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Summary 
 

Chlorine is a major building block for the large-scale manufacture of a great variety of 

indispensable chemicals and consumer products. However, about one third of all Cl2-derived 

products do not actually contain it. Consequently, half of the Cl2 used is reduced to HCl or 

chloride salts. The main processes leading to large quantities of byproduct HCl streams are the 

phosgene-mediated manufacture of polyurethanes and polycarbonates. The demand for these 

plastics grows rapidly in contrast to the limited selling options for HCl. Thus, technologies 

enabling the valorization of the HCl surplus into Cl2 are highly requisite.  

The heterogenously catalyzed oxidation of HCl to Cl2 (Deacon reaction) comprises an 

attractive solution to the above-mentioned need, particularly because of its low operating cost 

compared to the alternative HCl electrolysis. However, since its establishment by Henry Deacon 

in 1870 and until recent times, the industrialization of HCl oxidation has suffered from many 

futile attempts to obtain sufficiently active and durable catalysts. The original Deacon catalyst 

(CuCl2/pumice) and a number of promoted copper and chromium-based systems developed 

during the 20th century are all prone to metal loss and rapid deactivation. Moreover, the 

noxious and corrosive character of the reaction, which demands stringent safety precautions, has 

hindered academic research on HCl oxidation. Only in the last decade, RuO2-based materials, 

exhibiting outstanding activity and stability, have been identified to meet the expectations for 

an industrial catalyst. This thesis work, undertaken in close cooperation with Bayer 

MaterialScience, is aimed at developing cost-effective and robust catalytic technologies for 

sustainable chlorine recycling via HCl oxidation. The results presented herein were obtained by 

employing an integrated approach including material preparation via various routes (solution 

and solid-state), catalytic testing and kinetic studies in an ambient-pressure continuous-flow 

fixed-bed reactor, detailed characterization, molecular modeling, and long-term assessments of 

the catalytic performance. The research work was conducted along two lines: 1) optimization of 

RuO2-based catalysts to reduce the amount of expensive ruthenium used without compromising 

their performance and 2) identification of suitable alternative materials based on cheaper 

components.   
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In the first approach, catalyst development was performed at three levels: 1) understanding 

of the functioning of bulk RuO2, 2) uncovering the role of the support (SnO2) and of the 

stabilizers/binders (Al2O3, SiO2), and 3) optimizing a strategy to produce a technical catalyst. It 

was found that the high activity of RuO2 in HCl oxidation at low temperature (ca. 573 K) is 

associated with less energy demanding chlorine recombination, favoring molecular Cl2 evolution 

and allowing faster reoxidation, compared to other Deacon catalysts. Furthermore, in contrast 

to conventional copper and chromium-based single oxides, RuO2 was observed to preserve its 

bulk structure under relevant reaction conditions and to exhibit only partial surface 

chlorination, producing RuO2−xClx as the active phase. Owing to its lattice matching with RuO2, 

the SnO2 carrier favored the epitaxial growth of the active phase, improving metal dispersion 

and structural stability. The incorporation of nanocrystalline alumina proved essential to 

stabilize SnO2 against chlorination. Based on these findings, a low Ru content technical 

RuO2/SnO2-Al2O3 catalyst was produced, which exhibited stable Cl2 production in a pilot test 

for 4000 h on stream and underlined its suitability for application in world-scale chlorine 

recycling facilities. 

In the second approach, CeO2, U3O8, and CuCrO2-based catalysts were found to display 

excellent performances. CeO2 demonstrated a significant HCl oxidation activity at 703 K, which 

was linearly related to the amount of oxygen vacancies. More relevantly, its bulk was not 

chlorinated in oxygen-rich feeds, but formed inactive chlorinated phases in stoichiometric or 

sub-stoichiometric feeds. Due to the dynamic nature of the outermost layers of ceria, the 

chlorinated surface could be rapidly reoxidized at standard feed composition by applying a 

higher temperature or at standard temperature by applying higher feed O2 concentrations. 

These results formed the basis for the development of a technical CeO2-based catalyst by 

employing ZrO2 as the most suitable carrier.  

The depleted uranium-based catalysts presented in this thesis are probably the most stable 

materials ever demonstrated in the Deacon reaction. U3O8 displayed a unique resistance against 

bulk chlorination and metal loss at 723-823 K with or without O2 in the feed. Under these 

conditions, other known catalytic materials suffered from significant deactivation. Moreover, the 

best supported catalyst, U3O8/ZrO2, exhibited extraordinarily stable Cl2 production for 100 h on 

stream.  
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Sustained efforts since 2006, i.e. before and during this thesis, have eventually resulted in 

the discovery of the first stable copper-based material – CuCrO2 delafossite – for HCl oxidation. 

This mixed oxide preserved its bulk structure under reaction conditions, which was crucial for 

its durability. Building on this result, a novel CuCrO2-CeO2 composite was developed, which 

revealed a fourfold activity increase compared to the pure CuCrO2 and CeO2 phases and 

demonstrated stable Cl2 production for 200 h on stream at 653 K. 

In a broad sense, a suitable Deacon catalyst should possess two essential features: 1) 

preservation of the bulk structure, conferring stability, and 2) lower energy demand for chlorine 

recombination, leading to fast Cl2 evolution and, thus, catalyst reoxidation at lower 

temperature. Among the catalytic materials presented herein, RuO2, CeO2, U3O8, and CuCrO2-

based systems constitute robust and highly active catalysts for HCl oxidation, whreas CuO and 

Cr2O3-based materials undergo bulk chlorination, eventually leading to rapid deactivation. Of 

the stable systems, RuO2-based catalysts are the most active and can be operated at low 

temperature (573-473 K), whereas CeO2, U3O8, and CuCrO2-based materials need higher 

reaction temperature (653-773 K) to reach a comparable activity level. 

Overall, the findings of this thesis fulfill the long-standing need for durable Deacon catalysts 

and contribute to the sustainable chlorine recycling via HCl oxidation. Furthermore, the design 

features for stable and highly active Deacon catalysts unveiled in this work will also be useful to 

achieve advances in reactions involving aggressive reaction mixtures, such as the oxidation of 

HBr and oxychlorination processes. 
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Zusammenfassung 
 

Chlor ist ein Hauptbaustein in der Produktion einer Vielzahl an unverzichtbaren Chemikalien 

und Konsumgütern. Jedoch beinhaltet rund ein Drittel der mittels Cl2 hergestellten Produkte 

kein Chlor. Die Hälfte des in der Produktion eingesetzten Cl2 wird zu HCl oder Chloridsalzen 

reduziert. Große Mengen des Nebenprodukts HCl entstehen bei der phosgen-basierten 

Herstellung von Polyurethanen und Polycarbonaten. Die Nachfrage nach diesen Kunststoffen 

wächst im Gegensatz zu den begrenzten Verkaufsmöglichkeiten für HCl schnell. Technologien, 

die die Verwertung des HCl-Überschusses in Cl2 ermöglichen, sind daher unerlässlich. 

Die heterogen katalysierte Oxidation von HCl in Cl2 (Deacon-Reaktion) ist eine attraktive 

Technologie um den obengenannten Bedarf zu decken. Dies gilt besonders wegen der geringen 

Betriebskosten im Vergleich zu der Alternative HCl-Elektrolyse. Nach Etablierung der HCl-

Oxidation durch Henry Deacon im Jahr 1870 wurde ihre Industrialisierung bis heute durch den 

Mangel an aktiven und beständigen Katalysatoren erschwert. Der ursprüngliche Katalysator 

von Deacon (CuCl2/Bimsstein) und eine Reihe an kupfer- und chrombasierten Systemen, die im 

20. Jahrhundert entwickelt wurden, leiden allesamt an einem Metallaustrag und einer schnellen 

Desaktivierung. Darüber hinaus hat der giftige und korrosive Charakter der Reaktion, welcher 

stringente Sicherheitsmaßnahmen erforderlich macht, eine akademische Forschung hinsichtlich 

der HCl-Oxidation behindert. Erst in den vergangenen 10 Jahren hat man RuO2-basierte 

Materialien, die sowohl eine hervorragende Aktivität als auch Stabilität aufweisen, entwickelt. 

Diese erfüllen somit die Erwartungen an einen industriellen Katalysator. Diese Doktorarbeit, die 

in enger Kooperation mit Bayer MaterialScience erarbeitet wurde, zielt auf die Entwicklung 

kosteneffektiver und stabiler Katalysatortechnologien für ein nachhaltiges Chlor-Recycling 

mittels HCl-Oxidation ab. Die hierin dargelegten Ergebnisse wurden unter Verwendung einer 

ganzheitlichen Vorgehensweise, einschließlich der Materialpräparation über verschiedene Routen 

(Nasschemische Synthese sowie Festkörpersynthese), katalytischer Testung und kinetischer 

Studien in einem Umgebungsdruck-Strömungs-Festbettreaktor, detaillierter Material-

charakterisierung, molekularer Modellierung und Langzeittestung der katalytischen Aktivität 

erzielt. Die Forschungsarbeiten wurden anhand zweier Ansätze durchgeführt: 1) eine 



    
 

- xvi - 
 

Optimierung der RuO2-basierten Katalysatoren, um die Menge an dem eingesetzten teuren 

Ruthenium zu reduzieren ohne dabei die Performance zu beeinträchtigen und 2) die 

Bestimmung geeigneter alternativer Materialien auf Grundlage günstigerer Komponenten. 

Die Entwicklung des Katalysators erfolgte im ersten Ansatz auf drei Ebenen: 1) die HCl-

Oxidation über reinem RuO2 verstehen, 2) die Rolle des Trägers (SnO2) und die der 

Stabilisatoren/Bindemittel (Al2O3, SiO2) erkennen und 3) eine Strategie entwickeln, um einen 

technischen Katalysator herstellen zu können. Man fand heraus, dass die hohe Aktivität des 

RuO2 für die HCl-Oxidation bei niedriger Temperatur (ca. 573 K) auf einer niedrigen Chlor-

Rekombinationsenergie basiert. Dies begünstigt die molekulare Cl2-Freisetzung von der 

Katalysatoroberfläche und ermöglicht im Vergleich mit anderen Deacon-Katalysatoren eine 

schnellere Reoxidation. Darüber hinaus wurde bezüglich des RuO2 beobachtet, dass es im 

Gegensatz zu konventionellen kupfer- und chrombasierten Oxiden unter relevanten 

Reaktionsbedingungen lediglich eine teilweise Oberflächenchlorierung stattfindet, unter der 

Ausbildung der katalytisch aktiven Phase RuO2−xClx. Der SnO2-Träger begünstigte dank seiner 

Gitterparameter-Übereinstimmung mit dem RuO2 das epitaktische Wachstum der aktiven 

Phase. Dies verbessert die Metalldispersion und die strukturelle Stabilität. Die Einbindung 

nanokristalliner Aluminiumoxide erwies sich dahin gehend als essenziell, das SnO2 gegenüber 

einer Bulk-Chlorierung zu schützen. Auf Grundlage dieser Erkenntnisse wurde ein technischer 

RuO2/SnO2-Al2O3-Katalysator mit einem geringen Ru-Gehalt hergestellt, der in einem Pilottest 

von 4000 h eine stabile Cl2-Produktion zeigte und seine Eignung zur Anwendung in Chlor-

Recycling-Großanlagen unterstrich. 

Im zweiten Ansatz wurden CeO2, U3O8, und CuCrO2-basierte Katalysatoren mit guten 

katalytischen Performances entwickelt. Das CeO2 zeigte einen signifikanten HCl-Umsatz bei 

703 K. Dieser stand in linearer Beziehung zur Menge an Sauerstoff-Gitterlücken im Ceroxid. 

Wichtiger noch, der Katalysator wurde in sauerstoffreichen Gasmischungen nicht chloriert. Es 

bildeten sich jedoch inaktive chlorierte Phasen in stöchiometrischen und unter-

stöchiometrischen Gasgemischen. Die chlorierte Oberfläche könnte aufgrund der dynamischen 

Art der äußersten Schichten des Ceroxids bei einer Standard-Gaszusammensetzung sowie unter 

Anwendung einer höheren Temperatur oder bei einer Standardtemperatur unter Anwendung 

höherer O2-Konzentrationen schnell reoxidiert werden. Diese Ergebnisse bildeten die Grundlage 
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für die Entwicklung eines technischen CeO2-basierten Katalysators unter Verwendung eines 

ZrO2 als den geeignetsten Träger. 

Die abgereicherten Uran-basierten Katalysatoren, die in dieser Doktorarbeit dargestellt 

wurden, sind wahrscheinlich die in der Deacon-Reaktion stabilsten Materialien überhaupt. Das 

U3O8 zeigte mit oder ohne O2 in der Gasmischung bei 723-823 K eine einzigartige Resistenz 

gegen Bulk-Chlorierung und Metallaustrag. Andere bekannte katalytische Materialien mussten 

bei diesen Bedingungen eine signifikante Desaktivierung hinnehmen. Darüber hinaus zeigte der 

am besten geeignete Katalysator, das U3O8/ZrO2, eine außergewöhnlich stabile Cl2-Produktion 

bei einem 100 h Langzeittest. 

Kontinuierliche Bemühungen seit 2006, dies bedeutet sowohl vor als auch während dieser 

Doktorarbeit, haben möglicherweise zur Entdeckung des ersten stabilen kupferbasierten 

Materials, dem CuCrO2-Delafossit, für die HCl-Oxidation geführt. Diese Oxidmischung behält 

unter Reaktionsbedingungen ihre Phasenzusammensetzung bei, was für ihre Haltbarkeit 

elementar ist. Es wurde auf Grundlage dieses Ergebnisses eine neue CuCrO2-CeO2-

Zusammensetzung entwickelt, die im Vergleich mit den reinen CuCrO2 und CeO2-Phasen eine 

um das Vierfache höhere Aktivität aufzeigte und während eines 200 h Langzeitversuchs bei 

einer Temperatur von 653 K eine stabile Cl2-Produktion aufwies. 

Ein geeigneter Deacon-Katalysator muss im weitesten Sinn über zwei essenzielle Merkmale 

verfügen: 1) Beibehaltung der Phasenzusammensetzung zur Gewährleistung der Stabilität und 

2) einen geringeren Energiebedarf hinsichtlich der Chlor-Rekombination, was zu einer schnellen 

Cl2-Freisetzung und daher zu einer Katalysator-Reoxidation bei einer niedrigen Temperatur 

führt. Die RuO2, CeO2, U3O8, und CuCrO2-basierten Systeme stellen unter den hierin 

dargelegten katalytischen Materialien stabile und hoch aktive Katalysatoren für die HCl-

Oxidation dar, wohingegen CuO und Cr2O3-basierte Materialien eine Bulk-Chlorierung erfahren, 

was möglicherweise zu einer schnellen Desaktivierung führt. Die RuO2-basierten Katalysatoren 

sind unter den stabilen Systemen die Aktivsten. Darüber hinaus können sie bei niedrigen 

Temperaturen (573-473 K) eingesetzt werden. CeO2, U3O8, und CuCrO2-basierte Materialien 

hingegen benötigen, um ein vergleichbares Aktivitätsniveau zu erreichen,  höhere 

Reaktionstemperaturen (653-773 K). 
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Die Erkenntnisse dieser Doktorarbeit erfüllen insgesamt den seit langem bestehenden 

Bedarf an beständigen Deacon-Katalysatoren. Sie tragen zu einem nachhaltigen Chlorrecycling 

mittels HCl-Oxidation bei. Darüber hinaus sind die in dieser Arbeit erkannten 

Konstruktionsmerkmale für stabile und hoch aktive Deacon-Katalysatoren dahin gehend 

nützlich, Fortschritte bei der Katalysatorentwicklung in Reaktionen, die eine aggressive 

Reaktionsgasmischung wie beispielsweise die Oxidation von HBr und Oxychlorierungsprozesse 

involvieren, zu erzielen. 



Chapter 1 
Introduction 

 
1. General Aspects of Chlorine  

Chlorine is one of the most abundant naturally occurring chemical elements.[1] It is highly 

reactive and, thus, always found in combination with other elements.[2] Its main sources in the 

Earth’s crust are halite (sodium chloride), sylvite (potassium chloride), and carnallite 

(potassium magnesium chloride hexahydrate). It was first synthesized in laboratory by Carl 

Wilhelm Scheele, a Swedish chemist, in 1774 by reacting pyrolusite (a MnO2-based mineral) 

with HCl.[3] Nonetheless, he thought that the resulting gas contained oxygen and named it as 

dephlogisticated muriatic acid air. In 1810, Humphry Davy realized that this gas was an 

element and re-named it as chlorine.[4]  

In today’s chemistry chlorine plays a vital role by participating in more than 50% of all 

commercial processes.[5] Many sectors like healthcare, agro-food, construction, electronics, 

textiles, transport, cosmetics, and household goods depend on chlorine chemistry.[2] According 

to the European chlorine applications in  2011, engineering materials (polymers, resins, and 

elastomers) account for approximately two thirds of the total chlorine utilization (Figure 1.1).[5] 

Among these, polyvinyl chloride (PVC) synthesis is the most relevant application, closely 

followed by the preparation of isocyanates and oxygenates. The global chlorine manufacture 

capacity has tremendously increased since 1965 due to the growing demand for plastics and it 

is expected to continue increasing at an annual rate of 4.4% in the coming years 

(Figure 1.2a).[1,6,7] 

For more than a century, the industrial manufacture of chlorine has been exclusively 

achieved via NaCl electrolysis, which involves passing an electric current through an aqueous 

NaCl solution, generating NaOH and H2 as by-products.[2] This route was shown by William 

Cruickshank as early as 1800,[1] but it was practically applied for Cl2 production using 

diaphragm and mercury cells only after the availability of suitable generators, which were 

developed by Siemens and by Acheson and Castner in 1892.[6] Technology based on membrane 

cells for NaCl electrolysis which was developed in 1970 is  the  cleanest,  most  energy-effective, 
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Figure 1.1. European chlorine applications in 2011. The total European chlorine production was 
ca. 10 Mton. Adapted from refs. 2,5. 

 

Figure 1.2. (a) Evolution of the global chlorine production capacity since 1965. (b) The dominance of 
electrochemical processes for large-scale Cl2 manufacture and the progressive shift to membrane cells in 
the last two decades. Adapted from ref. 2. 
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and economic process available today,[1,5] representing over 50% of the installed production 

capacity in Europe (Figure 1.2b). The mercury process is progressively being phased out 

particularly due to environmental reasons. It should be underlined that Cl2 production via 

NaCl electrolysis remains one of the most energy-demanding and expensive processes in the 

chemical industry, with power supply accounting for around 50% of the production costs.[2] 

Recent advancements achieved in this field have shown that the power consumption of the 

conventional membrane cell process for NaCl electrolysis can be reduced by up to 30% by 

replacing hydrogen-evolving cathodes with oxygen depolarized cathodes (ODC).[6,8]  

 

2. Chlorine Recycling 

Albeit chlorine represents a major building block in various chemical processes, about one third 

of all Cl2-derived products do not contain it. Consequently, about 50% of the Cl2 used ends up 

in HCl or chloride salts along the manufacturing chain. Polyurethanes (PU) and 

polycarbonates (PC) are the most representative chlorine-free end materials produced using 

chlorine chemistry. Methylene diphenyl diisocyanate (MDI) and toluene diphenyl diisocyanate 

(TDI) are key precursors in the manufacture of PU and account for 61% and 34%, respectively, 

of the world isocyanate market. In their production, the phosgenation step leads to 4 moles of 

HCl per mole of MDI or TDI (Figure 1.3).[2,9] The total global production of MDI was over 

5 Mton in 2011, which implies that MDI alone gives rise to about 3.8 Mton HCl by-product 

annually. The largest producer of MDI is Bayer MaterialScience, closely followed by Yantai 

Wanhua.[10] PC production is also a prominent source of HCl, formed by the phosgenation of 

bisphenol A. PU and PC currently stand at the forefront of advanced synthetic plastics 

procuring various market segments with the required products, from electronics to packaging 

and automotive to construction. The global demand for these products has increased steadily 

over the past years (annual growth rate of 5% for PU and 6-7% for PC), and forecasts indicate 

an even more pronounced growth in the near future.[5] This will lead to a parallel rise in the 

amount of  waste HCl quantities. The by-product HCl can be marketed for the production of 

ethylene dichloride (EDC) by the CuCl2-catalyzed oxychlorination of ethylene. EDC is 

primarily used to produce the vinyl chloride monomer (VCM) for the synthesis of PVC. 

However, the demand for PVC production grows at a slower pace than that for PU  and  PC.[2] 
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Figure 1.3. Simplified flow sheet of the methylene diphenyl diisocyanate (MDI) production, 
exemplifying the concept of ‘chlorine recycling’. In the phosgenation of methylene diphenyl diamine 
(MDA), 4 moles of HCl are produced per mole of MDI. An equivalent flow sheet applies to the TDI 
production.[2,9] Catalytic HCl oxidation and ODC-based HCl electrolysis are attractive options for Cl2 
recovery. Adapted from ref. 2. 

Therefore, the increasing HCl excess cannot be absorbed anymore by the PVC business. The 

option of HCl neutralization is unattractive for obvious reasons.[11] Therefore, recycling 

strategies constitute a smart way of valorizing HCl.[2,11] Two routes are known which can be 

applied for converting by-product HCl to high-purity chlorine: 1) HCl electrolysis and 2) 

catalytic HCl oxidation.[11] 

 

2.1. HCl Electrolysis 

The electrolysis of aqueous hydrochloric acid was developed and commercialized by the former 

Hoechst, Bayer, and Uhde in the 1960s.[1] An aqueous 22% HCl solution is converted by electric 

current on graphite electrodes separated by a diaphragm into Cl2 (anode) and H2 (cathode). 

The oxygen-depolarized cathode (ODC) technology,[6,12] jointly developed by Bayer and 

UHDENORA in the 1990s, lowers the power consumption of the conventional diaphragm 

electrolysis process by up to 30%.[2] ODCs in fact require lower voltage than the conventional 

hydrogen-evolving cathodes to overcome the electrochemical polarization. In a cell equipped 

with ODCs, an aqueous solution of 14% HCl is fed to a dimensionally stable anode (DSA), 
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where the chloride ions are oxidized to gaseous Cl2. Protons pass through an ion-exchange 

membrane and combine with O2 and electrons to form water on the oxygen-depolarized 

cathode. Bayer MaterialScience commercially demonstrated the ODC-based HCl electrolysis by 

starting up two units at its Brunsbüttel site in Germany, each with a capacity of 10 kton Cl2 

per year.[2] In 2008, a commercial plant with a production capacity of 215 kton Cl2 per year was 

installed at Bayer MaterialScience, Caojing site, China.[2]  

 

2.2. The Catalytic Gas-phase HCl Oxidation 

Recently, Pérez-Ramírez et al.[13] in their review on catalyst scale up have stated that ‘progress 

in catalysis has been, is, and will always be motivated by societal needs (e.g. environment, 

energy, chemicals, fuels), with the ultimate aim of improving process efficiency on a technical 

scale’. The heterogeneously catalyzed oxidation of HCl to Cl2 is an excellent example to 

emphasize this statement. This process was discovered around 1870 by chemists Henry Deacon 

and Ferdinand Hurter to valorize the huge amounts of gaseous HCl originating as a by-product 

of the Leblanc process into Cl2,[14] which was then applied to make bleaching powder. The 

Deacon process, employing a pumice-supported CuCl2 catalyst in a fixed-bed reactor, converted 

about 140 kton HCl to Cl2 annually.[15] Thus, industrial Cl2 production actually started with a 

catalytic process. It is worth noting that the Deacon process was established commercially at a 

large scale before the contact process for sulfuric acid production (late 19th century), the Haber-

Bosch process for ammonia synthesis, and the Ostwald process for nitric acid manufacture 

(first quarter of 20th century). Thus, the Deacon process constituted the first large-scale 

application of heterogeneous catalysis in the chemical industry[16] and one of the first examples 

in industry of the ‘waste-to-product’ approach,[14] more recently called ‘green’ chemistry. 

Although the chemistry of HCl oxidation was not fully understood, as it was developed even 

before the establishment of the surface adsorption phenomenon by Langmuir (1916), the 

Deacon process helped cleaning the environment in a very elegant manner. However, it did not 

last long in the industrial arena as the Leblanc process was replaced by the less wasteful and 

HCl byproduct-free Solvay process in 1900 and since then Cl2 was exclusively manufactured by 

NaCl electrolysis.  

