus reducing the DCM adsorption and, consequently, inhibiting the catalytic 

performance. However, the addition of CeO2 enhanced the selectivity towards total 

oxidation by decreasing the formation of intermediates such as methyl chloride, 

CO and CH2O. A 100-hour stability experiment demonstrated that the Pt-Au/Al2O3 

catalyst was active and durable, but that the selectivity towards total oxidation 

required enhancement. Based on the results, DCM decomposition in the case of 

Au-containing Al2O3-supported catalysts occurs primarily via direct DCM 

hydrolysis into CH2O and HCl, followed by the oxidation of CH2O into CO and 

CO2. The results are significant in two ways. Firstly, they proved the possibility of 

Au being used effectively in CVOC oxidation, and, secondly, the Pt-Au/Al catalyst 

exhibited resistance towards chlorine during the stability experiment. 

The main goal in Publication III was to study the applicability of Au catalysts 

in DMDS oxidation and to determine whether Au performs better than the Pt and 

Cu catalysts. The Au, Pt and Cu catalysts supported on Al2O3, CeO2, and CeO2-

Al2O3 were studied in DMDS oxidation. The Cu catalysts were interesting due to 

the significantly lower T50 values. The Au and Pt catalysts demonstrated improved 

performance in the complete oxidation of DMDS. The Au catalysts could be better 

options, because Pt tends to form SO3 that can further react with water, the active 

phase, and/or the support material. As a result, it can activate the sulphuric acid 

and/or metal salt formation, which, in turn, can lead to severe deactivation of the 

catalyst. Of all the catalysts in Publication III, the Cu/CeO2-Al2O3 catalyst showed 

the highest activity in terms of DMDS conversion and SO2 formation, which began 

at a lower temperature, similarly to oxygen activation that demonstrated the 

relationship between the oxygen activation and DMDS reaction. The formation 

temperatures of SO2 and CH2O were about ~100 °C lower in comparison with the 
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oxygen activation temperatures, which could be a consequence of DMDS reacting 

with the surface/bulk oxygen of the catalyst. Reducibility, which correlated with 

the formation of SO2 and CH2O over the Cu catalysts was shown to have a key role 

in DMDS oxidation. In addition, the presence of Cu as well as ceria resulted in the 

substantial formation of CH2O. The Pt catalysts showed a noteworthy decrease in 

SO2 formation at higher temperature, indicating over-oxidation or a potential to 

deactivation when supported on Al2O3 and CeO2-Al2O3. The stability of the 

Au/CeO2-Al2O3 catalyst showed no significant decline in catalytic performance 

during the 41.6-hour stability experiment but its selectivity towards total oxidation 

should be improved. Although the Au catalysts were active and showed potential 

in DMDS oxidation, especially Au/Al2O3 in terms of activity and Au/CeO2-Al2O3 

in stability, they could not surpass the high activity of the Cu catalysts. 

Based on the findings in Publication III, the aim in Publication IV was to 

investigate whether the addition of Au would improve the catalytic performance of 

supported Pt and Cu catalysts. The Pt-Au and Cu-Au catalysts supported on Al2O3, 

CeO2 and CeO2-Al2O3 were investigated in DMDS oxidation. Based on the light-

off experiments, the Cu-Au catalysts were more active than the corresponding Pt-

Au catalysts. However, the DMDS reaction resulted in a higher amount of oxygen-

containing by-products with the Cu-Au catalysts, and therefore, the Pt-Au catalysts 

were more selective towards total oxidation. H2-TPR indicated that the higher 

redox ability of the Cu-containing catalysts might have been the explanation for the 

better DMDS conversion and lower CO2 selectivity. On the other hand, the smaller 

amount of reactive oxygen on the surface of the Pt-containing catalysts was 

favourable for total oxidation. The enhanced selectivity of the CeO2-containing 

catalysts after Au deposition could be a consequence of the reduced amount of 

reactive oxygen as well. The Au deposition enhanced the activity of the Al2O3-

supported Cu and Pt catalysts. In addition, the Au deposition demonstrated a 

positive effect on SO2 formation at higher temperatures. The 40-hour stability 

experiment showed that the Pt-Au/Ce-Al catalyst was promising but not 

sufficiently durable and hence further development is still required. 

In order to complement the current results and conclusions drawn based on this 

thesis work it would be interesting to perform kinetic experiments, to investigate 

the effects of mixtures of two or more VOC compounds (and water in the case of 

DMDS), to find out whether either of the model reactions are structure- or shape-

selective in terms of Au particles, and to verify the role of reducibility and acidity, 

particularly related to the Brønsted and Lewis acid sites of the Au catalysts using 

in situ experiments. In addition, the effects of the catalyst support on Au 
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nanoparticles (SMSI) might play a role in the reaction. These studies are likely to 

give more insight in connection with the catalytic performance of the Au catalysts. 

In addition, the evaluation of stability in the case of the Cu-Au/Al and Cu-Au/Ce-

Al catalysts in SVOC oxidation would be interesting. These are all important issues, 

especially when further steps aimed at the development of commercial catalysts are 

taken, which always require an in-depth investigation of catalytic performance. 

From the perspective of practical and societal implications, the findings in this 

thesis work can help to develop current VOC oxidation catalysts further and, hence, 

reduce the total amount of VOC emissions in industry and contribute to the ever-

increasing and important actions for a cleaner environment and air. Companies 

developing VOC oxidiser units can apply the results to find new materials as 

alternative catalysts for the existing commercial solutions. As for the scientific 

implications, the results related to the Au catalysts in CVOC oxidation support the 

few earlier studies showing the potential of Au catalysts and, therefore, can 

encourage academia to investigate the possibilities of using Au in VOC oxidation 

on a broader scale and help to understand the catalytic properties needed for even 

better Au catalysts. Such academic efforts would overall enable a deeper 

understanding of the role of gold in the future development of VOC-abatement 

catalysts. 
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