The power  consumption  of  the  Deacon  process  in  unbeatably  low  compared  to  HCl  
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Figure 1.4. Influence of temperature on the equilibrium HCl conversion at various O2/HCl ratios (a) 
and pressures (b). Higher equilibrium conversion can be attained at lower temperature, higher O2 
concentration, and higher pressure. 

electrolysis, which makes it an attractive alternative for chlorine recycling in the phosgenation 

processes (vide supra).[2,9] The reaction is mildly exothermic (4HCl + O2 ↔ 2Cl2 + 2H2O, 

H0 = −113.6 kJ mol−1) and equilibrium limited. Lower reaction temperature, higher feed O2 

concentration, and higher pressure favor the formation of Cl2 (Figure 1.4). Owing to the 

limited lifetime of the original Deacon catalyst, several modifications of the catalysts’ 

composition have been explored during the 20th century. These attempts are summarized in 

Table 1.1. 

In the period of 1939-1944, IG Farben installed a pilot scale HCl oxidation process using 

molten sodium (or potassium) chloride and iron chloride salts as catalyst.[17] This process 

achieved a very low space-time yield.[18] In the 1960s, Shell established the Shell-Chlor process 

employing a CuCl2-KCl/SiO2 catalyst in a fluidized-bed reactor.[17,19,20] The improved stability of 

the catalyst compared to the original Deacon process was a result of the molten salt formed by 

CuCl2 and KCl and the lower operating temperature in a fluidized-bed reactor compared with 

operation in a fixed-bed reactor. The Shell process was apparently realized in a facility with a 

capacity of 30 kton Cl2 per year, but the operation was eventually shut down.[21] General 

disadvantages of the use of copper-based catalysts have been the limited  HCl  conversion,  fast  
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Table 1.1. Catalytic processes for the gas-phase HCl oxidation.  

Developer Year Catalyst 
Reactor 
technology 

Operating 
temperature (K) 

Current status 

Deacon 1870 CuCl2/pumice Fixed bed 703-723 Abandoned
Shell 1960 CuCl2-KCl/SiO2 Fluidized bed 648-673 Abandoned
Mitsui 1980 Cr2O3/SiO2 Fluidized bed 623-673 Commercial
Sumitomo 1999 RuO2/TiO2 Fixed bed 473-653 Commercial
Bayer 2006 RuO2/SnO2 Fixed bed 453-773 Piloted
Bayer and ETHZ 2013 CeO2/ZrO2 Fixed bed 623-773 Piloted

 

 

catalyst deactivation due to volatilization of the active metal in the form of chlorides, and 

severe corrosion issues in the plant caused by unreacted HCl and product H2O.[22] Some of these 

disadvantages could be addressed by conducting the chlorination (453-473 K) and the 

oxidation (613-673 K) steps over copper catalyst in two interconnected fluidized-

bedreactors.[23,24] However, this configuration was not demonstrated on a large scale. In this 

context, a two-step fixed-bed process with alternating conditions and optimized dynamic heat 

transfer from the exothermic chlorination to the endothermic re-oxidation was also proposed.[25] 

In the 1980s, Mitsui Chemicals established the MT-Chlor process using a Cr2O3/SiO2 catalyst 

in a fluidized-bed reactor.[26,27] Under reaction conditions, chromium(III) oxide operates via a 

redox cycle, without melting and without involving the chloride-oxide reaction cycle 

characteristic of copper-based catalysts.[9,21] Consequently, the stability of the catalyst was 

greatly improved compared with the Shell-Chlor process. Nevertheless, the implementation of 

Mitsui’s process is limited to one medium-sized plant of 60 kton Cl2 per year.[21]  

A breakthrough in Cl2 production via HCl oxidation has been achieved with the application 

of ruthenium-based catalysts in the 21st century (Table 1.1): RuO2/TiO2-rutile by 

Sumitomo[22,28] and RuO2/SnO2-cassiterite by Bayer.[29-32] Unlike previous industrial catalysts, 

ruthenium-based materials exhibit a very high activity at low temperatures and remarkable 

longevity, since ruthenium oxide is stable against bulk chlorination (vide infra). In particular, 

Sumitomo’s catalyst features RuO2 as a film on top of the TiO2-rutile carrier due to the lattice 

matching of the active phase and the support (rutile structure), giving rise to remarkable 

activity and stability in the Deacon process.[21] In addition, it has a high  thermal  conductivity,  
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Figure 1.5. Evolution of the market price of ruthenium. Data retrieved from ref. 33. 

which reduces the formation of hot spots within the catalyst bed and makes it suitable for 

fixed-bed reactor technology. Sumitomo licensed a plant with a capacity of 100 kton per year 

to a Japanese chemical manufacturer in 2002, followed by three additional plants 

worldwide.[2,21] Bayer’s catalyst has been also successfully piloted. Overall, ruthenium-based 

catalysts satisfy a long-standing industrial need to count on solid alternatives to electrolysis for 

HCl recovery. Nevertheless, it should be stressed that ruthenium is an expensive metal and its 

market price is highly volatile (Figure 1.5).[33] A typical Ru loading of 1-2 wt.%[34] leads to a 

metal cost associated to the catalyst for a world-scale HCl oxidation facility (ca. 100 kton Cl2 

per year) of several million euros. Thus, catalysts containing a lower amount of ruthenium are 

highly desired but their activity and robustness should not be compromised. The development 

of an industrially viable catalyst based on cheaper and more abundant metals would also 

certainly benefit the expansion of the gas-phase HCl oxidation technology for chlorine recycling 

in the chemical industry. However, fundamental studies on the Deacon reaction using 

polycrystalline powder catalysts in bulk, supported, and technical forms are scarce. This lack 

may be explained by the extreme care essential to handle the noxious and corrosive reaction 

mixture (HCl, O2, Cl2, H2O), which can lead to corrosion in the equipment if leaked 

(Figure 1.6a) and by the technical issues related to the instability of many catalytic materials, 

such as the bed coagulation and metal volatilization above 700 K (Figure 1.6a,b). Nevertheless, 
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Figure 1.6. Practical issues while studying HCl oxidation. (a) Corrosion of the pressure reducing valve 
caused by a HCl leakage. Instability of materials inducing (b) bed coagulations and (c) active phase 
volatilization. 

academic studies aimed at: 1) understanding how Deacon catalysts function at a molecular 

level through application of theoretical modeling and in situ and/or operando methods 

(ultimately leading to structure-performance relationships), 2) the identification of new 

catalytic materials via high throughput screening of novel formulations, and 3) more 

importantly, assessment of the real potential of new catalytic systems for industrial 

implementation by long-term activity and stability evaluation would definitely aid the 

materialization of a cost-effective sustainable catalytic technology  for the valorization of waste 

HCl. 

Based on the relevance of the Deacon process in phosgene-mediated PU and PC 

manufactures, Bayer MaterialScience (BMS), one of the largest producers of PU and PC,[10,35] 

established a research cooperation with the group of Prof. Dr. J. Pérez-Ramírez (ICIQ, 

Tarragona) in March 2006 to develop understanding on the Deacon reaction in order to 

establish a sustainable technology for chlorine recycling in PU and PC businesses. Dr. T. 

Schmidt (Head of the lab New Processes Isocyanates within Process Research Isocyanates at 

BMS) has been in charge of this project since its start and Dr. T. Dreier (Head of the Process 

Research Isocyanates at the business unit polyurethanes) has been leading the process research 
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department for MDI and TDI, including the Deacon HCl recycling process, since 2009. Two 

directions have been set for the development, namely, finding non-ruthenium economical but 

equally stable alternatives and optimizing the existing RuO2-based system in order to reduce 

the ruthenium content in the catalyst. The project achieved various milestones during the 

period comprised between March 2006 and May 2009 (i.e. before the start of the thesis): 1) 

literature studies, catalyst preparation, assembly and validation of the reactor unit to conduct 

catalyst screening, 2) evaluation of various non-ruthenium catalysts, which resulted in the 

identification of Cu-Al mixed oxides as promising materials for this reaction and filling of two 

patents by the group in 2009, and 3) development of mechanistic understanding of HCl 

oxidation on RuO2-based catalysts. The latter was accomplished through the tight 

collaboration with Dr. N. López (ICIQ), who also participated in this research cooperation 

providing the molecular level insights by DFT calculations, and Dr. M. A. G. Hevia (ICIQ). 

Meanwhile, BMS started cooperation with research groups/scientists in Germany: 

Dr. D. Teschner (FHI, Berlin), Prof. Dr. R. Schomäcker (TUB, Berlin), Prof. Dr. H. Over 

(JLU, Giessen), and Prof. Dr. W. F. Maier (UdS Saarland), which later on in May 2009 

became partners of a BMBF project (ref. 033R018A). The research group of Prof. Dr. J. Pérez-

Ramírez moved to ETH Zurich in March 2010, continuing the cooperation with BMS. The 

ETH Zurich group (Prof. Dr. J. Pérez-Ramírez, A. P. Amrute, and Dr. C. Mondelli, joined in 

March 2010) in cooperation with BMS (Dr. T. Schmidt), ICIQ (Dr. N. López), FHI (Dr. D. 

Teschner), and TUB (Prof. Dr. Schomäcker) has achieved several advancements and this thesis 

(started in May 2009 in ICIQ and continued in ETH Zurich) resulted from this cooperation.  

 

3. Aim of the Thesis 

The main objective of this thesis, started in May 2009, is to develop suitable catalysts for 

chlorine recycling via HCl oxidation, as initiated by BMS in 2006. Accomplishing this goal 

entails three directions. The first comprises the elucidation of the differences in mechanistic, 

kinetic, and deactivation behaviors between RuO2 and state-of-the-art CuO, CuCl2, and Cr2O3-

based catalysts. The second embraces the gathering of a comprehensive understanding of the 

Deacon chemistry of supported RuO2-based catalysts through detailed characterization, kinetic, 

and mechanistic analyses, to enable the development of a technical RuO2-based catalyst with 
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reduced ruthenium content. Since this metal is relatively expensive, the availability of cost-

effective alternative catalysts having comparable activity and stability with respect to RuO2 is 

of great interest. Thus, the third goal of the thesis consists in the identification of cost-efficient 

ruthenium-free catalytic systems for HCl oxidation. This includes at a first level catalyst 

synthesis, screening in a fixed-bed reactor, thorough characterization using ex situ and in situ 

methods, and mechanistic investigations. The performance of the derived leads will be then 

evaluated in long-term catalytic runs to assess their real potential for application to sustainable 

Cl2 production. 

 

4. Outline of the Thesis 

This thesis contains nine chapters. Besides for the Introduction and Conclusions and Outlook, 

the other seven chapters can be divided into three parts: 1) Chapters 2 and 3 focus on 

investigating the differences in performance and mechanisms of RuO2 and CuO/CuCl2 catalysts 

and shed light on the deactivation behaviors of CuO, CuCl2, and Cr2O3-based systems. 2) 

Chapters 4 and 5 deal with the understanding of RuO2-based catalysts and the development of 

a technical RuO2/SnO2-Al2O3 catalyst. 3) Chapters 6-8 comprise the design of alternative cost-

efficient catalytic materials based on CeO2, depleted uranium, and CuCrO2.          

Owing to the lack of fundamental understanding of HCl oxidation, the thesis starts from 

rationalizing reasons for the superior performance of RuO2-based catalysts in comparison to 

state-of-the-art systems. Accordingly, Chapter 2 investigates the correlation between 

performance and mechanistic aspects for polycrystalline RuO2 and, CuO and CuCl2 powders 

and sheds light on the deactivation mechanism of copper-based materials. Two criteria for a 

stable and highly active Deacon catalyst are obtained, namely, resistance towards bulk 

chlorination and high ease of reoxidation of the surface which is chlorinated during reaction. 

Kinetic and deactivation behaviors of Cr2O3-based catalysts are presented in Chapter 3, 

which reveals why their application is limited to one medium size plant. Although no bulk 

chlorination is observed, as in case of copper catalysts, the in situ formation of volatile CrO2Cl2 

and CrO2(OH)2 is identified as the major reason for activity loss in a fixed-bed reactor. 

Chapter 4 reports on the comprehensive understanding of RuO2/SnO2 (with and without 
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Al2O3 binder) through an integrated approach combining state-of-the-art experimental and 

theoretical methods and derives analogies of this system with respect to Sumitomo’s catalyst. 

Thus, it analyses the catalyst morphology, the steady-state kinetics, the state of the surface by 

in situ techniques, and the mechanism by DFT simulations. It should be noted that a Ru 

loading of 2 wt.% is applied in this catalyst, which was defined on the basis of the theoretical 

amount of metal needed to secure the full coverage of the SnO2 surface to prevent its 

chlorination and volatilization as SnCl4, which would significantly affect catalyst stability. 

Chapter 5 deals with the performance of RuO2/SnO2 and the role of binder materials, such 

as nanocrystalline Al2O3 and SiO2, in the catalytic process. Al2O3 is evidenced to stabilize SnO2 

via electronic and geometric effects, enabling the decrease of the Ru content by four-fold 

without compromising the catalyst’s stability. The next step consists of the development of a 

technical form of this material and pilot evaluation to assess its potential for installation in a 

world-scale chlorine recycling facility. 

Chapter 6 investigates CeO2 as a cost-effective alternative to RuO2-based systems. 

Although ceria is less active than RuO2, it possesses outstanding stability in HCl oxidation at 

high temperature (703 K). Therefore, CeO2-based materials can be considered as high 

temperature Deacon catalysts. Moreover, through the application of steady-state kinetic testing 

in fixed-bed reactor, thorough characterization, and DFT simulations, performance-structure-

mechanism relationships are established over ceria, which form the basis for the development of 

supported and technical catalysts.  

Investigation of depleted uranium oxide-based catalysts for HCl oxidation is presented in 

Chapter 7. An in-depth study on bulk uranium oxides was carried out and various supports 

were screened. The best system identified (U3O8/ZrO2), featuring atomically dispersed oxidic 

uranium species on ZrO2, exhibits high activity and unique stability in HCl oxidation at 773 K. 

This catalyst also falls in the category of cost-efficient high temperature Deacon catalysts as 

CeO2 (Chapter 6). 

Chapter 8 describes cuprous delafossite-based catalysts for the Deacon reaction. The work 

to achieve a stable copper-based catalyst for HCl oxidation was already started in the group of 

Prof. Dr. J. Pérez-Ramírez in 2006 (i.e. when research cooperation between ICIQ and BMS 

was established) and after 7 years of sustained research, eventually, the first copper-based 
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catalyst (CuCrO2) was discovered which maintains its bulk structure under reaction conditions. 

Its activity is enhanced by forming composites with CeO2. The reasons for the exceptional 

stability of CuCrO2 and the synergistic interaction between CuCrO2 and CeO2 are discussed 

and long-term performance evaluations of CrCrO2 and CrCrO2-CeO2 are presented. 

Chapter 9 summarizes the main results of the research introduced throughout this thesis, 

provides the design rules for suitable Deacon catalysts, discusses the strategy to achieve single-

pass full chlorine recovery, and proposes future prospects. 

 

Each chapter in this thesis was written based on one or more separate publications and can be 

read independently. Accordingly, some overlap cannot be avoided. 
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Chapter 2 
Temporal Analysis of Products Study of 

HCl Oxidation on Copper and Ruthenium-
based Catalysts 

 
1. Introduction 

Chlorine was first produced in the laboratory in 1774 by Carl Wilhelm Scheele, reacting 

hydrochloric acid with pyrolusite, a MnO2-based mineral. He called the formed gas 

“dephlogisticated muriatic acid air”, and later on, Humphry Davy renamed the element as 

chlorine. One century after Scheele’s experiments, the gas-phase HCl oxidation to Cl2 was 

brought to the commercial scale by Henry Deacon.[14] The reaction was carried out on a 

pumice-supported CuCl2 catalyst in a fixed-bed reactor at 693-723 K. 

Over the years, a number of modifications regarding both catalyst formulation and reactor 

configuration were made to improve the original Deacon process.[17,20,23-28,36] Nonetheless, 

contemporary industrial processes for Cl2 production via HCl oxidation in fluidized-bed 

reactors, such as the Shell-Chlor process established in the 1960s (CuCl2-KCl/SiO2 catalyst, 

648-673 K)[17,20] and the MT-Chlor process established in the late 1980s (Cr2O3/SiO2 catalyst, 

623-673 K),[26,27] were progressively abandoned because of 1) limited HCl conversion, 2) loss of 

activity due to volatilization of the active phase, and 3) corrosion issues due to the presence of 

unreacted HCl and product H2O.[23] In the 1990s, Tsotsis et al.[23,24] proposed a two-stage process 

to achieve a high HCl conversion to Cl2 over a zeolite-supported CuCl2-NaCl catalyst. For this 

purpose, the oxidation and the chlorination steps were decoupled in two interconnected 

fluidized-bed reactors operated at 613-673 and 453-473 K, respectively. This concept was not 

brought to large scale; presumably because it suffers from similar corrosion drawbacks as the 

one-step process. Nieken and Watzenberger[25] reported that a periodic two-step process with 

flow reversal in adiabatic fixed-bed reactors can overcome corrosion problems. 

Successful large-scale implementation of one-step HCl oxidation to Cl2 has been 

accomplished by Sumitomo Chemicals using a RuO2/TiO2-rutile catalyst in a fixed-bed 
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reactor.[28,36] This achievement has motivated fundamental studies of the Deacon process 

applying density functional theory simulations and surface science techniques on single RuO2 

crystals.[37-41] Further understanding of the ruthenium-based catalytic system has been made 

with mechanistic investigations on polycrystalline RuO2 in bulk and supported forms using the 

temporal analysis of products (TAP) reactor.[42] A common conclusion of all these studies is 

that RuO2 undergoes partial surface chlorination under Deacon conditions with formation of 

ruthenium oxychloride (RuO2−xClx) and that the latter phase is the effective catalyst. Besides, 

there is a consensus that the reaction basically follows a Langmuir-Hinshelwood mechanism. 

The level of mechanistic understanding of HCl oxidation over traditional copper-based 

catalysts can be substantially improved by application of modern in situ methods, following the 

steps of ruthenium-based catalysts. The motivation to design robust copper-based Deacon 

catalysts is substantial due to the increased attractiveness of this route for chlorine recycling as 

an alternative to electrolysis and the low cost of copper compared to ruthenium. Because of the 

lack of suitable experimental techniques, previous studies over Cu catalysts in oxide and/or 

chloride forms are sometimes speculative and provide no evidence of the active phase 

proposed.[22,43,44] In general, these studies suggested the bulk character of the transformations 

taking place in the material upon reaction and hypothesized an in situ formed mixture of oxide 

and chloride species of copper as the true catalyst for the process. 

Herein, we study the gas-phase HCl oxidation over copper-based samples (CuO, CuCl2, and 

CuCl) and RuO2 using the TAP-2 reactor. Transient investigations are complemented with 

catalytic tests under flow conditions at ambient pressure and variable O2/HCl feed ratios and 

X-ray diffraction characterization of fresh and used catalysts. The combination of techniques 

provides mechanistic insights into the Deacon process over catalysts with different speciation in 

terms of reaction pathways and active phases. 

 

2. Experimental 

2.1. Catalytic Materials and Methods  

Copper(II) nitrate trihydrate (Alfa Aesar, 98.0%), copper(II) chloride (Alfa Aesar, 99.995%, 

ultradry), and copper(I) chloride (Fluka, ≥97.0%) were used without further purification. CuO 
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was obtained by calcination of Cu(NO3)2 3H2O in static air at 873 K (5 K min−1) for 15 h. 

RuO2 (Aldrich, 99.9%) was heated in static air at 773 K (10 K min−1) for 5 h prior to its use. 

X-ray diffraction (XRD) of samples was measured in a Siemens D5000 diffractometer with 

Bragg-Brentano geometry and Ni-filtered Cu K radiation ( = 0.1541 nm). Data was 

recorded in the range of 10-60° 2 with an angular step size of 0.05° and a counting time of 8 s 

per step. 

 

2.2. Catalytic Tests 

The gas-phase oxidation of HCl with O2 was studied at ambient pressure in a set-up 

schematically shown in Figure 2.1, which is equipped with 1) mass-flow controllers to feed HCl 

(Messer, purity 2.8, anhydrous), O2 (Pan Gas, purity 5.0), N2 (Pan Gas, purity 5.0), and Cl2 

(Messer, purity 2.8, anhydrous), 2) a home-made electrically-heated oven hosting a 8 mm i.d. 

quartz micro-reactor, 3) a UV/Vis spectrometer for online qualitative Cl2 analysis, and 4) a 

Mettler Toledo G20 Compact Titrator for offline quantitative Cl2 analysis. The material of all 

of the lines in the set-up was Teflon® in order to prevent corrosion problems, particularly 

downstream of the reactor. During the tests, the catalyst bed temperature was continuously 

recorded with a Fluke Digital Multimeter (model 187) equipped with a K-type thermocouple. 

The catalysts (0.5 g, sieve fraction = 0.4-0.6 mm for the copper-based samples or 0.25 g, sieve 

fraction = 0.2-3 mm for RuO2) were loaded in the tubular reactor and pre-treated in N2 at the 

reaction temperature for 30 min, followed by the introduction of HCl + O2 mixtures with inlet 

O2/HCl ratios = 0-4. The larger particles of the Cu-based samples minimize coagulation of the 

catalyst bed and the associated operational problems in flow tests. The feed mixture contained 

20 vol.% HCl and 0-80 vol.% O2, balanced in N2. Two protocols were applied for catalytic 

evaluation. Temperature-programmed reaction (TPR) was carried out by ramping the furnace 

temperature in HCl or HCl + O2 (O2/HCl = 2) from 333 to 723 K at 10 K min−1. Isothermal 

tests were performed at 723 and 573 K over CuO and RuO2, respectively. CuCl and CuCl2 

were also tested at 723 K using O2/HCl = 2.  

On-line chlorine analysis was carried out using a miniature fiber optic spectrometer (Ocean 

Optics, USB2000-UV/Vis). Spectra  were  collected  in  the  wavelength  range  of  200-600 nm 



Chapter 2 
 

- 18 - 
 

 

Figure 2.1. Scheme of the set-up for catalytic tests: (a) fixed-bed reactor, (b) Z-flow cell, and (c) 
UV/Vis spectra collected at increasing chlorine production. The band centered at 330 nm is due to Cl2. 

every 10 s using a DT-MINI-2-GS Deuterium Tungsten Halogen Light Source and a high-

sensitivity Sony ILX511 2048-element linear silicon CCD array detector upgraded  for  working 

in the UV spectral region. The product gas passed through a Z-flow cell adapted as a flow 

injection analysis (FIA) type assembly having a 10-mm optical path length (FIAlab 

instruments). The carrier gas (N2) provided a reference spectrum in optical absorbance 

processing. Water produced in the reaction was condensed using a reflux unit prior to the 

detection cell. Quantitative Cl2 analysis in isothermal tests was done by iodometric titration 

(Cl2 + 3KI  I3
− + 3K+ + 2Cl−; I3

− + 2Na2S2O3  3I− + 4Na+ + S4O6
2−). The gas at the 

reactor outlet was passed during a fixed time through two serial impingers, equipped with a 

porous frit immersed into an aqueous KI (Sigma-Aldrich, 99%) solution (2 wt.%). The thus 

formed iodine was titrated with an aqueous 0.01 M Na2S2O3 (Sigma-Aldrich, 98%) solution. 

The percentage of HCl conversion was determined as XHCl = (2 × mole Cl2 at the reactor 

outlet/mole HCl at the reactor inlet) × 100 and the space time yield as STY = grams of 
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Cl2/(hour × gram of catalyst). The used catalysts were collected for characterization after 

rapid quenching of the reactor to room temperature in N2 flow. 

 

2.3. Temporal Analysis of Products 

Transient mechanistic studies were carried out in the TAP-2 reactor[45,46] over fresh CuO, RuO2, 

CuCl, and CuCl2, as well as over CuCl2 resulting from a 30 min isothermal test in O2/HCl = 2 

at 723 K and 1 bar (see Section 2.2). The code of the latter sample was CuCl2-a 

(a = activated). The copper-based samples (20 mg) and RuO2 (10 mg), sieved in the 0.2-

0.3 mm particle size fraction, were packed in the isothermal zone of a quartz microreactor 

(4.6 mm i.d.), between two layers of quartz particles of the same sieve fraction. The Cu-based 

samples were pretreated in 20 cm3 STP min−1 of He (O2 for RuO2) at 623 K and 1 bar for 1 h, 

followed by evacuation to 10−10 bar. The following pulse experiments were carried out at 623 or 

723 K over copper-based catalysts and at 623 K over RuO2: 

1) Pulses of HCl/Kr = 10:1 over fresh samples. 

2) Pulses of HCl/O2/Kr = 2:1:1 over the samples resulting from 1). This type of experiment 

was also carried out over CuCl, CuCl2, and CuCl2-a. 

3) Pump-probe experiments of O2/Ar = 2:1 and HCl/Kr = 5:1 over the samples resulting 

from (b). In these experiments, the pulse of the pump molecule was separated from the 

pulse of the probe molecule by a time delay (t) varying between 1 and 4 s; 10 s after 

pulsing the probe molecule, a new cycle starts by pulsing the pump molecule and so on. 

4) Pulses of Cl2/Kr = 10:1 over fresh samples. 

A pulse size of ca. 1016 molecules (exceeding the Knudsen regime) was used in order to 

allow appropriate detection of reaction products, namely, Cl2. In the TAP experiments, Kr 

(Linde, purity 5.0), Ar (Linde, purity 5.0), Cl2 (Linde, purity 4.0), O2 (Air Products, purity 

5.2), and HCl (Praxair, purity 2.5) were used. A quadrupole mass spectrometer (RGA 300, 

Stanford Research Systems) was used for monitoring the transient responses at the reactor 

outlet of the following atomic mass units (amu’s): 84 (Kr), 70 (Cl2), 40 (Ar), 36 (HCl), 32 (O2), 

and 18 (H2O). The responses displayed herein correspond to an average of 10 pulses per amu in 
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order to improve the signal-to-noise ratio. Prior to that, it was checked that the responses were 

stable, that is, with invariable intensity and shape during at least 20 consecutive pulses. 

 

3. Results and Discussion  

3.1. Catalytic Activity  

Preliminary evaluation of the Deacon activity was achieved by temperature-programmed 

reaction (TPR) coupled to online UV/Vis analysis. Previous studies over RuO2-based catalysts 

demonstrated the suitability of this transient protocol for primary catalyst screening.[37,42] The 

temperature at which gas-phase Cl2 evolves from the catalyst by atomic chlorine recombination 

is indicative of the catalytic activity. Figure 2.2 shows the normalized absorbance profiles due 

to Cl2 production versus the temperature of the catalyst bed (Tbed) for RuO2 and CuO. These 

samples are extensively compared due to their equivalent initial chemical composition (oxide 

form). The onset temperature of RuO2 (525 K) is much lower than that of CuO (625 K), 

despite that the amount of RuO2 loaded in the reactor was halved. It is also interesting to see 

that Cl2 evolves over CuO without gas-phase O2 and that the light-off temperature was 

equivalent to the reaction in the presence of O2. This result already suggests the participation 

of lattice oxygen species of CuO in the Deacon process. This mechanistic issue is addressed 

later by means of the temporal analysis of products technique.  

Figure 2.3a compares the influence of the feed O2/HCl ratio on the space time yield (STY) 

over CuO and RuO2. On the basis of the TPR data in Figure 2.2, the temperature was 

typically set at 573 K for RuO2 and 723 K for CuO. The Cl2 concentration at the reactor outlet 

was quantified by titration. As hinted by TPR tests, the catalysts exhibit remarkable 

differences in performance. RuO2 is extremely active, with STY reaching 8 g Cl2 h−1 gcat
−1 (HCl 

conversion ~65%). The Cl2 production increases with the O2 content in the feed. At a O2/HCl 

ratio ≥ 3, the activity reaches a plateau. The positive influence of O2 on Cl2 production over 

RuO2 was previously reported.[37] Therein, DFT calculations indicated that an increased O 

coverage lowered the recombination energy of surface Cl atoms, which is the rate-determining 

step.[37-39] In great contrast, the activity of CuO was much lower (STY = 0.15 g Cl2 h−1 gcat
−1, 

HCl conversion	~5%) and was not affected by  the  O2/HCl  ratio.  The  activity of  RuO2  was  
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Figure 2.2. Light-off curves of CuO and RuO2 resulting from the TPR of HCl in the presence (symbol) 
or absence (gray line) of O2 in the feed gas. The plot shows the normalized absorbance at 330 nm due 
to Cl2 production versus the temperature of the catalyst bed. Conditions: inlet mixture of 20 vol.% HCl 
and 0 or 40 vol.% O2, balanced in N2; W = 0.5 g (CuO) and 0.25 g (RuO2); FT = 166 cm3 STP min−1; 
P = 1 bar. 

fully depleted when O2 was removed from the feed. Oppositely, CuO displayed a sustained Cl2 

production even after 1 h of stopping the inlet O2 flow. These observations emphasize distinct 

mechanistic fingerprints of CuO and RuO2. The Deacon process on RuO2 can be described by a 

Langmuir-Hinshelwood mechanism; that is, the reaction occurs in the presence of adsorbed 

species. On the contrary, CuO appears to approach a Mars-van Krevelen mechanism,[37] which 

involves the participation of lattice oxygen species. This finding can be further supported by 

the experiment in Figure 2.3b. A relatively low, but measurable, Cl2 production was observed 

over CuO in a HCl feed during 5 h, a period after which the Cl2 production dropped to zero 

due to the consumption of bulk oxygen species able to oxidize hydrogen chloride to chlorine. 

Integration of the area below the curve obtained upon isothermal conditions in the sole 

presence of HCl provides a rough estimation of how much O of CuO is involved in the Cl2 

production; 0.5 mmol of Cl2 is produced upon these conditions, which correspond to about 

10% O consumption in the material, according to the stoichiometry of the Deacon reaction. 

This result does not necessarily imply that the remaining fraction of lattice oxygen (90%) stays 

in the catalyst, as much of the  HCl  converted  might  not  evolve  as  Cl2  but  rather  causes 
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Figure 2.3. Space time yield versus time-on-stream during HCl oxidation over RuO2 and copper-based 
samples: (a) at variable feed O2/HCl ratios and (b) at O2/HCl = 0 (open circles) or 2 (solid symbols). 
Conditions: inlet mixture of 20 vol.% HCl and 0-80 vol.% O2, balanced in N2; Tbed = 723 K (copper-
based catalysts) and 573 K (RuO2); W = 0.5 g (copper-based catalysts) and 0.25 g (RuO2); 
FT = 166 cm3 STP min−1; P = 1 bar. 

permanent chlorination of the sample.[22] X-ray diffraction analysis of the used copper catalysts 

in the next section tackled the phase transformation at a bulk level upon Deacon reaction. 

The rate of Cl2 formation over CuO during HCl oxidation with O2 in the feed was ~1 order 

of magnitude higher than without O2, clearly indicating that gas-phase oxygen plays a vital 

role on the reoxidation of the catalyst, accelerating the rate of Cl2 formation. In the HCl + O2 

experiment, the space time yield significantly decreased in the first 2 h on stream and was kept 

constant thereafter. This effect is probably caused by the well-known deactivation of copper-

based catalysts[23,48] attributed to 1) the compositional modification of the material and/or 2) 

volatilization of the active phase. In 1906, Lewis hypothesized that the difficulty in obtaining 

constant HCl conversion in the Deacon reaction over CuCl2 was due to the dynamic phase 

changes, taking several days to reach equilibrium.[48] The Deacon activity of CuCl2 and CuCl at 

723 K is also shown in Figure 2.3b. Both chlorides are significantly more active than CuO. In 

contrast to ref. 48, the activity of CuCl2 remains constant over the reaction time, suggesting a 

fast stabilization time. CuCl shows progressive deactivation with time-on-stream.  
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3.2. Characterization of Catalysts  

XRD has been applied as a suitable technique to provide information at a bulk level on the 

compositional changes occurring in the copper-based materials upon reaction conditions, in 

terms of the chemical nature of the species formed and extent of catalyst restructuring. The 

diffraction patterns obtained from fresh and used copper-based catalysts are depicted in 

Figure 2.4. A more detailed analysis of the diffractograms, including specific phase assignment, 

can be found in the Figure A2.1 (in Appendix A).  

The diffractogram of fresh CuO (Figure 2.4a) exhibits the characteristic reflections of pure 

tenorite phase (JCPDS 48-1548). The XRD pattern of CuO tested under flow conditions for 

7 h shows a mixture of phases: CuCl and CuCl2 2H2O constitute the predominant fraction, but 

CuO and copper hydroxide chloride (Cu(OH)Cl) are represented as well. This outcome 

indicates that extensive bulk transformations of the original structure take place in the first 

few hours of reaction. Considering that the phases identified belong to different crystal systems 

(given in the caption of Figure 2.4), significant disaggregation of the bulk material into 

subdomains of different chemical nature is anticipated to occur upon chlorination. The results 

of the isothermal testing suggested that the equilibrium composition might be reached within 

the first 2 h of exposure to the reaction conditions. Contrarily, XRD analysis of RuO2 used in 

isothermal tests did not show any change,[37] in line with chemical modifications limited to the 

surface of the material. For the CuO sample used in TAP experiments, CuCl, CuCl2 2H2O, and 

Cu(OH)Cl are identified along the main phase, CuO. It is, therefore, evident that even the 

small amount of O2/HCl mixture introduced into the TAP reactor is sufficient to chlorinate 

CuO to an appreciable extent. 

The reflections observed in the XRD pattern of CuCl (Figure 2.4b) used in continuous flow 

catalytic tests for 7 h indicate that the CuCl phase is maintained as dominant and, besides, 

Cu(OH)Cl and CuCl2 2H2O are formed. CuCl2-a (CuCl2 exposed to the Deacon mixture for 

30 min, not shown) and CuCl2 used for 7 h provide practically identical diffraction patterns, 

resembling that of CuCl after reaction (Figure 2.4c).[44] Exposure to the Deacon mixture, 

therefore, induces stronger structural changes for CuCl2 than for CuCl and already within short 

times. On the contrary, CuCl undergoes more drastic chlorination to CuCl2 under TAP 

conditions, whereas only a small amount of CuCl is observed besides the still  dominant  CuCl2 
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Figure 2.4. X-ray diffraction patterns of fresh and used copper-based samples: (a) CuO, (b) CuCl, and 
(c) CuCl2. The crystalline phases identified in the samples are listed on the right above the patterns, 
with the predominant component in bold: CuO (JCPDS 48-1548, monoclinic), CuCl (JCPDS 06-0344, 
cubic), CuCl2 (JCPDS 79-1635, monoclinic), CuCl2 2H2O (JCPDS 71-2288, orthorhombic), and 
Cu(OH)Cl (JCPDS 74-1650, monoclinic). Detailed assignment of the reflections can be found in 
Appendix A, Figure A2.1. The broad reflections marked with an asterisk are due to the quartz particles 
used to confine the catalyst in the TAP reactor that are unavoidably mixed with the catalyst sample 
during the unloading procedure. 

phase upon TAP testing of CuCl2 (or CuCl2-a) at 723 K. Interestingly, the Cu(OH)Cl phase is 

not detected for either CuCl or CuCl2-a used in the TAP reactor, in opposition to CuO. That 

suggests that permanent oxidation of the chlorides under TAP conditions is impeded, probably 

due to the low pressure of reactants. For CuCl, Cu(OH)Cl is most likely never formed, whereas 

it is probably lost by thermal decomposition in the TAP experiment for CuCl2-a. 

 

3.3. Temporal Analysis of Products: Comparison of CuO and RuO2  

Figure 2.5 compares the transient responses of Cl2 and H2O on pulsing of a mixture of 

O2/HCl = 0.5 over CuO and RuO2 at 723 and 623 K, respectively. The identification of both 

reaction products demonstrates a priori the suitability of the TAP reactor to study the Deacon 

process. When the two catalytic materials are compared, it is, at first glance, clear that the Cl2 

response at the reactor outlet over RuO2 is drastically more intense (~40 times) than that over 
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Figure 2.5. Transient responses of reaction products on pulsing HCl (gray lines) and O2/HCl = 0.5 
(black lines) over CuO at 723 K and RuO2 at 623 K. 

CuO, in excellent agreement with the large activity differences in the isothermal tests at 

ambient pressure (Figure 2.3a). In contrast, the response of the other reaction product, H2O, 

over CuO surpasses that over RuO2. HCl pulses without O2 provided evidence of the distinct 

governing mechanism of the Deacon reaction over both catalysts. The Cl2 and H2O responses 

over CuO, being identical to those in the HCl + O2 mixture (Figure 2.5), further confirm the 

participation of lattice oxygen species in the reaction. The amount of H2O produced is much 

larger than the amount of Cl2. A feasible explanation of this evidence is that HCl interacts 

with CuO, forming copper hydroxide chloride species (Cu(OH)Cl). H2O formation through 

recombination of adjacent hydroxyl groups, followed by desorption, appears to be a highly 

favored process. These observations are in agreement with XPS studies by Moroney et al.[49] 

reporting that chemisorption of HCl on Cu(111)—O surfaces at low temperature (80-290 K) 

takes place by replacement of oxygen by Cl with negligible activation energy and with 

subsequent desorption of water. Cl2 evolution on CuO is limited. In fact, a substantial part of 

the chlorine pulsed (as HCl) remains in the catalysts, forming stable chlorinated copper phases. 

Indeed, XRD characterization of the CuO sample tested in the TAP reactor (Figure 2.4) gave 

an indication of significant compositional  changes  at  the  bulk  level,  the  main  CuO  phase 
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Figure 2.6. Comparison of the chlorination profiles of RuO2 by Cl2 and HCl multipulses in the TAP 
reactor at 623 K. No Cl2 or O2 was evolved during the pulsing of HCl or Cl2, respectively. 

coexisting with CuCl, CuCl2 2H2O, and Cu(OH)Cl. Still, chlorination of CuO occurs to a much 

larger extent upon testing in the flow reactor at ambient pressure, leading to a deeper 

restructuring and the predominance of CuCl and Cu(OH)Cl. 

In contrast to CuO, no Cl2 evolved from RuO2 when only HCl was pulsed. This result, in 

fact, enabled determining the degree of surface chlorination of RuO2 by the chlorine uptake in 

HCl multipulse experiments (Figure 2.6). Ca. 75% of the total surface Ru atoms 

(coordinatively unsaturated, cus, and bridge, b, sites) are chlorinated forming RuO2−xClx 

oxychloride.[42] The cus sites are chlorinated in first place. Oxygen in bridging positions can 

dissociate HCl, forming ObH and Clcus, but recombination of two adjacent Clcus is impeded by 

the high energy barrier implied. The presence of gas-phase oxygen assists the latter step.[37,42] 

Normalization of the transient responses of reactants and products during HCl and 

HCl + O2 pulsing further highlights mechanistic differences between CuO and RuO2. The 

normalized responses shown in Figure 2.7 are characterized by two parameters, the time of 

maximum (tmax) and the width at half-height (th/2). The corresponding values are presented in 

Table 2.1. The O2 response over RuO2 is shifted to longer times (higher tmax) and is broader 

(higher th/2) compared with that over CuO. This is related to the stronger interaction of O2 and 
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Figure 2.7. Normalized transient responses of reactants and products on pulsing HCl (solid gray lines) 
and O2/HCl = 0.5 over CuO at 723 K (solid black lines) and RuO2 at 623 K (dashed black lines). The 
inset in the O2 graph illustrates the characteristic times of the responses tmax and th/2, which are 
quantified in Table 2.1. 

the reversible adsorption-desorption equilibrium over RuO2. The HCl response is also broader 

over RuO2 than over CuO. The tmax and th/2 values of HCl response over CuO in the presence 

and absence of gas-phase O2 are practically identical, indicating a similar interaction of HCl 

with this catalyst under both conditions. The tmax of HCl for CuO (0.7 s) is close to the tmax for 

RuO2 (0.8 s) as well. The sharp HCl response over CuO indicates an irreversible adsorption 

process.[45] Besides interacting with the catalyst to produce Cl2 and H2O, HCl, in fact, causes 

bulk chlorination of CuO, as stated by the XRD analysis of the used samples. 

Chlorination of fresh CuO by Cl2 was studied by pulse experiments with Cl2 at the Deacon 

temperature, 723 K. The transient responses displayed in Figure 2.8 show no Cl2 at the reactor 

outlet, implying that chlorine is activated and absorbed by the solid, transforming into a 

chlorinated form. As a consequence, oxygen is expelled from the CuO lattice and monitored as 

O2 by mass spectrometry. The fact that the uptake is complete at Cl2 pulsing (Figure 2.8) in 

contrast to what happens at HCl pulsing (Figure 2.5) strongly suggests a higher rate of 

chlorination by Cl2 than by HCl. Oppositely to CuO, HCl is a more effective chlorinating agent 

than Cl2 over RuO2 (Figure 2.6). This mechanistic aspect is considered  crucial  to  explain  the 
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Table 2.1. Characteristic times (tmax and th/2) of the transient responses of reactants (O2 and HCl) and 
products (Cl2 and H2O) derived from Figures 2.7 and 2.11.  

Catalyst Feed 
O2 HCl Cl2  H2O

tmax
a (s) th/2

b (s) tmax (s) th/2 (s) tmax (s) th/2 (s)  tmax (s) th/2 (s)
CuO HCl - - 0.7 1.3 0.6 1.8  0.4 0.7
CuO HCl + O2 0.3 0.7 0.7 1.4 0.7-0.9 1.9  0.4 0.7
RuO2 HCl + O2 0.6 1.5 0.8 2.3 0.8 1.6  0.9 2.6
CuCl2-a HCl + O2 0.7 1.2 1.0 2.4 0.6 1.1  1.0 3.3
a Time of maximum of the transient response. b Width at half-height of the transient response. 

 

limited activity of CuO and many other transition metal-based oxides in the Deacon process. 

The pronounced Cl2 readsorption hampers the evolution of gas-phase chlorine. The oxygen 

displaced by Cl2 interaction with the catalyst is released as O2 and its response is significantly 

broader (Figure 2.8) than that observed for H2O upon chlorination by HCl (Figure 2.7). Thus, 

the combination of two bulk O atoms and desorption of gas-phase O2 seem to be less favored 

than the recombination of hydroxyl groups to gas-phase H2O.  

Finally, we should discuss the markedly different H2O responses over CuO and RuO2 

(Figure 2.7). The formation of H2O over RuO2 is delayed, with crucial consequences on the 

overall reaction rate, as this step regenerates active sites.[42] The fast H2O evolution over CuO is 

in accordance with previous studies by Pan et al.,[23] concluding that adsorption of HCl over 

CuO is coupled to H2O formation and takes place at low temperature (423-523 K). It should be 

stressed, once again, that the responses of HCl, Cl2, and H2O in the presence and in the 

absence of gas-phase O2 are very similar. This finding indicates that O2 has a limited influence 

on the mechanism of the Deacon process over CuO under TAP conditions. 

Further support to this conclusion arises from pump-probe experiments between O2 and 

HCl at different time delays. The time delay between the pump and probe pulse (t) was 

varied in the 1-4 s range, enabling the assessment of the influence of the pump coverage. The 

consecutive cycles were linked in such a way that the time elapsed between the probe and the 

pump pulse in the next cycle was always of 10 s. After this time, the probe pulse has almost 

fully eluted and the coverage of the probe molecule at the beginning of the cycle is, therefore, 

very low. 
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Figure 2.8. Normalized transient responses of O2 and Cl2 on pulsing Cl2 over CuO at 723 K. 

The Cl2 responses obtained in these experiments are illustrated in Figure 2.9. As shown for 

RuO2 (Figure 2.9, middle), the Cl2 production decreases progressively upon increasing the time 

delay, that is, upon decreasing the oxygen coverage. This behavior unequivocally denotes the 

strong dependence of the rate of Cl2 production on the oxygen coverage, which decreases upon 

increasing the time separation of the O2 and HCl pulses. The pattern corresponds very well to 

a typical Langmuir-Hinshelwood-type mechanism in the presence of adsorbed species. 

Contrarily, the Cl2 production on CuO is independent of the time delay between the O2 and 

HCl pulsing (Figure 2.9, left). This result confirms that HCl oxidation on CuO involves a 

major role of bulk O species, in line with a three-dimensional Mars-van Krevelen route. This 

also concludes that the reoxidation of the chlorinated catalysts is the rate-determining step of 

the Deacon process over Cu-based materials. CuCl2-a has also been investigated (Figure 2.9, 

right), and the results of the experiment will be discussed later in this section. Because of its 

chemical nature, this latter sample not only represents an activated CuCl2 sample but also 

approaches the equilibrated CuO on the basis of the equivalent diffraction pattern of CuO and 

CuCl2 after activity tests at ambient pressure. 

The suitability of the TAP reactor to evidence systems following a Mars-van Krevelen 

scheme, that is, demonstrating the participation of  (surface  and bulk)  lattice  species  in  the 
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Figure 2.9. Transient responses of Cl2 in pump-probe experiments with O2 and HCl at variable time 
delays (t) over CuO at 723 K and RuO2 and CuCl2-a at 623 K. 

catalytic event, is remarkable. Other examples in the literature proving the participation of 

lattice oxygen with the TAP reactor are the oxidation of propane over CuO-CeO2/-Al2O3
[50] 

and the oxidation of ammonia over metal oxides (Fe2O3, Cr2O3, and CeO2).[51]  

 

3.4. Temporal Analysis of Products: Copper Chlorides  

The capability of copper chlorides to produce chlorine in the TAP reactor has been explored in 

order to get insights into the chemical nature of the active phase of the Deacon reaction. 

Detection of the product would give clear indication of CuCl2 or CuCl constituting the key 

component for HCl oxidation. Figure 2.10 displays the responses of reactants and products 

obtained upon pulsing O2/HCl on the copper-based systems. No Cl2 production was detected 

on CuCl2. Consequently, copper(II) chloride cannot be considered the active phase of the 

process. On the basis of the negligible amount of chlorine formed by CuCl, the possibility that 

this material is responsible for the catalytic event can be excluded as well. Still, both CuCl2 

and CuCl produce a considerable quantity of H2O. This outcome indicates that copper 

chlorides are able to activate HCl and O2 and allow for the recombination  of  hydroxyl  groups  
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Figure 2.10. Transient responses of reactants and products on pulsing O2/HCl = 0.5 over CuCl2 at 
723 K, CuCl at 723 K, CuCl2-a at 623 K, and CuO at 723 K. The scale of the y axis was broken in 
order to properly visualize both reactants and products.  

to form gas-phase H2O but do not sustain recombination and desorption of Cl2 upon TAP 

conditions. Nevertheless, both copper chlorides showed remarkable activity during isothermal 

testing (Figure 2.3b). XRD characterization of the samples after reaction revealed phase 

compositions similar in both cases and comparable to what was observed for the used CuO 

sample. It seems thus reasonable that the active phase responsible for chlorine production must 

be formed in situ from the starting oxidic or chloride phase. CuO is able to produce chlorine 

upon TAP conditions; therefore, the kinetics of formation of the active phase is fast from this 

material. Contrarily, copper chlorides seem to require prolonged contact with the reaction 

mixture to express some catalytic activity. CuCl2-a has been, therefore, investigated in the 

TAP reactor at 623 K (Figure 2.10). A lower temperature has been employed in this 

experiment on the basis of the thermal deactivation observed for this catalyst at 723 K (see 

Section 3.2). Upon pulsing the reaction mixture, CuCl2-a indeed produced Cl2 and in even 

higher amounts than for CuO, in agreement with the isothermal tests (Figure 2.3b). A more 

detailed analysis and comparison of the responses collected from CuCl2-a and CuO is possible 

by normalizing their intensities (Figure 2.11). As presented above, the responses are quantified 

by tmax and th/2, whose corresponding values are listed in Table 2.1. Both the tmax and the th/2 
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values obtained for the O2 response are considerably higher for CuCl2-a than for CuO, 

indicating that evolution of O2 from the former catalyst is delayed and a more significant 

reversible adsorption-desorption equilibrium is involved. Also, the HCl response is shifted to 

longer times (higher tmax) and is broader (higher th/2) for CuCl2-a compared with that for CuO, 

pointing to the same conclusions. In the case of the Cl2 responses, evolution of this product is 

faster for CuCl2-a, whereas it is delayed for CuO. This result relates well to the easy 

readsorption of the formed chlorine on CuO, indicated as the main limiting factor for Cl2 

production over CuO. A striking difference is observed in the H2O responses for the two 

materials. Evolution of this product is strongly impeded from CuCl2-a, as an obvious 

consequence of the limited quantity of bulk O species present in this catalyst.  

Combining TAP insights and XRD results, it is possible to gain a more precise indication 

about the chemical nature of the copper-containing phase active for HCl oxidation. Excluding 

copper(I) and (II) chlorides that have been found inactive by TAP, all of the copper-based 

materials showing some activity have in common the presence of the copper hydroxide chloride 

phase, Cu(OH)Cl. It must be noted that XRD analysis has been performed under ex situ 

conditions and, therefore, further chemical changes might have occurred during cooling after 

reaction. In this viewpoint, Cu(OH)Cl is most probably the result of hydration of a copper 

oxychloride species, Cu2OCl2. It seems likely that the activity of the catalysts depends on the 

in situ formation of this latter species, which can be attained starting from both oxide and 

chlorides of copper. This process is faster for CuO because it can form this active phase even 

by small pulses of the reaction mixture in the TAP reactor, whereas CuCl2 (or CuCl) needs a 

prolonged contact with the reaction mixture in continuous flow conditions to generate this 

species. The contrasting behaviors of CuO and CuCl2-a are likely related to the different 

compositions of their bulk structures, that is, the presence or absence of lattice oxygen. In fact, 

the XRD analysis (Figure 2.4) pointed out that, apart from the presence of Cu(OH)Cl in both 

materials, the dominant phases are CuCl for CuCl2-a and still tenorite for CuO after the TAP 

testing. Nevertheless, the differences in chemical composition become negligible when 

comparing CuCl2-a and CuO or CuCl used at ambient pressure. In all of these samples, CuCl 

predominates and CuO is not, or only little, represented. Investigation of HCl oxidation on 

CuCl2-a by means of pump-probe experiments (Figure 2.9, right) reveals that  the  reaction  on  
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Figure 2.11. Normalized transient responses of reactants and products on pulsing O2/HCl = 0.5 over 
CuO at 723 K (solid line) and CuCl2-a at 623 K (dashed line). 

equilibrated samples follows a different mechanism. The Cl2 production profile describes two 

peaks. The presence of a contribution during O2 pulsing (pump) indicates a partial bulk 

character for the reaction, but the diminishing intensity of the contribution upon HCl 

admission (probe) with increasing the time delay relates to a dependence on O surface species. 

Therefore, in this scenario, it seems likely that the active oxychloride is formed by oxidation of 

CuCl by gas-phase O2 and that Cl2 production derives from recombination of surface as well as 

bulk species. 

 

3.5. Proposed Reaction Scheme  

The rich mechanistic information gathered by this in situ approach allows a deep 

understanding of the chemistry of the Deacon process on copper-based materials. The various 

steps of the reaction pathway delineated in our discussion and structural modifications can be 

organized and summarized in an overall reaction scheme (Figure 2.12). Starting from CuO, 

HCl is absorbed (step 1) by interaction with lattice oxygen, forming a hydroxide chloride 

species, Cu(OH)Cl. This species is able to release water (step 2a), therefore consuming lattice 

(surface and bulk) oxygen of CuO. HCl adsorption  and  water  formation  take  place  also  on 
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Figure 2.12. Schematic of the proposed mechanism of HCl oxidation over copper-based catalysts. 

RuO2, with some major differences. Briefly, chlorination starts by HCl activation, leading to 

adsorbed Cl and OH species. The recombination of OH species forms H2O, leaving an O 

species. The active surface ruthenium oxychloride phase is thus generated, and later on, this 

phase acts as a catalyst, allowing for the further dissociation of both HCl and O2 and 

generation of products. The formation of water exclusively involves O atoms coming from the 

gas-phase, and evolution of this product does not alter the structure of the catalyst. Step 2a 

seems to be reversible for CuO and responsible for the reformation at lower temperatures of the 

Cu(OH)Cl phase detected by XRD (step 2b). The intermediate species oxychloride, Cu2OCl2, 

resulting from the water loss, further transforms, following two possible pathways: it can react 

with gas-phase O2 that regenerates CuO evolving chlorine (step 3a) or decomposes to CuO and 

CuCl2 (step 4). The former step is in equilibrium with the reverse reaction (step 3b) because 

the chlorine produced can be easily readsorbed by CuO with evolution of O2. The copper(II) 

chloride species formed from the oxychloride without participation of gas-phase oxygen might 

further transform (step 5), liberating chlorine, in CuCl. This latter species may volatilize to 

some extent due to the high operating temperatures, finally causing catalyst loss. In the case of 

RuO2, chlorine production simply derives from recombination and desorption of surface Cl 

species on the catalytic RuO2−xClx surface. Furthermore, the reversibility of this last step 



Temporal Analysis of Products Study of HCl Oxidation on Copper and Ruthenium-based Catalysts   
 

- 35 - 
 

constitutes a minor issue for ruthenium-based materials with respect to CuO. High O2/HCl 

ratios may be beneficial to CuO in order to avoid extensive chlorination of the oxide, which 

leads to lower activity (pure chlorides proved inactive) and stability (reduced volatilization of 

the pure chloride phase). Copper chlorides are able to produce chlorine as they can enter the 

catalytic cycle, transforming in the active phase Cu2OCl2 by oxidation with gas-phase oxygen 

(step 6), CuCl directly, and CuCl2 by previous thermal decomposition to CuCl (step 5). 

Accordingly, the operation temperature and the O2/HCl ratio should be optimized, as higher 

temperatures result in enhanced activities but also allow for a faster volatilization of both 

copper oxychloride and CuCl, reducing the catalyst lifetime. 

The reaction scheme proposed here describes well the steps involved in HCl oxidation on 

copper-based catalysts. The reaction on fresh CuO can be suitably described by a 3D Mars-van 

Krevelen mechanism, whereas a combination of Mars-van Krevelen and Langmuir-Hinshelwood 

seems to hold for copper chlorides activated upon exposure to the Deacon mixture and used 

CuO. 

 

4. Conclusions 

A fundamental study to discriminate the reaction mechanism governing HCl oxidation to Cl2 

on oxide catalysts has been reported and illustrated with the examples of copper and 

ruthenium-based materials. The temporal analysis of products, a transient technique with a 

millisecond time resolution, has been applied as a powerful tool in order to elucidate in detail 

the distinctive mechanistic aspects. Investigation of the catalysts in the TAP-2 reactor 

confirms that HCl oxidation predominantly obeys a Langmuir-Hinshelwood mechanism on 

RuO2, whereas it highlights a much more complex situation for the copper-based systems. 

Fresh CuO displays a 3D Mars-van Krevelen mechanism. TAP results unequivocally evidenced 

the participation of lattice oxygen in HCl oxidation to Cl2 and H2O, suggested by isothermal 

Deacon tests in a flow reactor at ambient pressure in the absence or presence of gas-phase O2. 

The Mars-van Krevelen character of the reaction on CuO causes bulk chlorination of the 

catalyst, resulting in pronounced disaggregation of the material into a complex mixture of 

crystalline phases (CuO, CuCl, CuCl2 2H2O, and Cu(OH)Cl), as analyzed by XRD of the used 

samples (after TAP and flow tests). Studies with the pure oxide and chlorides in fresh and 
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activated forms strongly suggest that a copper oxychloride is the active phase for Cl2 

production. Furthermore, the indication for a mechanistic route involving both Mars-van 

Krevelen and Langmuir-Hinshelwood aspects (participation of bulk and surface species) arises 

for reaction over activated copper chlorides and used CuO. The rate-determining step on 

copper catalysts in the Deacon process appears to be the reoxidation step. In addition, the 

chlorination of CuO by Cl2 is extremely favorable, very likely leading to a strong product 

inhibition. This explains the much lower activity of copper-based catalysts compared with 

ruthenium-based catalysts. RuO2 experiences limited chlorination, leading to a stable 

oxychloride. The low intrinsic activity of copper-based catalysts due to their proneness to 

chlorinate renders stability problems, as the temperature must be increased to attain 

acceptable conversions, causing volatilization of copper (oxy)chloride phases. The improved 

mechanistic understanding gained on Cu-based systems constitutes a first step for the rational 

design of improved catalysts. For example, controlling the degree of chlorination appears to be 

a factor of prime importance to this purpose. 
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Chapter 3 
Kinetic Aspects and Deactivation Behavior 

of Chromia-based Catalysts in HCl 
Oxidation 

 
1. Introduction 

The catalyzed oxidation of HCl to Cl2 has re-gained increasing interest as an energy-efficient 

route to recover chlorine from HCl-containing streams in the chemical industry, especially in 

polyurethane and polycarbonate production.[2] Since the introduction of the original 

CuCl2/pumice catalyst by Deacon in 1868,[14] many copper-based systems have been reported in 

the literature for operation in fixed and fluidized-bed reactors.[17,23,24] However, none of them 

were realized in a long-term commercial process as a consequence of the fast catalyst 

deactivation due to copper loss, operational problems such as particle coagulation, and severe 

corrosion issues in the plants. In 1980, Mitsui Chemicals established the MT-Chlor process 

using a Cr2O3/SiO2 catalyst in a fluidized-bed reactor at 623-703 K.[26,27] The stability of the 

latter catalyst was improved with respect to the CuCl2-KCl/SiO2 catalyst of the Shell-Chlor 

process.[17] This has been related to the fact that chromium(III) oxide operates via a redox 

cycle, without melting and without involving the chloride-oxide reaction cycle characteristic of 

copper-based catalysts.[9,21] Nonetheless, the implementation of Mitsui’s process is limited to one 

medium-sized plant of 60 kton Cl2 per year.[21] In contrast, recently developed ruthenium-based 

catalysts are being installed in several large-scale Cl2 production facilities.[9,21,28] RuO2-based 

materials exhibit a very high activity at low temperatures (550-650 K) and their lifetimes 

exceed several thousand hours.[21,28,29] Thus, these catalytic systems appear to satisfy a long-

standing industrial need to count on the development of complementary technologies for the 

manufacture of Cl2 by electrolysis.  

The practical interest in RuO2-based catalysts has triggered investigations leading to in-

depth knowledge on the catalyst structure, the chlorination behavior, and the reaction 

mechanism and kinetics.[37-39,41,42,52] Astonishingly, the number of academic studies embracing 
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HCl oxidation over chromium-based materials is limited,[53,54] which hampers a proper 

understanding of this interesting catalytic system. Short-term isothermal tests have shown that 

Cr2O3 is more active than other metal oxides such as CuO and MnO2, being only surpassed by 

RuO2.[54] One of the original patents by Mitsui[27] states that fresh catalyst particles should be 

fed to the fluidized-bed reactor either continuously or intermittently to replenish the 

evaporated portion of the chromium while continuing the reaction. Therefore, chromium loss 

and the associated environmental concerns might be critical factors for the limited 

industrialization. 

Herein, we have conducted a systematic investigation of the gas-phase oxidation of HCl 

over Cr2O3-based catalysts in bulk and supported forms using a continuous-flow fixed-bed 

reactor operated at ambient pressure and variable temperature, feed O2/HCl ratio, and contact 

time. The composition, structure, porosity, and chromium oxidation state of the catalysts prior 

to and after reaction were assessed in order to gain insights into the nature of the active 

species and the deactivation mechanism. 

 

2. Experimental 

2.1. Catalysts  

Cr2O3 (Aldrich, nanopowder, 99%), SiO2 (Fluka, Cab-O-Sil), -Al2O3 (Alfa Aesar), and TiO2-

anatase (Aldrich, nanopowder, 99.7%) were calcined in static air at 773 K (10 K min−1) for 5 h 

prior to their use. CrO3 (Aldrich, 99.99%) was used as received. Supported catalysts with a 

nominal Cr loading of 14 wt.% were prepared by incipient wetness of the dried carriers with an 

aqueous solution of Cr(NO3)3 9H2O (Sigma-Aldrich, 99%), followed by drying at 338 K for 

12 h, and static-air calcination at 773 K (10 K min−1) for 5 h. The value of 14 wt.% was 

selected on the basis of the optimal range (13-20 wt.%) indicated in the patent literature.[26]  

 

2.1. Characterization Techniques 

Powder X-ray diffraction (XRD) was measured using a PANalytical X’Pert PRO-MPD 

diffractometer. Data was recorded in the 10-70 2 range with an angular step size of 0.017 
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and a counting time of 0.26 s per step. N2 sorption at 77 K was measured using a 

Quantachrome Quadrasorb-SI gas adsorption analyzer. The samples were degassed in vacuum 

at 473 K for 12 h prior to the measurement. Temperature-programmed reduction with 

hydrogen (H2-TPR) was measured using a Thermo TPDRO 1100 unit equipped with a thermal 

conductivity detector. The samples were loaded in a quartz micro-reactor (11 mm i.d.), pre-

treated in He (20 cm3 STP min−1) at 473 K for 30 min, and cooled to 323 K in He. The 

analysis was carried out in 5 vol.% H2/N2 (20 cm3 STP min−1), ramping the temperature from 

323 to 1173 K at 10 K min−1. The chromium content was determined by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) using a Horiba Jobin Yvon Ultima 2 

instrument after dissolution of the samples in a HF/H2SO4 solution. X-ray photoelectron 

spectroscopy (XPS) was performed using a VG-Microtech Multilab 3000 spectrometer featuring 

a hemispheric electron analyzer with 9 channeltrons (pass energy 50 eV) and non-

monochromated Mg K radiation at 1253.6 eV as the X-ray source. Samples were transferred 

to the spectrometer chamber under regular ambient exposure. The binding energy scale was 

referenced to the C 1s level of the carbon overlayer at 284.6 eV. The spectrum of fresh Cr2O3 

was deconvoluted by applying fixed binding energy values for Cr3+ and Cr6+, retrieved from 

NIST,[55-57] and allowing the full width at half maximum to relax to achieve the best possible fit 

(R2 = 0.996). The same procedure was followed for the decomposition of the spectrum of used 

Cr2O3 by initially applying a shift of 2 eV to the binding energies of Cr3+ and Cr6+, on the basis 

of the overall shift of the Cr 2p features with respect to those of the fresh sample. As the fit 

was not satisfactory (R2 = 0.971), the binding energies were refined. The best result 

(R2 = 0.991) was found for shifts equal to 2.6 and 1.9 eV for Cr3+ and Cr6+, respectively. The 

point of zero charge (PZC) of Al2O3 and SiO2 was determined by measuring the zeta potential 

as a function of pH at different ionic strengths in a Zetasizer Nano ZS (Malvern Instruments). 

The carriers (0.1 wt.%) were dispersed in aqueous solutions of pH 2.0 (Al2O3) or 11.2 (SiO2). 

The suspensions were placed in a cell and titrated by adding 0.01-0.1 M NaOH (Al2O3) or 0.01-

0.1 M HCl (SiO2). The changes in zeta potential were recorded as a function of pH. 

 

2.3. Catalytic Tests 

The gas-phase oxidation of hydrogen chloride was studied at ambient pressure in a setup 
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described in Chapter 2. The catalysts (particle size = 0.4-0.6 mm) were loaded in the tubular 

reactor and pre-treated in N2 at 688 K for 30 min. Thereafter, experiments at variable bed 

temperatures (Tbed = 560-680 K), inlet O2/HCl ratios (0-7), and contact times (τ = 0.1-0.3 s) 

were carried out. In the catalytic tests, the inlet HCl concentration was fixed at 10 vol.%. The 

temperature dependence was measured using a catalyst weight (W) of 0.5 g (0.25 g for 

supported catalysts), a O2/HCl ratio = 2, and a total volumetric flow (FT) of 

166 cm3 STP min−1. The O2/HCl dependence was measured by increasing the O2 content in the 

inlet mixture from 5 to 70 vol.% with N2 as balance gas, applying Tbed = 688 K (678 K for 

supported catalysts), W = 0.5 g (0.25 g for supported catalysts), and FT = 166 cm3 STP min−1. 

Data was collected after 1 h on stream under each condition. The contact time dependence was 

studied at variable W = 0.5-1.5 g and FT = 166-333 cm3 STP min−1, at Tbed = 688 K and 

O2/HCl = 2. In this case, measurements were made at 1, 2, and 3 h on stream and the data 

was averaged. The space time, defined as the ratio of the catalyst weight and the inlet molar 

flow of HCl (W/F0(HCl)), was in the range of 11.2-33.3 g h mol−1. The Weisz-Prater criterion 

was fulfilled in all catalytic tests of this study, indicating the absence of intra-particle diffusion 

limitations. Stability tests (up to 40 h on stream) were conducted over the supported Cr2O3 

catalysts at 678 K and O2/HCl = 0.5-7. Used samples were collected for post-mortem 

characterization after rapidly cooling down the reactor to room temperature in N2 flow. Cl2 was 

quantified by iodometric titration using a Mettler Toledo G20 Compact titrator. The 

percentage of HCl conversion was determined as XHCl = (2 × mole Cl2 at the reactor 

outlet/mole HCl at the reactor inlet) × 100. The experimental error of the measurements is 

±3%. Chromium losses in stability tests involving bulk Cr2O3 were determined using a guard 

bed of H-ZSM-5 (Zeolyst International, CBV 8014, 0.5 g, particle size = 0.4-0.6 mm) located in 

the cold zone of the reactor outlet (373 K). 

 

3. Results and Discussion  

3.1. Bulk Cr2O3 

3.1.1. Catalytic Activity. Cr2O3 displayed a remarkable and constant HCl conversion level 

(ca. 30%) in the course of a 4 h test at 688 K and O2/HCl = 2 (Figure 3.1a). Upon removal of 

O2 from the feed, the HCl conversion was minimal and dropped to  zero  after  2 h  on  stream. 
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Figure 3.1. HCl conversion versus (a) time-on-stream, (b) feed O2/HCl ratio, and (c) contact time. (d) 
Arrhenius plot showing the logarithm of the rate of Cl2 production as a function of the reciprocal 
temperature. Bulk Cr2O3 is represented by solid circles and Cr2O3/SiO2 by open squares. The 
equilibrium HCl conversion is depicted as a dashed gray line (c). Conditions are detailed in Section 2.3. 

The catalytic activity was immediately restored by switching the feed O2/HCl ratio from 0 

back to 2. The HCl conversion increased upon raising the feed O2/HCl ratio (Figure 3.1b), 

indicating that catalyst re-oxidation is rate limiting, similarly to RuO2 and CuO 

(Chapter 2).[37] The formal reaction order on O2, calculated using a power equation fitting, was 

found to be 0.2 (±0.02). As expected, higher contact times enhanced the HCl conversion 

(Figure 3.1c). Nevertheless, the level reached at τ = 0.3 s was slightly lower than anticipated. 

Since the HCl conversion was not limited by thermodynamic constraints under any of the 

conditions applied in catalytic testing (see equilibrium HCl conversion (Xeq) in Figure 3.1c), 

this might be related to certain product inhibition at high Cl2 production levels. From the 

Arrhenius plot (Figure 3.1d), the apparent activation energy (Ea
app) was estimated to be 

97 (±1.4) kJ mol−1. 

3.1.2. Characterization. Fresh and used Cr2O3 samples were characterized by bulk and surface 

techniques in order to assess possible alterations of the catalyst textural, structural, and 

compositional properties upon exposure to reaction conditions. The total surface area of Cr2O3 

(10 m2 g−1) decreased to 8 m2 g−1 upon use, probably due to minor particle sintering. XRD 

analysis of Cr2O3 used in HCl + O2 and HCl-only mixtures did not evidence changes in position  
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Figure 3.2. XRD patterns of bulk Cr2O3: (a) fresh, (b) used in O2/HCl = 2 at 688 K for 4 h, and (c) 
used in O2/HCl = 0 at 688 K for 2 h. The pattern of Cr2O3 (JCPDS 70-3766) is shown by the vertical 
gray lines. 

and intensity of the chromium(III) oxide reflections or the appearance of chlorinated phases 

(Figure 3.2). The stability of this material apparently resembles that of RuO2.[37] As it will be 

pointed out later, this does not hold true. 

The H2-TPR profile of fresh Cr2O3 displays two main reduction peaks (1 and 2, 

Figure 3.3a). Due to variations in the experimental conditions applied in the present analysis 

(2-16 times lower concentration of H2 and 1.5 times slower ramping rate), these are observed at 

higher temperatures (500-650 and 650-850 K) with respect to literature data.[58,59] The less 

intense low-temperature feature seems to be composed of a peak and a shoulder (1 and 1’, 

visualized by deconvolution as gray curves), which are respectively attributed to the reduction 

of Cr6+ to Cr3+[58] and of Cr5+ to Cr3+. The latter assignment was substantiated by H2-TPR and 

XRD data for CrO3 after use in HCl oxidation (Section 3.1.3). As no reflections or bumps 

specific to Cr6+ or Cr5+ phases were detected by XRD, these species seem to be present at the 

near-surface level only. Peak 2 appears as the superimposition of a main component, related to 

the reduction of Cr3+ to Cr2+,[58,59] and two shoulders (2’ and 2’’, visualized by deconvolution as 

gray curves) that could refer to variable degrees of crystallization of Cr2O3.[59] After use at 

O2/HCl = 2 (b), peak 1’ became moderately more intense,  whereas  peak  1  almost  vanished. 
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Figure 3.3. H2-TPR profiles of bulk Cr2O3: (a) fresh, (b) used in O2/HCl = 2 at 688 K for 4 h, (c) used 
in O2/HCl = 0 at 688 K for 2 h, and (d) used in O2/HCl = 0 at 688 K for 2 h and then in O2/HCl = 2 
at the same temperature for 2 h. 

These findings indicate that HCl oxidation is accompanied by an increase of Cr5+ species and 

depletion of Cr6+ species, which might occur either via volatilization or reduction (vide infra). 

The signals were fully depleted after treatment in HCl-only (c). In the absence of O2, HCl is 

able to consume all Cr6+ and Cr5+ species transforming them into Cr3+ species or, vice versa, 

Cr6+ and Cr5+ species oxidize HCl to Cl2. Chlorine production was indeed observed under these 

conditions and eventually stopped when all chromium species in higher oxidation states had 

reacted (Figure 3.1a). The subsequent exposure to a feed with O2/HCl = 2 restored  feature  1’ 

to a minor extent (d), demonstrating that gas-phase O2 is able to in situ re-oxidize Cr3+ 

species. In profiles (b-d) peak 2 is shifted to lower temperatures, indicating that any treatment 

renders Cr2O3 somewhat more reducible.[59]  

XPS was applied to further characterize the surface of the samples (Figure 3.4). The band 

structure of the Cr 2p XPS spectrum for the fresh material (Figure 3.4a), composed of the 

Cr 2p3/2 and Cr 2p1/2 peaks, is that characteristic of bulk Cr2O3.[58] Both features can be fitted 

by contributions of Cr3+, Cr5+, and Cr6+. Nevertheless, due to the equivocal distinction between 

the binding energies of Cr6+ and Cr5+ (Table 3.1),[60] a combined deconvolution line is shown for 

both. In order to derive information about  the  relative  amounts  of  the  different  chromium  
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Figure 3.4. Cr 2p core level XPS spectra of bulk Cr2O3: (a) fresh and (b) used in O2/HCl = 2 at 688 K 
for 4 h. The inset shows the Cl 2p spectrum of the used sample. 

species, the Cr 2p3/2 signals were considered.[61] Accordingly, Cr5+ + Cr6+ species were 

significantly more abundant than Cr3+ species in fresh Cr2O3 (Figure 3.4a). Upon use in HCl 

oxidation, both Cr 2p3/2 and Cr 2p1/2 peaks were shifted by 2 eV to higher binding energy 

(Figure 3.4b), pointing to the presence of chlorine. Surrounding atoms with high 

electronegativity are indeed reported to cause an increase in binding energy.[60] The noisy signal 

detected at 201.3 eV in the Cl 2p region of the XPS spectrum confirms that the surface of the 

used catalyst contains a little amount of chlorine (Figure 3.4, inset). It is difficult to speculate 

on the type(s) of chlorine-containing species  present.  The  signal  of  Cr3+  appears  at  1.3 eV 

Table 3.1. XPS data of chromium species.  

Cr species Compound Binding energy (eV) Ref. 
Cr3+ Cr2O3 576.5 This study, 57
 CrCl3 577.8 56 
 Cr(NH3)6·Cl3 578.5 56 
 Cr(en)3·Cl3 578.3 56 
 CrOx/ZrO2 577.0 61 
Cr5+ CrOx/ZrO2 579.0 61 
Cr6+ CrO3 578.9 This study, 58
 CrOx/ZrO2 580.0 61 
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higher binding energy in the case of CrCl3 with respect to Cr2O3 and larger shifts are observed 

when additional ligands such as en (ethylenediamine) or NH3 (ammonia) are present 

(Table 3.1). Shifts to higher binding energy are expected also in the case of substitution of O 

atoms bound to Cr5+ or Cr6+ by Cl. Thus, species likely present on the used sample could be 

surface (oxy/hydroxy)chlorides of chromium(III/V/VI), possibly solvated by water, but 

adsorbed hydrochloric acid and molecular chlorine cannot be excluded. As the individual shifts 

for Cr3+ and Cr5+ + Cr6+ are actually different and equal to 2.6 eV and 1.9 eV, respectively, 

chlorine might preferably bind to Cr3+ rather than Cr5+/Cr6+ ions, or Cr sites with different 

oxidation state could stabilize chlorine-containing compounds of different chemical nature. 

Finally, the Cr5+ + Cr6+ and Cr3+ contributions to the Cr 2p3/2 feature became almost 

equivalent. The depletion of species in higher oxidation states is in line with the H2-TPR 

results (Figure 3.3, peaks 1 and 1 in profiles a,b). 

3.1.3. Evaluation of CrO3. CrO3 was studied in HCl oxidation as a reference sample. This 

material showed a HCl conversion level of 17% at 30 min on stream, which remained constant 

up to a reaction time of 2 h.  Volatilization  of  chromium  species  was  observed  in  the  first  

 

Figure 3.5. (a) XRD patterns of bulk CrO3 prior to and after use in O2/HCl = 2 at 688 K for 2 h. The 
pattern of CrO3 (JCPDS 32-0285) is shown by the vertical gray lines, while other phases are indicated 

by symbols: (○) Cr2O3, JCPDS 70-3766, (◊) Cr2O5, JCPDS 07-0247, and (□) CrO2, JCPDS 84-1821. 
(b) H2-TPR profile of used CrO3.  
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15 min of the catalytic run, likely due to the low boiling point of CrO3 (524 K). The 

diffractogram of the residual solid (Figure 3.5a) revealed that the original CrO3 phase fully 

transformed: Cr2O3 was the major phase, followed by Cr2O5 and CrO2. The decomposition of 

CrO3 into oxides with chromium in lower oxidation states is in agreement with literature 

data.[62] Nevertheless, it is reported that Cr2O5 would be preferentially formed by heating CrO3 

in air at 573 K. The predominance of Cr2O3 in the present case could originate from the 

different chemical environment and/or the higher temperature of the treatment. The H2-TPR 

profile of used CrO3 is characterized by the presence of an asymmetric reduction peak centered 

at 660 K, which can be deconvoluted into three components (Figure 3.5b). In line with the 

phases detected by XRD (Figure 3.5a), peak 1’ at 639 K is attributed to the reduction of Cr5+ 

to Cr3+, peak 3 at 654 K to the reduction of Cr4+ to Cr2+ or Cr3+, and peak 2 at 668 K to the 

reduction of Cr3+ to Cr2+. 

3.1.4. Redox Cycle. Herein we describe the main mechanistic fingerprints of HCl oxidation 

over bulk chromia. The reaction is proposed to occur over the surface of Cr2O3 according to a 

simplified redox cycle: Cr3+ terminal species are oxidized by gas-phase O2 to Cr5+ and Cr6+ 

species, which react with HCl generating Cl2 and H2O, thus reconverting into Cr3+ species. The 

suggested catalytic cycle is in line with literature studies correlating the oxidation activity of 

chromium with its ability to reversibly shift between different oxidation states,[63,64] and 

supports some mechanistic aspects gathered for HCl oxidation on (Cr-Cu-Mn)/-Al2O3 and 

Cr2O3/-Al2O3 catalysts under methane oxychlorination conditions.[53] The key features of the 

mechanism are herein substantiated and further discussed based on characterization and 

catalytic data.  

XPS and H2-TPR analyses indicated the presence of Cr6+ and Cr5+ species in fresh Cr2O3. 

Production of Cl2, although in small amounts, in the absence of gas-phase O2 over this catalyst 

was observed up to 2 h on stream (Figure 3.1a). After this time no HCl was further converted 

and H2-TPR analysis of the used sample evidenced the complete depletion of Cr6+ and Cr5+ 

species (Figure 3.3c). Furthermore, CrO3 was active for HCl oxidation. These lines of evidence 

prove that Cr3+ species are per se not able to oxidize HCl, while species in higher oxidation 

states are. The fact that CrO3 reaches a lower HCl conversion level than Cr2O3, in spite of the 

exclusive presence of Cr6+ species, is likely due to its rapid volatilization and decomposition. 
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The instability of chromium(V) and (VI) compounds both at the calcination and reaction 

temperature, the absence of diffraction lines or bumps specific to bulk phases with chromium in 

higher oxidation state, and the detection of Cr5+ and Cr6+ species by XPS suggest that the 

latter are exclusively present at the surface of Cr2O3. Thus, HCl oxidation seems to occur at 

the catalyst surface. Oxidized chromium species can be generated during reaction in the 

presence of gas-phase O2. This is supported by 1) the disappearance of the reduction peak of 

Cr6+/Cr5+ species in the H2-TPR profile of the sample exposed to HCl-only (Figure 3.3c) along 

with 2) the immediate increase in HCl conversion to its original level (ca. 30%)  when  feeding 

a mixture with O2/HCl = 2 after the treatment at O2/HCl = 0 (Figure 3.1a) and the re-

appearance of the reduction peak of Cr5+ species in the H2-TPR profile of the sample after this 

test (Figure 3.3d). The literature reports that surface chromyl species (Cr═O) can form via 

dissociative adsorption of O2 on coordinatively-unsaturated Cr3+ cations, i.e. transforming Cr3+ 

into Cr5+ and completing its coordination shell.[65-67] The generation of chromyl terminations 

with Cr in (VI) oxidation state is not supported by any experimental evidence and may require 

higher temperatures and O2 pressures than those used in this study[68,69] but cannot be ruled 

out. Thus, it is suggested that the Cr2O3 surface active for HCl oxidation to Cl2 contains 

terminal Cr═O species of Cr5+ and Cr6+. With regards to the kinetics of the reaction steps, we 

expect the activation of gas-phase O2 by Cr3+ ions to produce oxidized surface chromium 

species to be rate limiting, as the HCl conversion was found to positively depend on the feed O2 

concentration (Figure 3.1b). 

 

3.2. Supported Cr2O3 

3.2.1. Catalytic Activity. The alumina, silica, and titania-supported Cr2O3 catalysts were 

preliminarily screened for HCl oxidation in short-term tests. The HCl conversion values 

obtained at 15 min and 3 h on stream were in the range of 14-30% (Table 3.2). Cr2O3/Al2O3 

and Cr2O3/SiO2 showed the highest and most stable activity. Cr2O3/TiO2 resulted initially 

quite active, but the HCl conversion dropped to ca. 14% at the end of the test. While the other 

catalysts were apparently stable in the evaluated time frame, significant volatilization of the 

active phase occurred for Cr2O3/Al2O3 immediately after exposure to the reaction mixture. As 

no activity deterioration was observed for the latter, we assumed that, in view of the  relatively  
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Table 3.2. Characterization and catalytic data of supported Cr2O3 catalysts.  

Catalyst State 
XHCl

a (%) SBET 

(m2 g−1) 
Cr content 
(wt.%) 

Cr lossb 
(wt.%) 

Crystallite 
sizec (nm) 15 min 3 h

Cr2O3/SiO2 Fresh 28 26 149 (189)d 13.4 - 27
 Used - - 149 12.8 (9.7)e 4.5 (27.6)e 30
 Used - - - 12.6f 6.3f -
Cr2O3/Al2O3 Fresh 28 30 162 (191) 12.7 - 8
 Used - - 148 8.5 32.5 10
 Used - - - 9.2f 27.4f -
Cr2O3/TiO2 Fresh 21 14 34 (52) 13.3 - 14
 Used - - 32 12.8 3.7 16
a Conditions: O2/HCl = 2, Tbed = 678 K, P = 1 bar, W/F0(HCl) = 5.6 g h mol−1. b Determined after 
reaction for 3 h under the conditions in ‘a’. c Determined by application of the Scherrer equation to the 
XRD data. d Total surface area of the supports in brackets. e Chromium content and loss after 40 h on 
stream in brackets. f Chromium content and loss at O2/HCl = 4, Tbed = 678 K, P = 1 bar, 
W/F0(HCl) = 5.6 g h mol−1, and t = 10 h. 
 

high chromium loading, enough active phase was left on the support to account for a constant 

Cl2 production for the duration of the run. Based on the pronounced structural instability of 

Cr2O3/Al2O3 and the considerable deactivation suffered by Cr2O3/TiO2, further kinetic studies 

were performed on the silica-supported catalyst.  

Figure 3.6a shows the dependence of the rate of Cl2 production per gram of catalyst on the 

feed O2/HCl ratio over Cr2O3/SiO2. Data for bulk Cr2O3 have been included for comparative 

purposes. Cr2O3/SiO2 appears ca. 2 times more active than bulk Cr2O3 at O2/HCl = 7. If the 

rate is calculated per mol of chromium, the activity of Cr2O3/SiO2 exceeds that of bulk Cr2O3 

by one order of magnitude at the same O2/HCl ratio. The rate increased upon raising the 

relative O2 content in the feed mixture and the formal reaction order on O2 for Cr2O3/SiO2 is 

0.3 (±0.02). This dependence is thus stronger for the supported catalyst than for bulk Cr2O3 

(reaction order = 0.2, Figure 3.1b and 3.6a). Catalytic testing of Cr2O3/SiO2 at temperatures 

between 560 and 680 K at O2/HCl = 2 (Figure 3.1d) enabled the estimation of Ea
app, which is 

96 (±1.5) kJ mol−1. The value is practically identical to that obtained for unsupported Cr2O3 

(97 kJ mol−1), suggesting that the kinetics of HCl oxidation is not affected by deposition of the 

active phase on this carrier. 
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Figure 3.6. (a) Rate of Cl2 production per gram of catalyst versus feed O2/HCl ratio. (b) Stability test 
of Cr2O3/SiO2 and Cr2O3/Al2O3 showing the fraction of initial activity versus time-on-stream. (c) 
Deactivation constant and chromium loss in stability tests versus feed O2/HCl ratio. Conditions are 
detailed in Section 2.3. 

The long-term performance of Cr2O3/SiO2 was tested in a 40-h run at O2/HCl = 2. 

Figure 3.6b shows the fraction of initial activity (F = Xt/X0) as a function of time for this 

catalyst, where Xt and X0 represent the HCl conversion at time t and 0 h, respectively. X0 was 

obtained by extrapolation of the linear trend line of the XHCl versus time-on-stream plot. F 

consistently declined throughout the test, indicating strong and constant deactivation. Aiming 

at determining experimental conditions that would minimize this phenomenon, Cr2O3/SiO2 as 

well as Cr2O3/Al2O3 were tested at different feed O2/HCl ratios (between 0.5-7) for 10 h on 

stream. The deactivation constant,  (h−1), was derived in each case from the slope of the trend 

lines (F = 1−t) attained by plotting F versus t, as depicted in Figure 3.6b. The resulting 

correlation between  and the O2/HCl ratio is shown in Figure 3.6c. For Cr2O3/SiO2, the value 

of  linearly decreased raising the O2/HCl ratio up to 4, but a further increase in the O2/HCl 

ratio did not lead to better stabilization. Consequently, O2/HCl = 4 was identified as the 

optimum feed ratio for this catalyst. For Cr2O3/Al2O3,  was ca. 2 times higher than for 

Cr2O3/SiO2, indicating much stronger deactivation (Figure 3.6c). Very high O2/HCl ratios, 

which would lie out of the ranges of economic operation conditions, would likely be required to 
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curtail the activity loss. The origin of the observed deactivation is tackled in Section 3.3. 

3.2.2. Characterization. The chromium content, as determined by ICP-OES, was about 

13 wt.% for all the catalysts, thus only slightly lower than the nominal value of 14 wt.% 

(Table 3.2). The XRD patterns of the materials exhibit the characteristic reflections of 

chromium(III) oxide and of the corresponding carriers (Figure 3.7). The peaks of Cr2O3 on 

Al2O3 are remarkably less intense than in the other cases. Applying the Scherrer equation to 

the (110) reflection, a much smaller particle size (Table 3.2) was estimated for Cr2O3/Al2O3 

(8 nm) than for Cr2O3/TiO2 (14 nm) and Cr2O3/SiO2 (27 nm), suggesting that the nature of 

the support strongly influences the degree of dispersion and crystallinity of the active phase. 

XRD analysis of the used samples revealed no phase alteration (i.e. by chlorination), but a 

slight increase in crystallinity for all catalysts (Table 3.2), which indicates minor sintering. The 

original SBET of the pure carriers dropped rather significantly upon chromium incorporation. 

Pore blockage by the CrOx phase is the most probable reason, due to the relatively high 

chromium loading (Table 3.2). The SBET of used Cr2O3/SiO2 and Cr2O3/TiO2 was practically 

unaltered, while it slightly decreased in the case of Cr2O3/Al2O3. 

 

Figure 3.7. XRD patterns of the supported Cr2O3 samples in fresh and used (in O2/HCl = 2 at 678 K 

for 3 h) forms. Reflections of Cr2O3 (JCPDS 70-3766) are indicated by (○). Unmarked reflections belong 
to the carriers. 
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Figure 3.8. H2-TPR profiles of the supported Cr2O3 samples in fresh and used (in O2/HCl = 2 at 678 K 
for 3 h) forms. 

The H2-TPR profiles of fresh and used supported catalysts (Figure 3.8) are characterized 

by two peaks due to chromium reduction, while the supports were irreducible under the 

applied conditions. The position of these features is substantially similar to the case of bulk 

Cr2O3. Thus, peak 1 is again attributed to the reduction of Cr6+ and/or Cr5+ to Cr3+ and peak 2 

to the reduction of Cr3+ to Cr2+. Nevertheless, the variable degree of dispersion of the active 

phase, its particle size, and extent of interaction with the supports determined evident shifts of 

the peaks maxima.[62] Still, in all of the cases their relative intensity reveals that a larger 

amount of chromium is present in higher oxidation states in the fresh catalysts, contrarily to 

the bulk oxide. This finding, combined with the greater exposed surface, likely explains the 

higher activity of supported with respect to bulk Cr2O3 (Figure 3.6a). The intensities of peak 1 

for the various catalysts are clearly different. For instance, Cr2O3/Al2O3 contains ca. 18 times 

more Cr5+/Cr6+ species than Cr2O3/SiO2. Hence, the properties of supports also determine in 

which chemical form chromium is stabilized on their surface. The anchoring process of 

chromium on metal oxides has been described as an acid-base type reaction, in which the 

weaker acid H2O is replaced by the stronger acid H2CrO4 (or H2Cr2O7).[70] Typically, silica is 

more acidic than alumina. Consistently, the PZC of the SiO2 and Al2O3 employed in this study 

were measured as 3.4 and 8.0, respectively. Thus, mono-chromates are  readily  fixed  onto  the 
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Figure 3.9. Pictures of the representative catalysts prior to and after reaction. 

alumina surface in a well-dispersed manner, but a combination of mono- and poly-chromates 

would rather form on silica. In the latter case, the interaction with the surface hydroxyl groups 

of the support is insufficient to break the poly-chromate clusters into mono-chromates. In 

addition, silica usually offers fewer OH sites than alumina. This determines that a lower 

number of chromates can actually graft, while a larger fraction is only weakly attached.[71] As a 

result, Cr6+ species are less dispersed and calcination leads to bigger Cr2O3 aggregates.[70] XRD 

is most likely blind with respect to chromate species in view of their very small size. The 

prevalence of supported chromium species in either high or low oxidation state is corroborated 

by the appearance of the catalysts (Figure 3.9). The dark orange color of fresh Cr2O3/Al2O3, 

more similar to CrO3, suggests that it is rich in Cr6+ species, whereas the pale olive tone of 

Cr2O3/SiO2 resembles that of Cr2O3, pointing to the dominance of Cr3+ species in this catalyst. 

Considering the H2-TPR profiles of the used samples, peak 1 remarkably decreased in intensity, 

suggesting that Cr6+ species either volatilized or reduced to Cr3+ during reaction, as observed 

for bulk Cr2O3 (Figure 3.3, profiles a, b). The peak was almost depleted for Cr2O3/Al2O3. The 

compositional change can be visualized by a clear alteration of the color from dark orange to 

pale green (Figure 3.9). Additionally, a colored condensate was collected downstream the 

reactor in the first few minutes of the test (vide supra). Although this catalyst is expected to 

be more active than Cr2O3/SiO2 in view of the higher amount of Cr5+/Cr6+ species present, its 

instability likely caused substantial deactivation already before the first activity measurement. 

For Cr2O3/SiO2 the intensity of the H2-TPR peak 1 was about halved and the material 

assumed a somewhat darker green shade. 
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3.3. Chromium Loss and Catalyst Stability 

Stability constitutes one essential parameter in catalyst development and is particularly critical 

in the case of HCl oxidation. Due to the health hazards associated with chromium, it is 

relevant to discuss the deactivation mechanism and, thus, if chromium is lost upon use and to 

which extent and in which form this occurs.  

Bulk Cr2O3 exhibited a stable activity in the short-time screening and no bulk chloride 

phases were detected by XRD in the used sample. Nevertheless, analysis of the zeolite material 

used as a guard bed during the test indicated a minor but measurable chromium loss (ca. 

0.05 wt.% during 5 h on stream). The performance of supported Cr2O3 catalysts has been later 

shown to strongly deteriorate already in a short time frame (10-40 h). Elemental analysis of the 

used supported catalysts confirmed chromium depletion in all cases (Table 3.2). Cr2O3/Al2O3 

suffered from the highest chromium loss, ca. 32% after 3 h on stream. For SiO2 and TiO2-

supported catalysts, the decrease in metal content was only ca. 4% upon the same treatment, 

but a similar value (28%) was attained for Cr2O3/SiO2 after 40 h on stream. Figure 3.6c 

indicates that the variation of the deactivation constant and of the chromium loss at different 

O2/HCl ratios agrees well for Cr2O3/SiO2 and Cr2O3/Al2O3. This proves that the prime origin of 

activity deterioration of Cr2O3-based catalysts is the volatilization of the active phase. The fact 

that no bulk chloride was detected after reaction suggests that the latter occurs via a different 

mechanism compared to copper-based catalysts (see Chapter 2), or that the instability of the 

chlorine-containing chromium phases possibly formed is much higher. 

According to the literature, Cr2O3 (Cr3+) as well as surface chromyl species (Cr5+) produced 

during reaction should be stable at the reaction temperature,[67] while Cr6+ species, namely, 

CrO3, CrO2(OH)2, and CrO2Cl2 are very labile.[68,72-74] The contribution of CrO3 to the chromium 

loss is considered negligible in view of the reasons cited in Section 3.1.4 and its reactivity 

(herein explained). Therefore, the observed metal depletion is suggested to be mainly due to 

CrO2(OH)2 and/or CrO2Cl2. CrO2(OH)2 is generated by the action of O2 and H2O above 673 K 

from Cr3+[68,74] and of H2O only from Cr6+ species between 408 and 458 K[75] and, therefore, 

possibly formed also under the experimental conditions used in this study (Equations 1 and 2). 

CrO2Cl2 can be produced as a gaseous species by the reaction of HCl with surface chromates 

already at 403 K (Equation 3).[72,73] This compound can either leave the solid or, upon 
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interaction with surface hydroxyl groups, generate surface Cr(VI) monochlorides, which can 

decompose into chromates liberating Cl2 in the presence of O2.[72] Hence, a higher feed O2 

concentration should reduce the chromium loss related to the formation of CrO2Cl2. A 

significantly slower deactivation rate and lower metal loss were in fact observed when the 

reaction was performed in O2 excess (Figure 3.6c), although the effect leveled off at a feed 

O2/HCl ratio above 4. Consequently, formation of CrO2Cl2 might be regarded as the dominant 

deactivation path. The higher chromium depletion for Cr2O3/Al2O3 can be rationalized in view 

of the presence of a larger initial amount of oxidized chromium species, compared to 

Cr2O3/SiO2 and Cr2O3/TiO2 (Section 3.2.2, Figure 3.8), which can directly react with HCl or 

product H2O resulting in both CrO2Cl2 and CrO2(OH)2 (Equations 1 and 3).[72]  

1/2Cr2O3 + 3/2O2 + H2O  ↔  CrO2(OH)2       (1) 

CrO3 + H2O  ↔  CrO2(OH)2         (2) 

CrO3 + 2HCl ↔  CrO2Cl2 + H2O        (3) 

The deactivation pathway of chromium-based catalysts offers a novel facet with regards to 

the activity loss of Deacon catalysts. In fact, it is neither based on bulk chlorination, as in the 

case of copper-based systems,[2] nor on sintering, as for the ruthenium-based system,[21] but 

rather proceeds through the formation of species (containing and/or non-containing chlorine) 

which are highly unstable under reaction conditions. 

Taking into account the enormous activity drop, chromium loss, and, possibly, operational 

issues (mechanical instability of the catalyst shapes), chromium-based systems, in a fixed-bed 

configuration, prove not suitable for industrial application to HCl oxidation. Indeed, as 

mentioned in the Introduction, Mitsui suggested the use of a fluidized-bed reactor, the regular 

replenishment of the vaporized catalyst portion by a fresh load,[27] and the addition of 

(allegedly) stabilizing compounds of potassium, copper, and lanthanum to the Cr2O3/SiO2 

catalyst.[76] Nevertheless, off gas and waste liquid streams have to be carefully treated to 

comply with the allowable limit of Cr(VI) (0.1 ppm). 
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4. Conclusions 

Fundamental aspects of HCl oxidation to Cl2 on bulk and supported Cr2O3 catalysts, covering 

performance, stability, and mechanism, have been investigated. Bulk Cr2O3 resulted 

remarkably active and apparently stable. Kinetic experiments of this oxide as well as CrO3 in a 

fixed-bed reactor coupled to various physico-chemical characterizations provided explicit 

evidence for the active species and enabled us to derive a catalytic redox cycle for HCl 

oxidation, in which chromium reversibly cycles between the (III) and higher (V and VI) 

oxidation states. Oxidation of Cr2O3 by gas-phase O2 to generate surface chromyl species 

appeared as rate determining, owing to the positive dependence of the HCl conversion on the 

inlet oxygen content. The chemical, textural, and structural properties of the carriers (silica, 

alumina, and titania) greatly influenced the particle size and distribution as well as the 

dominant oxidation state of supported chromium. Cr2O3/SiO2, mainly featuring bigger particles 

and chromium in (III) oxidation state, exhibited superior performances. The kinetics of the 

partial O2 pressure and the dependence on the reaction temperature found for this catalyst 

were similar to those of bulk Cr2O3. Nevertheless, all supported catalysts underwent substantial 

chromium loss, ultimately resulting in dramatic activity deterioration. Among the various 

labile Cr6+ species possibly responsible for the metal depletion, CrO2Cl2 seems to play a 

predominant role, as suggested by the significant decrease in the deactivation rate at high inlet 

O2/HCl ratios. The short lifetime and the major chromium loss likely represent important 

reasons for the limited industrial success of chromium-based catalysts in HCl oxidation.  
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Chapter 4 
An Integrated Approach to Deacon 
Chemistry on RuO2-based Catalysts 

 
1. Introduction 

Chlorine is used as reactive intermediate in many processes to create thousands of often 

indispensable products of the chemical industry. The annual production of Cl2 is ca. 75 Mton 

and has an expected demand growth of 4.4% per year in the period 2010-2015.[5] Upon use, 

large amounts of Cl2 are reduced to HCl or chloride salts. The most prominent example is the 

phosgene-mediated isocyanate production (e.g., 4 moles of HCl per mole of TDI, see Figure 1.3 

in Chapter 1). By-product HCl, pure or absorbed in water to produce hydrochloric acid, is 

typically used in other processes, e.g., as acid catalyst, for the neutralization of alkaline 

streams, as chlorine source in PVC production, or is recycled by electrolysis to chlorine; this 

latter is, however, a highly energy-demanding process. The catalytic oxidation of HCl to Cl2, 

the Deacon process, is an energetically efficient yet environmentally friendly solution to create 

a complete recycle process. However, the long-term implementation of all of the processes 

developed since the original Deacon concept has failed namely due to the short catalyst 

lifetime.[17,20,77] Only recently, Sumitomo and Bayer have succeeded in turning HCl oxidation 

into an industrial reality with the use of RuO2-based catalysts.[21,28,36,78-82] As Sumitomo has 

shown, the choice of the support is particularly crucial.[36] The ‘trick’ to stabilize the catalyst is, 

in fact, to apply a support allowing for the epitaxial growth of the active phase. In the 1960s, 

Shell had already introduced a silica-supported Ru-based system in the HCl oxidation process, 

but a much less active and stable catalyst was obtained.[83] In spite of a number of studies 

addressing the mechanism of HCl oxidation on RuO2 single crystals,[37-39,41] little is known about 

structure and function of polycrystalline supported catalysts.[42] Furthermore, the approaches 

have generally been based on limited experimental or computational methods. 

Herein an integrated approach to unravel HCl oxidation on the industrially relevant 

RuO2/SnO2 catalyst is presented. Synthesis and basic characterization have been combined 

with steady-state tests in a dedicated plug-flow reactor. In situ studies employing Prompt 
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Gamma Activation Analysis (PGAA), Temporal Analysis of Products (TAP), and Density 

Functional Theory (DFT) simulations coupled to micro-kinetic (MK) analysis were used to 

obtain complementary insights into the structure and function of this Bayer system. This 

improved and deeper knowledge may enable designing new and cost-efficient materials capable 

to act as catalysts in this demanding reaction. 

 

2. Experimental 

2.1. Catalysts 

RuO2/SnO2 powder catalyst was prepared by dry impregnation. Commercially available SnO2-

cassiterite (Keeling & Walker, Superlite C) was calcined for 2 h at 1273 K prior to use in order 

to ensure the formation of the rutile-type structure also at a surface level. Impregnation was 

performed with a RuCl3 aqueous solution (nominal 2 wt.% Ru). The obtained material was 

dried at 333 K for 5 h and calcined at 523 K under air for 16 h. Low-temperature calcination 

was used to prevent extensive agglomeration of the Ru-phase, thus achieving a higher 

dispersion. For the preparation of technical RuO2/SnO2 catalyst, first SnO2-Al2O3 pellets were 

obtained by intimately mixing pre-calcined SnO2 (as above) with ca. 10 wt.% nanocrystalline 

alumina binder (-Al2O3, 200 m2 g−1; Saint-Gobain NorPro), followed by shaping into 2 mm 

spherical particles. These spheres then impregnated according to the same procedure applied 

for powder sample. The choice of nanocrystalline -Al2O3 as binder, significance of preparation 

sequence, and catalyst geometry can be found in the Section 3.3 of Chapter 5. The longevity of 

this catalyst was demonstrated in mini-plant tests using 2 mm spherical bodies (Chapter 5).[84] 

The two catalysts (RuO2/SnO2 and RuO2/SnO2-Al2O3) display similar performance (e.g., 

comparable O2 dependence in in situ PGAA and kinetic experiment), except for the long-term 

stability. Hence, to enable structure-function correlations, characterization was performed on 

the former (i.e. binder-free, RuO2/SnO2) sample. However, kinetic experiments (transient and 

steady-state), for which stability is of utmost importance, will be discussed using the data for 

the binder-containing (RuO2/SnO2-Al2O3) catalyst. Bulk RuO2 (Aldrich, 99.9%) was employed 

as reference material in transient kinetic studies. Prior to use, the as-received oxide powder was 

calcined in static air at 773 K (10 K min−1) for 5 h. 



An Integrated Approach to Deacon Chemistry on RuO2-based Catalysts   
 

- 59 - 
 

2.2. Characterization Techniques 

Standard characterization of RuO2/SnO2 was carried out by N2 sorption at 77 K, inductively 

coupled plasma mass spectrometry (ICP-MS), X-ray diffraction (XRD), and temperature-

programmed reduction with hydrogen (H2-TPR). Micro-structural and chemical 

characterizations (elemental mapping) of the binder-free catalyst were performed on a Titan 

80-300 kV aberration-corrected transmission electron microscope (TEM). For experimental 

details to these methods, see Appendix A, Chapter 4. 

 

2.3. Catalytic Tests 

For steady-state kinetic measurements, the binder-containing catalyst was first powdered by 

ball milling and diluted with a fivefold amount of SnO2-Al2O3 support material. Water was 

added to the powder mixture, which was then dried at 353 K. A sieve fraction of 0.2-0.45 mm-

sized particles was prepared, and 1 g of it was diluted with 4 g glass beads and mixed well in 

order to minimize the occurrence of hot spots in the reactor. An atmospheric pressure reactor 

operated at 573 K was fed with a range of reactant gas mixtures by using mass flow 

controllers, and Cl2 formation was quantified by iodometric titration. A tube reactor 

(8 mm i.d.) made of quartz was used for catalytic tests. Various reaction feed compositions 

with a total flow of 80 cm3 STP min−1 were used to evaluate the formal kinetic dependence of 

the reaction rate to the reactants and products. The partial pressures of the reactants were 

varied in the range of 0.0625-0.5 bar, while the partial pressure of water was set between 0-

0.5 bar and that of Cl2 was co-fed up to 0.2 bar. The HCl conversion level was below 10% to 

allow for a kinetic evaluation. By calculating the Knudsen diffusion coefficient and the 

Wheeler-Weisz modulus, it was verified that the reaction was not limited by intraparticle 

diffusion. 

 

2.4. In situ Prompt Gamma Activation Analysis 

In situ Prompt Gamma Activation Analysis (PGAA) is a technique recently implemented for 

studying catalysts in action.[85] It is based on the radiative neutron capture of nuclei, that is, 

with using cold neutrons excitation element specific gamma rays are emitted, enabling the 
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quantification of elements in the investigated volume, in this case, inside a Deacon micro-

reactor. The aim of our experiments was to quantify in situ the Cl uptake of Deacon catalysts 

under various steady-state reaction conditions and correlate this information with the catalytic 

performance. PGAA under atmospheric pressure conditions was carried out at the cold neutron 

beam of the Budapest Neutron Centre.[86] A Compton-suppressed high-purity germanium 

crystal was used to detect the prompt gamma photons. Molar ratios (Cl/Ru) were determined 

from the characteristic peak areas corrected by the detector efficiency and the nuclear data of 

the observed elements.[87] For the experiments, the same quartz tube reactor as for the steady-

state kinetic study was placed into the neutron beam and surrounded by a specially designed 

oven, having openings for the incoming and outgoing neutrons and for the emitted gamma 

rays. These openings were covered by thin aluminum foils for decreasing heat losses. 0.9 g of 

sample of sieve fraction 0.1-0.2 mm was loaded into the reactor. Reaction feed, at constant 

166 cm3 STP min−1 total flow, was supplied by mass flow controllers, and the feed composition 

was varied between O2/HCl/N2 = 0.25:1:3.75 and 4:1:0. The reaction was monitored by 

iodometric titration. The reaction temperature was set to 573 K for the pO2
-dependent 

experiment, which was performed after a HCl treatment at the same temperature to saturate 

the catalyst surface with chlorine. In a separate experiment at 523 K, the Cl uptake was 

acquired with time-on-stream. 

 

2.5. Temporal Analysis of Products 

Transient mechanistic studies of HCl oxidation over RuO2/SnO2, RuO2/SnO2-Al2O3, and RuO2 

were carried out in the TAP-2 reactor.[45,46] This technique has been successfully applied to 

derive mechanistic fingerprints of the Deacon reaction over metal oxides (Chapter 2).[42,54,88] 

RuO2/SnO2-Al2O3 and RuO2 were investigated in fresh form, while RuO2/SnO2 was equilibrated 

for 50 h under Deacon conditions (HCl/O2/He = 2:4:4, 1 bar, 623 K, W/F0(HCl) = 

4.5 g h molHCl
−1) prior to the TAP study. The samples (10 mg, particle size = 0.2-0.3 mm) were 

loaded in the isothermal (central) zone of a quartz micro-reactor (4.6 mm i.d., 71 mm long), 

between two layers of quartz particles of the same particle size. The samples were pretreated in 

O2 (20 cm3 STP min−1) at 623 K and ambient pressure for 1 h. Thereafter, they were evacuated 

to 10−10 bar and TAP experiments were carried out at 623 K using a pulse size of ca. 1016 
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molecules. This large pulse size, exceeding the Knudsen diffusion regime, was required in order 

to properly detect reaction products, mainly Cl2, by mass spectrometry. Since current TAP 

theories for modeling purposes are limited to operation in the Knudsen regime (pulses), 

quantitative micro-kinetic analysis was not attempted from the present TAP results. Pulses of 

a HCl + O2 mixture (HCl/O2/Kr = 2:1:1) were followed by pump-probe experiments of 

O2/Ar = 2:1 and HCl/Kr = 5:1 from two separate high-speed valves. In the latter 

measurements, the O2 pulse is separated from the HCl pulse by a time delay (t) of 1-12 s; 10 s 

after pulsing the probe molecule, a new cycle starts by pulsing the pump molecule and so on. A 

quadrupole mass spectrometer (RGA 300, Stanford Research Systems) was used for monitoring 

the transient responses at the reactor outlet of the following atomic mass units (amu): 84 (Kr), 

70 (Cl2), 40 (Ar), 36 (HCl), 32 (O2), and 18 (H2O). The transient responses displayed herein 

correspond to an average of 10 pulses per amu in order to improve the signal-to-noise ratio. 

Prior to that, it was checked that the responses were stable, that is, with invariable intensity 

and shape during an interval of at least 20 pulses. 

 

3. First Principle Simulations and Micro-Kinetic Modeling 

Density Functional Theory (DFT) applied to slabs representing the lowest-index facets of 

RuO2 was employed to determine the thermodynamic and kinetic parameters for HCl 

oxidation. The VASP code was employed in the calculations.[89,90] The exchange-correlation 

functional was RPBE,[91] and the inner electrons were replaced by PAW pseudopotentials[92] 

while monoelectronic valence states were expanded in plane waves with a cutoff energy of 

400 eV. For RuO2, we employed the (110), (101), and (100) surfaces (Figure 4.1), each of the 

slabs contains three trilayers of Ru2O4 stoichiometry. On these surfaces ((110), (101) and 

(100)), two kinds of surface oxygen atoms can be identified. First of all, threefold-coordinated 

(O3fc) positions are present. This is the same coordination as for the oxygen atoms in the bulk. 

Some O atoms only show a coordination of two and are usually denoted as bridge oxygen 

atoms (Ob). Ru cations are also present at the surface with a coordination number of five. This 

is lower than that in the bulk (six) and, thus, these Ru atoms are denoted as under-

coordinated (Rucus) sites. These Ob, O3fc, and Rucus motives are common to all low-index facets 

and are thus expected  to  be  present  even  for  less  well-defined  surfaces.  To  describe  the  
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Figure 4.1. Schematic representation of the RuO2(110), (101), and (100) surfaces. Red large spheres 
represent O atoms, while gray ones stand for Ru. The labels for the most relevant surface centers are 
indicated. 

different positions at the surfaces, we employ the sub-indexes ‘b,’ if a given atom or fragment is 

adsorbed at a formerly Ob position, and ‘cus,’ if adsorbed at a formerly open Rucus site. To 

represent the RuO2/SnO2 catalyst, on top of SnO2(110), either one (model RuO2/SnO2(1 ML)) 

or two (model RuO2/SnO2(2 ML)) epilayers of RuO2 were accommodated (Figure A4.1, in 

Appendix A). The total thickness of these slabs corresponds to five layers where the upper 

three layers were relaxed in all directions. 

With the surface energies of the low-index facets, the structure of equilibrium nanoparticles 

can be calculated through the Wulff construction.[93] Calculations on pure RuO2 have shown a 

good agreement with XRD estimates.[37] The Wulff structure provided about a 43% of 

RuO2(110), 42% of RuO2(101), and approximately 15% of RuO2(100). Other facets as 

RuO2(001) show a high surface energy, and thus, in this study, we consider only those 

mentioned above. In order to analyze the complete Deacon process on RuO2 nanoparticles, we 

have considered the individual reaction paths on the most representative structures ((110) and 

(101)) indicated above. Then, the rate was obtained through micro-kinetic (MK) simulations. 

A detailed description of the procedure is presented in the Annex of this chapter (see 

Appendix A) and can be summarized as follows: the rate is calculated as the sum of the 

individual rates of the different facets weighed by their contributions to the nanoparticle 

obtained from the Wulff construction based on the DFT values. In order to do this, the rate 
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coefficients for the elementary steps were evaluated using the thermodynamic, kinetic, and 

partition functions obtained from the DFT calculations and according to the Transition State 

Theory.[94] The MK simulations were performed through a batch-model reactor with the setup 

previously employed for ammonia oxidation on platinum.[95] The set of differential-algebraic 

equations in the MK model has been resolved with MapleTM.[96] In the simulations, the initial 

relative pressures and temperatures correspond to those employed experimentally and also the 

number of particles initially contacting the surface has been balanced with respect to those in 

the experiments. From the MK models, several parameters have been obtained, like the 

apparent activation energy, the inhibition effect by reaction products, and the correlation 

between the species on the surface and the reaction rate. Further details to the theoretical 

approach, together with equilibrium constants for each of the reactions, calculated core-level 

shifts, vibrational frequencies of some adsorbed species, and energies for complete chlorination 

of SnO2 and RuO2 by HCl and Cl2 can be found in Appendix A (Tables A4.1-4.4). 

 

4. Results and Discussion  

4.1. Primary Characterization 

The Ru content in RuO2/SnO2, determined by ICP-MS, is 2.4 wt.%, and the total surface area 

determined from N2 adsorption is SBET = 6 m2 g−1. The specific surface of the SnO2 support is 

low (SBET = 9 m2 g−1) due to its high-temperature pretreatment prior to impregnation with the 

ruthenium salt. The XRD analysis of RuO2/SnO2 provides evidence of the SnO2 crystalline 

phase only (Figure A4.2, in Appendix A). The presence of RuO2 is not observed neither as 

phase alone, owing to the relatively low ruthenium amount and the high dispersion (vide 

infra), nor as solid solution with the support, as no peak shift of the cassiterite diffraction lines 

is detected. This suggests the deposition of the active phase as a thin film and/or nanoparticles 

covering the SnO2 particles. The H2-TPR profiles (Figure A4.3, in Appendix A) indicate that a 

higher reduction temperature is needed to reduce the supported ruthenium phase than RuO2 

alone, suggesting a strong interaction between RuO2 and SnO2. 
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4.2. Electron Microscopy 

The morphology of SnO2 support particles has been revealed by TEM observations, as shown 

in Figure 4.2a. Most particles look smooth, displaying nicely faceted feature with a mean 

diameter around 50 nm. Based on electron diffraction (ED) analysis (also see inset of 

Figure 4.2a), all diffraction rings can be indexed by rutile structure, which is in agreement with 

the XRD data. A high-resolution TEM image in Figure 4.2b clearly shows two particles with 

{110} and {011} facets. (We would like to remind that the families of {011} and {101} are 

equivalent due to the rutile symmetry.) These kinds of facets, in fact, preferentially form in 

rutile phase.[97,98] In contrast to the SnO2 support particles, the RuO2/SnO2 catalyst particles in 

Figure 4.2c appear rougher, suggesting the formation of ruthenium oxide nanoparticles on the 

support surface. Via selected area ED analysis, the RuO2 phase was determined with the same 

rutile structure as the support. From EDX mappings (see Figure A4.4, in Appendix A), O and 

Sn elements have nearly homogeneous distributions and Ru can also be detected on the 

support everywhere. Ru is observed especially around SnO2 particles, as shown by the color-

mixed mapping, confirming the coverage with RuO2 layers. The high-magnification TEM image 

in the inset of Figure 4.2c further evidences very densely packed RuO2 particles with typical 

size of 2-4 nm over the SnO2 carrier. Moreover, it can be frequently seen that some RuO2 

nanoparticles cluster into small aggregates. Besides nanoparticles, another typical morphology 

of thin RuO2 film with a few atomic layers on the support is often observed, as shown in 

Figure 4.2d. By comparing fast Fourier transformation (FFT) patterns from two selected areas, 

a streaking effect is remarkably visible along the [110] direction in the FFT pattern from the 

film area, being absent with SnO2 only. Here, the streaking effect results from stacking faults in 

the thin film. Considering the same rutile structure and small lattice mismatch between RuO2 

and SnO2, a thin film with one-two monolayer-like RuO2 may be epitaxially formed under 

suitable chemical conditions, but contains a few stacking faults to some extent. Additionally, 

RuO2 particles can also be epitaxially grown on SnO2, which is, in fact, often observed in the 

HRTEM characterization. For instance, Figure 4.2e presents a typical rutile on rutile-type 

micrograph, where RuO2 particles and SnO2 support can be easily identified by FFT analysis, 

with close relationships: (101)RuO2//(101)SnO2 and (110)RuO2//(110)SnO2. It is expected that 

there is strong interaction between RuO2 and the SnO2 support in these cases  due  to  epitaxy. 
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Figure 4.2. (a) Overview of SnO2-support particles by TEM and corresponding electron diffraction 
pattern in inset; (b) SnO2 particles with {110} facets; (c) overview of RuO2/SnO2 catalyst by TEM, 
where the inset image shows densely packed RuO2 particles (typical size: 2-4 nm) over the SnO2 
support; (d) 1-2 monolayer-like RuO2 film structure over the support surface; (e) RuO2 particles 
epitaxially grown on SnO2 support (rutile on rutile); (f) HRTEM image from a local edge region in (e), 
where RuO2 particles expose {110} and {011} families of facets. Note that due to the rutile symmetry 
(101) and (011) are equivalent facets and are thus marked as {011}. 
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For the purpose of demonstrating surface orientation of RuO2 particles, a local enlarged image 

close to the support’s edge is shown in Figure 4.2f. Clearly, RuO2 particles expose {110} and 

{011} facets, in consonance with the Wulff construction in rutile. As a matter of fact, most 

RuO2 particles observed expose such facets. Despite the close relation in structure, in some 

cases, partly due to lack of epitaxy, many other surfaces like {120} planes are exposed as well. 

In addition, there are various types of defects found with the RuO2 nanoparticles, such as steps 

with one lattice unit, dislocations, and stacking faults. 

 

4.3. Atmospheric Catalytic Tests 

Since we aimed at identifying the dependence of the reaction rate on the reactants and 

products with high accuracy requiring thus a long-term stable material, we have selected the 

binder-containing RuO2/SnO2-Al2O3 catalyst for this purpose. We chose 573 K  and  a  feed  of  

 

Figure 4.3. The influence of (a) O2, HCl, H2O, and Cl2 on the reaction rate at 573 K and 1 bar in the 
Deacon reaction over RuO2/SnO2-Al2O3. The rate is normalized to the case 20 cm3 STP min−1 O2, 
20 cm3 STP min−1 HCl, and 40 cm3 min−1 N2; pi is expressed in bar. In (b), the influence of O2 and HCl 
is shown with 0.06 bar Cl2 and 0.06 bar H2O in the feed. The rate is normalized to the case 
20 cm3 STP min−1 O2, 20 cm3 STP min−1 HCl, 30 cm3 STP min−1 N2, 5 cm3 STP min−1 H2O, and 
5 cm3 STP min−1 Cl2. In (c), the temperature is increased from 573 to 673 K in residence time variation 
experiments with a feed of O2 and HCl in a molar ratio of 1:1 without dilution with N2. Shown is the 
partial pressure of the Cl2 produced. 
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20 cm3 STP min−1 O2, 20 cm3 STP min−1 HCl, and 40 cm3 min−1 N2 as a reference point (r0), 

and normalized the reaction rate at every investigated reaction condition (r) by r0, as shown in 

Figure 4.3a. Within the investigated conditions, the apparent HCl reaction order is determined 

from differential measurements to be 0.2, whereas that of O2 is 0.4 (Figure 4.3a). This means 

that both reactants show a positive, though for HCl only slight, influence on the reaction rate. 

On the other hand, both products (Cl2 and H2O) strongly inhibit the reaction, as suggested by 

the strongly bended curves of chlorine produced determined as function of the residence time 

(Figure 4.3c). In Figure 4.3a, measurements with increasing co-feed of chlorine or H2O are 

depicted, with the reaction order being near −1.0 for both, Cl2 and H2O. This observation 

implies that the rates obtained with O2 and HCl were not determined under accurate 

differential conditions, since the measured conversion varies with feed composition, and thus, 

this effect leads to an underestimation of the influence of the reactant pressures on the reaction 

rate, expressed in too low reaction orders. To circumvent this, we repeated the HCl and O2-

dependent series with added 0.06 bar H2O and 0.06 bar Cl2 at the reactor inlet (Figure 43b). In 

this plot, the data are again normalized to the rate at an equimolar feed of the reactants. 

Results show that the HCl reaction order increases to 0.5, while that of oxygen is close to 1. 

Based on the stoichiometric equation, 2HCl + 1/2O2 ↔ Cl2 + H2O, the rate of the reaction can 

be expressed with the formal kinetic rate law (Equation 1): 

 

(1) 

 

where kf is the forward rate constant, K the equilibrium constant, Cl2 and KCl2 and KH2O are the 

inhibition constants of chlorine and water, respectively. The denominator represents the usual 

inhibition term, whereas the numerator includes the derived rate dependences. The complex 

reverse rate coefficient ensures that the rate goes to zero under equilibrium pressure conditions. 

The apparent activation energy (Ea
app) estimated from initial rates without co-feed of product 

in the temperature range of 400-671 K is 69 kJ mol−1. Stronger temperature dependence is 

expected when products are co-feed. 
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4.4. Theoretical Modeling 

The Deacon reaction, 2HCl + 1/2O2 ↔ Cl2 + H2O, is calculated to be exothermic with an 

enthalpy of −54.3 kJ mol−1 and the Gibbs free energy is −17.3 kJ mol−1 at 573.15 K. The 

calculated values are in very good agreement with those in the databases: enthalpy 

−57.2 kJ mol−1 and corresponding Gibbs free energy −20.3 kJ mol−1.[99] The mechanism of the 

Deacon reaction can be described with the following list of elementary steps taking place on 

any of the surfaces mentioned in Section 3 (i.e., RuO2(110), RuO2(101), and the overlayers on 

SnO2). The mechanism, first described by López et al.,[37] has been further confirmed by other 

DFT studies.[38,41] Although more complex re-oxidation paths have been described for the 

RuO2(110) surface,[100] the Equations (6-7) in the scheme correctly reproduce the main features 

of surface re-oxidation. 

HCl + O∗ + ∗ ↔ OH∗ + Cl∗         (2) 

OH∗	+ OH∗	↔ H2O∗	+ O∗         (3)	

H2O∗ ↔ H2O + ∗            (4) 

Cl∗ + Cl∗ ↔ Cl2 + 2∗          (5) 

O2 + 2∗ ↔ O2
∗∗           (6) 

O2
∗∗ ↔ 2O∗           (7) 

This list of reactions (2)-(7) indicates only the elementary steps taking place, but does not 

reflect the nature of the different oxygen atoms involved (either from the lattice, Ob, or from 

incoming O2 molecules, Ocus) or the nature of the empty positions, *. Partly due to various 

surfaces investigated, care must be taken because the energy differences of different O species 

can be rather large. Moreover, even if the Deacon reaction is a redox reaction, the charges 

exchanged during the elementary steps are not localized in the substrate due to the metallic 

character of ruthenium oxide. Therefore, no charges have been associated with the 

intermediates in the description of the reactions (2)-(7). 

In the mechanism, HCl adsorbs close to an O atom (reaction (2)) and the basic center 

abstracts the H atom from HCl. The source of oxygen for HCl stripping can come either from 

the lattice (Ob) or from newly  adsorbed  oxygen  on  the  surfaces  (indicated  as  Ocus).  Thus,  
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Figure 4.4.  Reaction energy profile for HCl oxidation on (a) pure RuO2 lowest energy surfaces, (b) 
RuO2(110) compared to one and two monolayer RuO2 adsorbed on SnO2(110). The profiles correspond 
to the reaction 2HCl + O2 → Cl2 + H2O + O* leaving an oxygen atom on the surface, hence not the 
whole catalytic cycle is depicted. The missing steps are repetition of some of the shown ones; the 
complete profiles can be found in Appendix A (Figure A4.5, 4.6, and Table A4.1) 

hydroxyl groups are formed on the surface, either ObH or OcusH. These moieties can recombine 

on the surface to produce H2O (reaction (3)). If water is produced at the cus centers, it can be 

desorbed from the surface (reaction (4)). In any case, hydroxyl recombination leaves an oxygen 

atom behind. This O atom can either belong to the lattice Ob or be sitting in a cus position, 

Ocus. The Cl atoms on the surface can react to form Cl2 and desorb (reaction (5)); these taking 
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place in one single step. The final couple of reactions correspond to surface re-oxidation and 

active oxygen regeneration on the surface. The dissociation of O2 takes place from a 

molecularly adsorbed precursor (reaction (6)) that by interacting with two empty cus positions, 

finally leads to two O atoms on the surface (reaction (7)). 

As indicated previously for the (110) surface, proton scavenging and hydroxyl 

recombination are low-energy-demanding steps. In general, we identify that bridging oxygen 

atoms (Ob) are effective proton scavengers. However, water desorption from bridge position is 

more hindered than from cus positions (0.8-1.0 eV from Rucus < 2 eV from isolated H2Ob); 

therefore, Ocus is the preferred proton elimination species. For the (110) surface, the highest 

energy requirement in the mechanism corresponds to Cl recombination; however, if very high 

Cl coverages are present, this might not be the rate-determining step, as O2 adsorption requires 

two empty neighboring Rucus sites. 

To investigate the effect of surface orientation, we discuss the energy profiles for the 

different facets of pure RuO2, as seen in Figure 4.4a. The reaction profile for RuO2(110) shows 

that the most energy-demanding step corresponds to atomic chlorine recombination. This 

feature is common to the other low-index facets. In addition, the RuO2(101) energy profile 

shows a very similar pattern to that of the (110) facet. The largest difference is that the 

binding energies for all the species in the (110) are somehow larger than for the (101) surface. 

This affects both the surface coverage of each species and the reaction barriers, which are 

smaller in the (101) case. Thus, a proper comparison of these surfaces requires the use of 

micro-kinetic analysis to evaluate the differences in activity, see the micro-kinetic modeling 

subsection. The (100) surface binds even less strongly intermediates, and therefore, chlorine 

evolution shows a much smaller energy barrier, but this is somehow compensated by the weak 

O2 binding to the surface and the high barrier found for O2 dissociation. 

As already mentioned, it is possible to construct epitaxial RuO2 layers on top of SnO2. In 

this particular case, we have chosen only the (110) surfaces, as they are the most abundant. 

The effect of supporting RuO2 layers on SnO2 is reflected on the small changes induced in the 

electronic structure of the lattice oxygen atoms as described by the expected XPS core-level 

shifts (see Table A4.2, in Appendix A). In the following, we concentrate on the perturbations 

induced on the reaction energy profiles of supported RuO2 depicted in Figure 4.4b. From the 
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reaction profile, it is clearly shown that the single RuO2 monolayer on SnO2(110) binds 

reactants and intermediates far too strongly. For instance, the chlorine evolution barrier is 

close to 2 eV, in contrast to 1.54 eV found for the pure rutile case. Therefore, a single RuO2 

epitaxial monolayer is expected to be much less reactive than the pure RuO2(110). The reasons 

for this behavior can be traced back to the electronic modifications induced by the presence of 

the SnO2(110) support, see Figures A4.7 and 4.8 in Appendix A. The formation of the 

bimetallic overlayer implies in this particular case a higher energy of the bands associated with 

Ru, making them more prone to adsorption and, as a consequence, the surface is more likely to 

be poisoned by the reaction products. The role of the electronic modifications induced by the 

close contact between Ru and Sn oxides is very clear for the monolayer when the density 

difference at the interface is computed and density accumulation at the Rucus position is 

favoring the interaction with electronegative adsorbates (Figure A4.8, in Appendix A). For two 

RuO2 layers, the situation is, however, rather different. The binding energies of reactants and 

intermediates are smaller than those for the pure surface, and thus a promoting effect on the 

activity of the RuO2 layers induced from the SnO2 substrate is possible. In this case, the 

electronic effect described for one monolayer is already smoothed out, and instead, the 

geometric constraints of small lattice mismatch induced by the presence of the support (strain 

induced by the epitaxy to the SnO2(110) surface) seem to control the ability of the Ru atoms 

to bind the reaction intermediates weaker than the pure RuO2(110) surface. Therefore, for a 

single monolayer, the electronic interaction pushes the Ru levels toward the Fermi level, thus 

being more prone to adsorption but also to self-poisoning by Cl. As for the 2 ML case, the 

electronic effect is already quenched and the most important contribution comes from the 

strain induced by the epitaxy to the SnO2(110) surface. This is clearly seen when comparing 

the Projected Density of States for 2 and 3 ML on SnO2(110) where only small differences are 

observed (Figure A4.7, in Appendix A). Then, the geometric effect disturbing the Ru 

surroundings implies that the Ru levels are further away from the Fermi position and less 

active in binding reactants, intermediates, or products. Therefore, self-poisoning by Cl is less 

effective than for the pure RuO2(110) surface. 

A final comment regards the analysis of the chlorination of the surfaces employed in the 

calculations. We identified through ab initio thermodynamics that partial chlorination on the 
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bridge positions, giving rise to the formation of surface oxy-chloride species, is energetically 

favored.[37] Indeed, partial chlorination of the surface has been experimentally detected.[42] 

Nevertheless, calculations indicate that the penetration of Cl atoms inside the lattice is 

energetically very demanding for both RuO2(110) and RuO2(101), more than 2 eV. Therefore, 

we expect that chlorination takes place exclusively in the outermost layer by replacing some Ob 

or by occupying empty Rucus positions. This result will enable us to use the intrinsically bulk-

sensitive PGAA as a surface-sensitive technique for this particular problem. 

 

4.5. In situ Prompt Gamma Activation Analysis 

To study chlorine uptake, and hence the Cl coverage under steady state Deacon conditions, in 

situ Prompt Gamma Activation Analysis was performed. Using PGAA, this can be achieved, 

since Cl, as mentioned above, preferentially occupies surface sites and thus, if the amount of Cl 

and Ru in the investigated volume is quantified and the constant gas-phase Cl contribution is 

subtracted, a ratio of Cl/Ru can be calculated that is proportional to the actual Cl coverage. 

Since we performed these measurements in different reaction mixtures,  that  is,  with  variable 

 

Figure 4.5.   Initial deactivation of RuO2/SnO2 at 523 K and 1 bar (feed composition: 
O2/HCl/N2 = 1:1:3) with the corresponding increasing Cl/Ru ratio with time-on-stream as measured by 
in situ PGAA. Activity is normalized to the first data point.  
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Figure 4.6. Normalized reaction rate (ri/r0) versus Cl uptake (a) and active O coverage (b) as measured 
by in situ PGAA at 573 K. Dataset corresponds to the pO2

-dependent experiment with O2/HCl/N2 
varied between 0.25:1:3.75 and 4:1:0 at a total flow of 166 cm3 STP min−1 and 1 bar. The r0 reaction 
condition corresponds to the feed ratio 1:1:3. 

inlet pO2
 and fixed inlet pHCl, we can evaluate the response of feed composition to the surface 

coverage, and thus, correlate the reaction rate with the surface Cl concentration. By changing 

the oxygen content of the feed gas, chlorine production increases with pO2
 and displays an 

approximately 0.4 order formal rate dependence (Figure A4.9, in Appendix A), in line with the 

results reported above in the kinetic analysis (without Cl2 and H2O co-feed) and previously 

reported data on RuO2.[37] Therefore, it is ensured that the measurements do not suffer from 

any catalytic artifacts, and hence, the spectroscopic results can be correlated with the online 

catalytic data. We have also verified that RuO2/SnO2 slowly deactivates at the very initial 

stage of reaction with time on stream. This deactivation is accompanied by an increasing 

uptake of chlorine (Figure 4.5), thus giving us a first hint that adsorbed chlorine plays a 

detrimental role in the reaction. 

To circumvent the time-on-stream-dependent surface chlorination, in the experiments 

described in the following section, an initial HCl treatment was performed. In the oxygen 

dependent series of experiments, as stated above, increasing oxygen feed content gives rise to 

higher reaction rate. The measured Cl/Ru ratio does not change strongly; however a clear 
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trend – in a relatively narrow Cl/Ru range – is observed (Figure 4.6a). A higher reaction rate 

is reached at lower Cl/Ru ratio and, as Cl/Ru gradually increases, the reaction rate linearly 

decreases. This trend is characteristic of pure RuO2;[101] thus, we expect the contribution from 

the SnO2 carrier to be negligible to the trend observed. It is worth noting that the change in 

the Cl/Ru ratio from 0.72 to 0.66 was the result of alteration of feed O2/HCl ratio from 0.25 to 

4; thus, a factor of 16-fold increase in pO2
 induced a drop of Cl coverage of less than 10%. As 

for the binder-containing catalyst, we observe the same trend (Figure A4.10, in Appendix A); 

however, due to strong binding of Cl to the alumina, the Cl/Ru ratio is almost doubled. The 

two catalysts performed very similarly during the PGAA experiments. Due to the negative 

dependence of the reaction rate to the surface chlorine, one can extrapolate the chlorine 

content to zero activity. When normalizing the difference between the actual and the intercept 

chlorine content to the intercept chlorine content, one can calculate a coverage (based solely on 

the maximal Cl content under Deacon conditions) related to a non-Cl species that scales well 

with the activity. Figure 4.6b shows this first-order dependence. Since adsorption of all possible 

species is exothermic, we expect no significant coverage of empty sites, and thus, we assign this 

non-Cl species to an ‘active’ surface oxygen. Note that this is not necessarily the coverage of all 

possible O-based species. 

 

4.6. Temporal Analysis of Products 

The TAP technique was primarily applied 1) to qualitatively assess the influence of the SnO2 

support and the Al2O3 binder on the transient responses of Cl2 and H2O during HCl oxidation 

over RuO2-based materials and 2) to analyze the influence of the coverage on the net Cl2 

production. Figure 4.7 shows the normalized transient responses of the reaction products upon 

pulsing of a mixture of HCl and O2 over fresh RuO2/SnO2-Al2O3, fresh RuO2, and equilibrated 

RuO2/SnO2. The transients of Kr (inert gas accompanying HCl and O2 in each pulse) are also 

shown for reference purposes. The shapes of the transients of Cl2 and H2O over the samples are 

comparable. This preliminarily indicates that stabilization of RuO2/SnO2 does not induce 

prominent changes in the surface properties of the ruthenium phase, as observed in parallel 

Experiments on RuO2/TiO2.[42] Still, some differences are detected. Considering the Cl2 

transients (Figure 4.7a), the response of RuO2/SnO2-Al2O3 appears sharper than  that  of  pure 



An Integrated Approach to Deacon Chemistry on RuO2-based Catalysts   
 

- 75 - 
 

 

Figure 4.7. Normalized transient responses of Cl2 (a) and H2O (b) on pulsing a mixture of 
O2/HCl = 0.5 at 623 K over RuO2/SnO2-Al2O3, RuO2, and RuO2/SnO2-eq. The responses of the 
reference gas Kr are shown as dashed lines with the color of the respective catalyst material. The insets 
(c and d) display the non-normalized transient responses of Cl2 over the catalysts and the graphical 
representation of tmax and th/2, respectively. 

RuO2. In particular, the time at maximum (tmax, Figure 4.7d) is slightly shorter, the width at 

half-height (th/2, Figure 4.7d) shifted to shorter times by 0.3 s, and the tailing is less 

pronounced. Since the amount of chlorine produced by the supported catalyst in the TAP 

reactor (see non-normalized responses in Figure 4.7c) is consistently higher than for RuO2, the 

sharper Cl2 response is related to favored chlorine evolution. This may be tentatively attributed 

to both the active-phase morphology and structure sensitivity of the reaction. As shown by 

HRTEM, the supported catalyst is constituted by a thin coat of few RuO2 layers epitaxially 

grown onto the SnO2 carrier accompanied by small RuO2 nanoparticles, both preferentially 

exposing {110} and {011} crystal facets. This description applies also to the binder-containing 

catalyst, as the presence of alumina has been shown not to affect the morphology of 

RuO2/SnO2.[84] DFT analysis of the elementary steps of the reaction mechanism already 

reported for RuO2(110)[37,38] and extended above to different surface facets predicts a higher 

activity in HCl oxidation for the (110) and (011)  planes  over  the  (100)  plane.  Further, the 

calculations on mono-/bilayers of RuO2 on SnO2 indicate that the supported RuO2 bilayer is 

more active than the unsupported RuO2 (Figure 4.4). The latter outcome is tentatively  related 
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Figure 4.8. Transient responses of Cl2 over RuO2/SnO2-Al2O3 in pump-probe experiments of (a) O2 and 
HCl and (b) HCl and O2 at different time delays and 623 K. (c) Normalized related to Cl2 production 
derived from these experiments. The total Cl2 production, defined as the sum of the areas in the pump 
(a1) and probe (a2) pulses, was normalized to the experiment at t = 12 s. 

to a less effective self-poisoning of RuO2 by chlorine in view of the geometric effect caused by 

epitaxy, which relates well to the easier chlorine evolution evidenced in the TAP data. The 

similar transients obtained for equilibrated RuO2/SnO2 (Figure 4.7a-c) seem to indicate that 

the main mechanistic features are retained, in spite of the strong morphological changes that 

this material underwent upon use, leading to the formation of larger nanoparticles by 

sintering.[84] Even in this scenario, the gap to bulk RuO2 is still significant. Regarding the H2O 

responses (Figure 4.7b), the situation appears reversed in the sense that the response of 

RuO2/SnO2-Al2O3 is broader than that of RuO2, showing a tmax higher by 0.4 s and a th/2 shifted 

to longer times by 0.4 s as well. This difference is not due to experimental artifacts, since the 

Kr responses are practically identical in all cases, but most likely relates to the presence of 

alumina in the former sample. Therefore, the TAP response suggests that alumina affects the 

adsorption/desorption equilibrium of water, inducing a somewhat more impeded evolution of 

this product from the binder-containing catalyst. As for the RuO2/SnO2 catalyst, again, it 

shows a promoted product desorption with respect to RuO2 indicating the role of structural 

effects, upon supporting ruthenium, in the reaction. 
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Valuable insights into the reaction mechanism on RuO2/SnO2-Al2O3 were obtained from 

the examination of the Cl2 responses in pump-probe experiments. A detailed description of 

these experiments was given in Chapter 2. These measurements were systematically obtained 

with O2 and HCl exchanging their roles (O2 pump and HCl probe or HCl pump and O2 probe). 

The time delay between the pump and probe pulses (t) was varied in the range of 1-12 s, 

which enables to study the influence of the pump molecule coverage on the Cl2 production. The 

consecutive cycles were linked in such a way that the time elapsed between the probe pulse 

and the pump pulse of the next cycle was always 10 s. The coverage of the probe molecule at 

the beginning of the cycle is therefore very low, since the probe pulse has almost entirely eluted 

after 10 s. The transient responses of Cl2 over RuO2/SnO2-Al2O3 are presented in Figure 4.8. 

Chlorine production progressively decreases as t increases both when O2 is the pump 

(Figure 4.8a) and when HCl is the pump (Figure 4.8b). This trend is qualitatively identical to 

RuO2
[42] and indicates that the catalytic activity depends on the coverage of both adsorbed 

species. Further details on the mechanism can be attained by the analysis of the t effect on 

the total Cl2 production (Figure 4.8c). When O2 is the pump molecule, increasing the time until 

HCl is pulsed (t) from 1 to 12 s provokes a decrease in Cl2 production of ca. 100%. This is a 

direct evidence of a reaction with adsorbed oxygen. Similarly, when HCl is the pump, an 

important decrease in Cl2 production with increasing t (ca. 120%) is observed, implying that 

the reaction occurs through adsorbed Cl species. This data supports that HCl oxidation on 

RuO2/SnO2-Al2O3 proceeds via a Langmuir-Hinshelwood mechanism, in line with the 

observations made for bulk RuO2 and RuO2/TiO2 catalysts[42] and also in agreement with 

PGAA data. 

 

4.7. Micro-kinetic Modeling 

From the reaction energy profiles shown in Figure 4.4 and the corresponding partition 

functions, we have evaluated several experimental parameters discussed in the above sections. 

In the micro-kinetic (MK) models, a minimum of 12 elementary steps (reactions (2)-(7), plus 

the reverse reactions) and the site balance have been taken into account for each of the studied 

surfaces (110), (101), and (100). With the MK model, it is possible to self-consistently obtain 

the populations of intermediates (O2, O, Cl, OH, H2O) at the surface and the reactivity as 
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either reaction rate or turnover frequency, TOFCl2 in s−1, at a given time. 

As benchmark, we have calculated the TOF for the RuO2(110) and (100) surfaces, at the 

conditions reported by Over et al.[40] (pO2
 = 0.5 mbar, pHCl = 2 mbar, T = 650 K), considering 

the conversion after 2 h as in their experiments. The calculated value on RuO2(110) using the 

formula in their work is 0.61 s−1, while the experimental estimate is 0.6 s−1. The agreement 

found between our MK results and the low-pressure experimental value is, thus, particularly 

remarkable, and gives a strong support to the validity of the present approach. Low-pressure 

experiments were also carried out for the (100) surface. In that case, the experimental estimate 

is 0.6 s−1, which contrasts slightly the calculated TOF value of 1.12 s−1. The origin of this 

difference might be related to the ability of the (100) surface to reconstruct into (110)-like 

facets. Indeed, a similar reconstruction has been already proposed for TiO2(100).[102] The surface 

energies for the (110) and (100) surfaces are 110 = 0.041 eV Å−2 and 100 = 0.047 eV Å−2 and 

the difference can be the driving force for reconstruction. The reconstruction would account 

then for the similar reactivity of both (110) and (100) surfaces observed experimentally. 

Finally, it is important to notice that the Wulff construction and the XRD pattern of the pure 

RuO2 powder seem to indicate 10-15% contribution of this (100) facet, though X-ray diffraction 

is a bulk technique and thus cannot precisely determine if the topmost layers are partially 

reconstructed. Therefore, in modeling a nanoparticle structure, we neglected the (100) facet. 

Based on the above discussion, in the MK modeling of case ‘RuO2 nanoparticle,’ we have 

employed a relative surface area for the (110) facet of about 58% and 42% (101). As we will see 

later, these results are robust enough as small modifications in these values do not change the 

trends observed. 

In order to gain further insight into the mechanism, we have investigated the inhibiting 

role of reaction products. For this, the micro-kinetic model on the nanoparticle structure, MK-

NP, was investigated at T = 573 K, pO2
 = 0.2 bar, and pHCl = 0.2 bar with variable initial 

pressures of either Cl2 or H2O in the range of 0-0.6 bar. The results are displayed in Figure 4.9. 

Although the effect shown here for H2O is smaller than in Figure 4.3a, the micro-kinetic model 

based on the DFT-calculated parameters does tend to qualitatively reproduce the flow 

experiments, and a reduction in the overall activity is obtained when increasing the pressure of 

the products at the reactor inlet. 
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Figure 4.9. Micro-kinetic results: Dependence of the relative rate, ri/r0, with the pressures of products 
at the inlet, pi of H2O or Cl2 (in bar). The reaction conditions for r0 were 0.2 bar for both reactants, 
HCl and O2, and T = 573 K. No product was co-fed. All rates were determined under initial rate 
conditions. ri and r0 have the same meaning as in Figure 4.3. 

We have analyzed in detail the dependence of the reaction rate to the intermediates 

adsorbed on the surface with the aim of unraveling the origin for the observations in the 

PGAA experiments. For this purpose, we have simulated the experimental conditions used 

during PGAA (pHCl = 0.2 bar, 573 K) by varying the pO2
/pHCl ratio from 4 to 0.25 (see 

Figure 4.10). To better understand the data, we have proceeded as follows, first the individual 

(110) and (101) surfaces have been analyzed and the rates for these surfaces as a function of 

the surface coverages obtained. In the second step, a nanoparticle containing both (110) and 

(101) surfaces was considered. Finally, the role of the SnO2 support was studied in a different 

set of computational experiments (Figure 4.11). To compare all reaction rates in the batch MK 

model, the production of Cl2 was obtained always at the same time (t = 0.1 s). 

Starting by the RuO2(110) MK model, the reaction rate is found to be dependent on the 

chlorine coverage at Rucus sites (see Figure 4.10, left panel). Under the conditions in the 

experiment, the values of Cl coverage observed are high (though its absolute number is not 

estimated) and thus Cl is likely the most abundant reactive intermediate. The largest activity 

is retrieved  for the pO2
/pHCl = 4 and decays  along  the  series  when  less  O2  is  present.  The 
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Figure 4.10. Micro-kinetic results: Chlorine, Cl, oxygen, O, and 1− Cl coverage (in rows) at cus 
position obtained with the micro-kinetic model at initial pressures of 0.2 bar of HCl and varying pO2

 
pressures (O2/HCl ratios = 4, 2, 1, 0.5, 0.25) at 573 K and the corresponding normalized reaction rate 
(ri/r0 at t = 0.1 s) for RuO2(110), RuO2(101), and the nanoparticle, NP (in columns). All data are 
normalized to the NP case at feed O2/HCl = 1 ratio. 

dependence observed shows almost a linear negative slope indicative of the self-poisoning effect 

of Cl under such conditions. Obviously, the inverse slope is found when the dependence with 

the coverage of non-chlorine species 1 − Cl, is investigated. For the (101) surface, the situation 

is somewhat different, as the intrinsic activity seems to be lower, and the chlorine coverage is 

much smaller than for the (110) facet, about 0.6 ML. Also in this case, the negative slope 

found for Cl results into a positive dependence when 1 − Cl or O are considered (see central 

panel). Nevertheless, geometric constraints on the (101) surface seem to give rise impeded 

activity as the total coverage of all species is always lower than  on  the  (110)  surface  due  to  
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Figure 4.11. (a) Micro-Kinetic results: Normalized reaction rate as a function of chlorine cus coverage, 
Cl, for the O2/HCl ratios of = 0.25, 0.5, 1, 2, 4 at 573 K and the single monolayer on the SnO2(110) 
surface RuO2/SnO2(1 ML). (b) Same as (a) for the RuO2 bilayer, RuO2/SnO2(2 ML). (c) Normalized 
reaction rate as a function of the calculated cus oxygen coverage O for the bilayer model 
RuO2/SnO2(2 ML). (d) Same as (c) for the 1 − Cl coverage. All data are normalized to the NP case at 
feed O2/HCl = 1 ratio (Figure 4.10). 

strong repulsions along the Rucus chains. 

The MK-NP model shows a mixed behavior, the reaction rate is about a half of that of the 

most active surface (surface fractions are 58% (110) and 42% (101)), and the Cl coverage is 

obviously also much higher than for the (101) facet, but smaller than that of the (110) one. 

The dependence of the activity with the amount of chlorine on the surface is again negative, 

indicative of the poisoning effect of surface chlorine. As for the individual facets, positive 

dependencies with the amount of oxygen on the surface or with 1 − Cl are found. These results 

suggest that there is an optimum relationship between the Cl and O coverages that provides 

the most active catalytic phase. More importantly, for highly covered Cl surfaces, the 

difficulties in finding two neighboring open Rucus sites can block O2 dissociative adsorption 

impeding the re-oxidation and preventing the catalytic process to complete the cycle. Thus, we 
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conclude that, though Cl recombination is the elementary step with the highest barrier, at high 

Cl coverages, the high stability of Clcus drives O2 dissociative chemisorption as the likely rate 

limiting step. Additionally, geometric constrains enhance differences in the reactivity of 

different facets. Finally, we have determined the apparent activation energy for the NP case by 

determining the MK-calculated activity at different temperatures. In the region 400-673 K, the 

obtained estimate is 72 kJ mol−1, in reasonable agreement with the results in the catalytic test 

section (69 kJ mol−1). 

The results for the RuO2 adlayers on SnO2(110) surface have been analyzed with the same 

methodology, see Figure 4.11. The reaction rate obtained for the RuO2/SnO2 (1 ML) is close to 

zero for all O2/HCl ratios, showing that this model surface is not active at 573 K, and thus is 

the least active of all investigated surfaces. Instead, the activity observed for the RuO2/SnO2 

(2 ML) is slightly higher than that observed for the pure RuO2(110) at the same time. Again, 

the activity depends negatively on the chlorine coverage (Cl) of the surface. The corresponding 

oxygen coverage is even smaller than for the (110) surface, but in both cases, a positive 

dependence on the calculated Ocus coverage and the total fraction of non-chlorine-containing 

sites (1 − Cl) is obtained. 

DFT-based MK modeling was capable to reproduce all trends observed in steady-state 

catalytic experiments and during PGAA. The Deacon reaction over RuO2 catalysts thus follows 

the Langmuir-Hinshelwood mechanism with oxygen activation being rate determining under 

typical Deacon conditions. 

 

5. Conclusions 

This chapter describes experimental and computational results that helped to assess realistic 

aspects as well as mechanistic details of the Deacon reaction over a technical RuO2-based 

catalyst. Beyond standard characterization techniques, state-of-the-art experimental methods 

(aberration-corrected HRTEM, TAP, in situ PGAA) in concert with DFT calculation and 

micro-kinetic modeling are applied. HRTEM shows that two major RuO2 morphologies are 

present in RuO2/SnO2 catalysts, namely, 2-4-nm-sized particles and 1-3-ML-thick epitaxial 

RuO2 films attached to the SnO2 support particles. A large fraction of nanoparticles exposes 
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{110} and {101} type facets. Steady-state kinetic experiments indicate that both reactants 

display positive rate dependence (HCl: 0.2; O2: 0.4 order), whereas products cause strong 

inhibition. When both products are co-fed, the reaction order of HCl and O2 gets 0.5 and 1, 

respectively. Pump-probe experiments conducted in the TAP reactor clearly indicated a 

reaction mechanism within adsorbed species, without the influence of bulk oxygen (Langmuir-

Hinshelwood). By using in situ PGAA, it is demonstrated that adsorbed Cl poisons the surface 

and the reactivity is proportional to the coverage of a ‘non-Cl,’ likely adsorbed oxygen species. 

All experimental observations (kinetic trends, coverage effects) were conciliated with DFT-

based micro-kinetic modeling. Calculations additionally indicated that the reaction, despite 

previous claims, is structure sensitive. The (100) and (110) facets, as well as the 2 ML RuO2 

film-covered SnO2 give rise to significantly higher reactivity as compared to the (101) surface, 

whereas the 1 ML RuO2 film seems to be inactive. Under typical reaction conditions, the 

surface is extensively chlorinated; thus, the active material is better described as a surface 

oxychloride. Despite the highest barrier of Cl recombination, under realistic Deacon conditions, 

oxygen activation is rate determining. 
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Chapter 5 
Development of Technical RuO2-based 

Catalysts for Chlorine Recycling 
 
1. Introduction 

The increase in the production of versatile plastics based on chlorine chemistry, such as 

polyurethanes and polycarbonates, leads to a growing excess of HCl by-product. The 

heterogeneously catalyzed oxidation of HCl to Cl2 has attracted renewed interest as a 

sustainable route to valorize this HCl surplus.[2] Since its introduction by Henry Deacon in 

1870,[14] the wide industrialization of this process has been hampered by the lack of sufficiently 

active and, more importantly, long-lasting catalysts. RuO2-based catalysts have been recently 

used in large-scale recycling facilities.[21,28,80,84] The precise choice and engineering of the 

catalysts’ active phase, support, and additives were crucial to attain materials that could 

satisfy the performance requirements in industry. RuO2 exhibits a high Deacon activity at low 

temperature and undergoes only self-limited surface chlorination.[39,42,52] The TiO2 and SnO2 

rutile-type carriers used by Sumitomo[21,28] and Bayer,[80,84] respectively, favor the epitaxial 

growth of RuO2, which improves metal dispersion and structural stability. The incorporation of 

a nanosized oxide in the technical catalysts was needed to suppress RuO2 sintering and to 

ensure their long-term durability. Sumitomo opted for silica,[21] whereas, in the case of the 

Bayer system, the goal was reached with alumina used as the binding agent for the shaping of 

millimeter-sized bodies.[80,84] In contrast to the considerable and rapid deactivation of 

RuO2/SnO2 ( 75 % of the initial activity in 50 h), RuO2/SnO2-Al2O3 demonstrated a stable Cl2 

production in a pilot reactor for 7000 h on stream.[84] In both alumina-free and alumina-

containing catalysts, RuO2/SnO2 appeared composed by carrier grains coated by a layer of 

active phase, which featured a combination of film-like structures and protruding nanoparticles 

(see Chapter 4).[84] The Ru loading of 2 wt. % was defined on the basis of the theoretical 

amount needed to secure the full coverage of the SnO2 surface to prevent its chlorination and 

volatilization as SnCl4 (see Appendix A, Table A4.4). In RuO2/SnO2-Al2O3, the binder phase 

was additionally seen decorating the RuO2/SnO2 particles and filling the interstitial spaces. 
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Because of this optimal placement, we tentatively suggested that alumina acted as a spacer, 

minimizing the interparticle contact and thus RuO2 agglomeration.[84]  

The high and fluctuating price of Ru determines substantial capital investment costs, 

which are disadvantageous for the wide application of this catalytic HCl recycling technology. 

Hence, lowering the amount of Ru used in the catalyst without sacrificing performance is 

attractive to produce a more economical catalyst. However, decreasing the Ru content would 

determine only a partial coating of the SnO2 carrier, which may reflect in limited catalyst 

durability. Detailed high-resolution TEM (HRTEM) studies of RuO2/SnO2 with 2 wt.% Ru 

have revealed that RuO2 films – 1-3 monolayers thick and epitaxially grown – are not defect-

free and do not cover the SnO2 surface entirely (Chapter 4). The apparent similarity of the 

supported RuO2 morphologies in the alumina-free and the alumina-containing catalysts and the 

proven robustness of the latter indicate a beneficial effect of alumina on the carrier, and thus 

even that naked SnO2 areas could be protected from the attack by HCl. Based on the practical 

relevance of such a possibility for catalyst optimization, a more extensive investigation of the 

deactivation mechanism of RuO2/SnO2 and of the actual role of the binder in the Bayer system 

has been undertaken. Testing under reaction conditions and extensive characterization by 

means of bulk and surface techniques of the alumina-free and alumina-containing supports, as 

well as of reference SnO2-Al2O3 composite materials, indicates that the binder produces 

electronic and geometric effects on cassiterite, which render it resistant to chlorination. 

Consequently, a technical catalyst with minimized Ru loading (0.5 wt.%) is obtained that still 

demonstrates high and stable HCl conversion for several thousand hours on stream. 

 

2. Experimental 

2.1. Catalysts 

The Bayer support consists of SnO2 (cassiterite; Keeling & Walker, Superlite C), calcined at 

1273 K for 2 h, and -Al2O3 (Saint-Gobain NorPro) in an amount corresponding to 10 wt.% in 

the composite. The carrier is shaped into 2 mm spherical particles. This method includes 

hardening at elevated temperatures. For testing and characterization purposes, the pellets were 

crushed to powder form. This sample was  denoted  as  SnO2-Al2O3-p,  in  which  p  stands  for  
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Figure 5.1. Treatments required to obtain stabilized SnO2. 

pellet. Reference support systems were prepared in the laboratory by using SnO2 and Al2O3 

(Alfa Aesar; catalyst support, 43855), Al2O3-n [laboratory-made nanopowder obtained by 

precipitation of Al(NO3)3⋅9 H2O (Acros Organics, 99 %) using a mixture of NaOH and Na2CO3 

(1 M each)], or SiO2-n (Aldrich; nanopowder, 99.5 %) in the same weight ratio as for the actual 

support. The synthesis included three consecutive steps (Figure 5.1): 1) mixing of the two 

components in a mortar with a spatula, 2) grinding with an agate pestle for 15 min (i.e., 

mechanical mixing), and 3) calcination at 923 K (10 K min−1) for 10 h. Samples were collected 

for testing and characterization after each step of the preparation. They were denoted by the 

suffixes ms, mm, and c, respectively. Model aluminum-doped SnO2 systems were prepared by 

incipient wet impregnation of SnO2 with a Al(NO3)3⋅9 H2O aqueous solution (nominal 0.05, 0.2, 

1 wt. % Al), followed by drying at 338 K for 12 h and calcination (10 K min−1) in static air at 

923 K for 10 h. Shaped RuO2/SnO2-Al2O3 catalysts were prepared, according to protocol 

detailed in Chapter 4, by impregnation of 2 mm SnO2-Al2O3 pellets (15 wt.% Al2O3, 2.5 wt.% 

Nb) with a RuCl3 aqueous solution (nominal Ru loading 0.5-3 wt.%), followed by drying at 

333 K for 5 h and calcination in static air at 523 K for 16 h. 

 

2.2. Characterization Techniques 

Powder X-ray diffraction (XRD) measurements were performed by using a PANalytical 

X’Pert PRO MPD diffractometer. Data was recorded in the 2 range of 10-70°, with an 
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angular step size of 0.017° and a counting time of 0.26 s step−1. N2 sorption at 77 K was 

performed by using a Quantachrome Quadrasorb-SI gas adsorption analyzer. Before the 

measurement, the samples were degassed in vacuum at 473 K for 12 h. Temperature-

programmed reduction with hydrogen (H2-TPR) measurements were performed by using a 

Thermo TPDRO 1100 unit equipped with a thermal conductivity detector. The samples were 

loaded in a quartz microreactor (11 mm i.d.), pretreated in He (20 cm3 STP min−1) at 473 K 

for 30 min, and cooled to 373 K in He. The analysis was performed in 5 vol. % H2/N2 

(20 cm3 STP min−1), ramping the temperature from 373 to 1173 K (5 K min−1). X-ray 

photoelectron spectroscopy (XPS) measurements were performed by using a Physical 

Electronics (PHI) Quantum 2000 X-ray photoelectron spectrometer using monochromated 

Al K radiation, generated from an electron beam operated at 15 kV and 25 W, and a 

hemispherical capacitor electron-energy analyzer equipped with a channel plate and a position-

sensitive detector. The samples were firmly pressed onto an indium foil, which was mounted 

onto a sample platen and introduced into the XPS spectrometer under regular ambient 

exposure. The electron take-off angle was 45° and the analyzer was operated in the constant 

pass energy (117.4 eV) mode. The partial compensation of surface charging during spectra 

acquisition was obtained through simultaneous operation of an electron neutralizer and an 

argon ion neutralizer. Charging effects were further corrected for all aluminum-containing 

samples by shifting the spectral signals so that the Al 2p peak matches its reference positions 

at 74.6 eV (pure Al2O3).[103] For pure SnO2, the Sn 3d5/2 signal was considered and made to 

coincide with the reference position at 486.7 eV (pure cassiterite).[104] Magic-angle spinning 

nuclear magnetic resonance (MAS NMR) spectra of the solids were recorded at a spinning 

speed of 12 kHz by using a Bruker Avance 400 NMR spectrometer equipped with a 4 mm 

probe head and 4 mm ZrO2 rotors at 104.3 MHz. The 27Al MAS NMR spectra were recorded by 

using 2048 accumulations at 2 s pulses and a relaxation time of 1 s, with 

(NH4)Al(SO4)2⋅12H2O as the reference. The 119Sn MAS NMR spectra were recorded by using 

256 accumulations at 1 s pulses and a relaxation time of 5 s, with (CH3)4Sn as the reference. 

High resolution transmission electron microscopy (HRTEM) investigations were performed by 

using a FEI Tecnai F30 microscope (field emission gun, operated at 300 kV, SuperTwin lens 

with a point resolution of 2 Å). 
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2.3. Catalytic Tests 

The stability of SnO2 as such, in composite systems with Al2O3 or SiO2, doped with aluminum, 

and in RuO2/SnO2-Al2O3 under HCl oxidation conditions was evaluated at ambient pressure in 

the setup described in Chapter 2. The sample (1 g; particle size 0.4-0.6 mm) was loaded in the 

quartz microreactor (8 mm i.d.) and pretreated in N2 at 573 K for 30 min. Thereafter, 

10 vol. % HCl and 20 vol. % O2, balanced in N2, were fed at different bed temperatures (Tbed) in 

the range of 573-673 K and a total volumetric flow (FT) of 166 cm3 STP min−1 for 2-20 h. The 

weight loss of SnO2 was determined from the difference in weight of the reactor before and 

after the test through normalization by the initial mass of SnO2, further subtracted by 2 wt. % 

corresponding to the mass loss due to surface impurities (such as physisorbed water). The 

latter value was determined in a blank experiment in which the same amount of the material 

was exposed to a N2 flow of 166 cm3 STP min−1 at 623 K for 2 h. RuO2/SnO2-Al2O3 catalysts 

(2 mm spherical pellets) were tested in HCl oxidation at ambient pressure for 2 h at Bayer 

MaterialScience. The sample (0.5 g) was packed in a tubular reactor (8 mm i.d.) and 

pretreated in N2 at 573 K for 30 min. The reaction was conducted by feeding HCl (10 vol.%) 

and O2 (40 vol.%), balanced in N2, at Tbed = 603 K and FT = 166 cm3 STP min−1. A long-term 

catalytic run was performed on RuO2(0.5 wt %.Ru)/SnO2-Al2O3 in a pilot plant at Bayer 

MaterialScience consisting of a three-zone adiabatic reactor operated between 533 and 653 K. 

In this test, the shaped catalyst (58.5 g) was used for 4000 h with a feed mixture of 20 vol.% 

HCl and 40 vol.% O2, balanced in N2, and FT = 1867 cm3 STP min−1. The quantification of Cl2 

at the reactor outlet was performed by using iodometric titration. The percentage of HCl 

conversion was determined by using the following formula: HCl conversion = (2 × mole Cl2 at 

the reactor outlet/mole HCl at the reactor inlet) × 100. 

 

3. Results and Discussion  

3.1. Alumina-Free and Alumina-Containing SnO2 Support Materials 

3.1.1. Stability under HCl Oxidation Conditions. The stability of SnO2 and SnO2-Al2O3-p 

(the Bayer carrier) under HCl oxidation conditions was assessed by isothermal tests  in a feed 

mixture with O2/HCl = 2. The SnO2 weight  loss  after  2 h  on  stream  at  different  reaction 
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Figure 5.2. (a) SnO2 loss for SnO2 and SnO2-Al2O3-p at different reaction temperatures and for SnO2-
SiO2-n-c at 623 K for 2 h. (b) SnO2 loss for SnO2-Al2O3 systems prepared by using various methods at 
623 K for 2 h. Conditions and sample nomenclature are detailed in the Experimental Section. 

temperatures for the alumina-free and alumina-containing tin dioxide samples is shown in 

Figure 5.2a. SnO2 lost approximately 53% of its initial weight after the treatment at 573 K. 

The loss increased up to 82% when the temperature was raised by 50 K, whereas it was only 

slightly higher at 673 K (89%). These results are expected because of the ease of chlorination of 

SnO2 and the low boiling point (387 K) of the main product, SnCl4. Contrarily, no SnO2 

depletion was observed for SnO2-Al2O3-p at 573 K and it was very low ( 2%) at the two higher 

temperatures used. The stability of this composite was thus evaluated at 623 K in an extended 

time frame. The SnO2 loss was 5.0 and 4.5% after 8 and 20 h, respectively, which confirms that 

tin depletion is marginal. Furthermore, this occurs only during the first hours on stream, 

whereas the material is completely stable thereafter. These results unequivocally demonstrate 

the crucial role of Al2O3 in stabilizing SnO2, which minimizes its chlorination and volatilization. 

On the other hand, nanosized silica, another common binder, proved unsuitable as a stabilizer. 

A SnO2-SiO2 composite, obtained through mechanical mixing followed by calcination at a 

temperature similar to that suited for hardening of the SnO2-Al2O3 pellets, induced only scarce 

stabilization (SnO2 loss = 75 wt.%; Figure 5.2a). 
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To shed light onto the type of interaction between the Bayer support components, 

reference SnO2-Al2O3 materials were synthesized and tested at 623 K (Figure 5.2b). SnO2 was 

blended with a laboratory-made nanocrystalline Al2O3 (SBET = 493 m2 g−1) only by use of a 

spatula. The obtained material, SnO2-Al2O3-n-ms, exhibited a weight loss similar to that of 

pure SnO2 (85%). Notably, this sample was tested as prepared, diluted by glass spheres (to 

minimize pressure drop in the reactor), to avoid the application of the mechanical forces 

normally needed for the preparation of a sieved fraction. The use of a stronger mixing method, 

that is, grinding in a mortar, was effective in inducing an interaction between the components. 

The weight loss of SnO2-Al2O3-n-mm was, in fact, only 9.5%. The high-temperature calcination 

of this composite attained a material (SnO2-Al2O3-n-c) with high stability against chlorination 

(SnO2 loss = 4 wt.%), which approaches that of the actual catalyst support. The use of an 

alumina with lower surface area (SBET = 199 m2 g−1) was also investigated. The composite 

prepared by mechanical mixing, SnO2-Al2O3-mm, showed a SnO2 weight loss of 64%, which 

indicates that the textural properties of Al2O3 greatly affect the degree of SnO2 stabilization 

obtainable upon mechanical mixing. To this end, a nanosized material, offering a larger contact 

area, is preferred. The robustness of this material could still be greatly improved by a 

subsequent thermal treatment (Figure 5.2b). The stabilization steps are schematically 

presented in Figure 5.1. SnO2-Al2O3 samples containing only little amounts of Al, prepared 

through dry impregnation of a soluble aluminum salt followed by calcination, were also tested. 

The presence of 0.05 wt % Al could reduce the SnO2 loss by a half (from 82 to 39%). With 

0.2 wt.% Al, the SnO2 depletion leveled off at approximately 4% (Figure 5.2b). This result 

suggests that small quantities of Al are sufficient to preserve the integrity of SnO2. 

3.1.2. Characterization. The SnO2-Al2O3 composites were characterized in fresh and used 

forms by using bulk and surface-sensitive methods to gain insights into the stabilizing role of 

alumina. The total surface area of fresh SnO2 halved after 2 h treatment at 623 K (SBET = 9 

and 4 m2 g−1, respectively) owing to the disappearance of the smaller particles initially present 

in the sample (vide infra). However, the SBET of SnO2-Al2O3-p (46 m2 g−1) remained practically 

unaltered, which is in line with the stability of the SnO2 phase in this sample (Figure 5.2a). 

The XRD patterns of all the SnO2-based samples exclusively show the characteristic reflections 

of cassiterite, tin(IV) oxide (JCPDS 77-0447), with (110) and (101) as  the  prevailing  primary 
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Figure 5.3. XRD patterns of (a) SnO2, SnO2-Al2O3-p, and SnO2-SiO2-n-c samples and (b) SnO2 and 
SnO2-Al2O3 systems prepared by using various methods.   

orientations (Figure A5.1, in Appendix A). Diffraction lines specific to Al2O3 and SiO2 were not 

observed for the composites owing to their nanocrystalline or amorphous nature. Notably, the 

SnO2 reflections are shifted to lower 2 for SnO2-Al2O3-p, in which SnO2 is stabilized, whereas 

the positions of the cassiterite peaks are retained for the unstable SnO2-SiO2-n-c, as shown for 

the most intense reflection in Figure 5.3a. Similarly, among the reference composites and Al-

doped samples described above, a shift to lower 2 was evidenced only for those that were 

highly stable (Figure 5.3b). A shift to lower 2 indicates cell expansion, which corresponds to 

the increased lattice parameters of SnO2 in Table 5.1. This result suggests that a stabilizing 

interaction of alumina with cassiterite involves Al incorporation in the interstitial spaces of  the 

Table 5.1. Lattice parameters of SnO2-based samples.  

Sample d110
a (Å) a (Å) c (Å) 

SnO2 3.321 (3.31)b 4.697 3.167 
SnO2-Al2O3-p 3.327 (3.43)b 4.706 3.174 
SnO2-Al2O3-n-mm 3.337 4.719 3.169 
SnO2-Al2O3-n-ms 3.315 4.688 3.150 
SnO2-SiO2-n-c 3.321 4.696 3.170 
a Determined from the (110) reflection in XRD (Figure 5.3); b Estimated from high-resolution TEM. 
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SnO2 lattice. To our knowledge, this type of mixed phase has not been reported yet. Only solid 

solutions of substitutional type, that is, in which Al atoms replace Sn atoms at lattice 

positions, leading to the formation of a Sn—O—Al bond, have been described thus far.[105] 

Because of the smaller ionic radius of Al3+ (67.5 pm) compared with that of Sn4+ (83 pm), such 

solutions are characterized by cell contraction, which would determine a shift of the diffraction 

lines to higher 2. 

Because the Sn—O—Al bond has been indicated as resistant to reduction by hydrogen 

whereas the Sn—O bond can be completely reduced leading to metallic Sn,[105] SnO2 and SnO2-

Al2O3-p were analyzed by using H2-TPR (Figure 5.4a) and the reduced samples were 

characterized by using XRD (Figure 5.4b). The reduction profiles of both the samples are 

constituted by a single and broad peak centered at approximately 1000 K (Figure 5.4a). The 

slightly wider temperature range of reduction for SnO2 than that for SnO2-Al2O3-p reflects the 

broadness of the particle size distribution of SnO2 in the materials (30-300 and 30-150 nm, 

respectively, as determined from TEM analysis). The diffractograms of the samples after H2-

TPR feature only reflections specific to metallic tin (Figure 5.4b), which thus support the 

absence of substitutional solutions. 

 

Figure 5.4. (a) H2-TPR profiles of SnO2 and SnO2-Al2O3-p. (b) XRD patterns of fresh SnO2 and SnO2-
Al2O3-p samples after the H2-TPR analysis. 
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Figure 5.5. 27Al MAS NMR spectra of Al2O3-n and SnO2-Al2O3 systems. 

The 27Al  MAS NMR spectra of Al2O3-n, SnO2-Al2O3-p, SnO2-Al2O3-n-ms, and 0.2 wt.% 

Al/SnO2 are shown in Figure 5.5. The spectrum of nanocrystalline Al2O3 shows one major peak 

at 5.4 ppm and two minor peaks at 34.5 and 64.2 ppm attributed to octa-, penta-, and tetra-

coordinated Al3+ species, respectively.[106,107] The non-stabilized SnO2-Al2O3-n-ms sample 

originates an almost identical spectrum, which confirms the absence of any chemical interaction 

between Al2O3 and SnO2 upon mixing by a spatula. In contrast, the patterns of SnO2-Al2O3-p 

and 0.2 wt.% Al/SnO2 show only the signals of octa- and tetra-coordinated Al3+ cations, 

although with different relative intensities. On the basis of these results, it has been suggested 

that the stabilization of SnO2 involves a chemical interaction with penta-coordinated Al3+ 

species, which causes the disappearance of the latter. Penta-coordinated Al3+ cations have 

already been reported to selectively react with oxides, such as BaO and La2O3, owing to their 

coordinative unsaturation.[107] The analysis of 119Sn MAS NMR spectra of the same samples do 

not show any significant difference to confirm this bonding. This is probably due to the lack of 

sensitivity, as NMR-active 119Sn has a relatively low natural abundance  (8.6%) and only a 

minimal part of SnO2 in the samples could interact with Al (not shown). 

The surface characterization of the samples was performed by using XPS. The Sn 3d and 

O 1s   core   level  spectra   relative  to  SnO2  are  shown  in  Figure 5.6  for  pure  SnO2  and 
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Figure 5.6. (a) Sn 3d and (b) O 1s core level XPS spectra of SnO2 and SnO2-Al2O3 composites. 

SnO2-Al2O3-ms in fresh form and for the Bayer support before and after exposure to Deacon 

conditions for 8 h. Analysis of Sn 3d spectra of SnO2 and SnO2-Al2O3-n-ms indicates a single 

electronic state, whereas that of fresh SnO2-Al2O3-p shows two electronic states. These could 

refer to a change in oxidation state (more reduced and more oxidized) owing to bonding with 

Al or to a partially varied chemical environment because of the presence of Al-containing 

species. After 8 h in HCl + O2 at 623 K, only the state corresponding to the higher binding 

energy signal was observed. Thus, it is suggested that the low-binding energy state is not 

stabilized by Al during the support preparation and could correspond to the minor tin fraction 

that is lost as SnCl4. The same qualitative description can be made for the O 1s spectra, which 

suggests that Al insertion leads to analogous electronic changes for O as for Sn lattice atoms. 

TEM was used to unravel the morphological characteristics of the cassiterite phase in pure 

SnO2 and in SnO2-Al2O3-p (Figures 5.7a-f). Fresh SnO2 appears constituted by 200-300 nm 

grains surrounded by smaller particles of sizes 30-50 nm (Figure 5.7a). Selected area electron 

diffraction analysis confirmed that the crystals have a rutile structure, which is in agreement 

with the XRD results, and the HRTEM analysis of the near-surface region of the grains 

revealed clean and uniform lattice fringes (Figure 5.7b). This nondefective character of SnO2 is 

expected because of the high-temperature pretreatment applied to ensure the formation  of  the 
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Figure 5.7. (a) TEM and (b) HRTEM images of fresh SnO2. (c) TEM images of SnO2 treated in HCl 
oxidation for 2 h. (d) TEM and (e, f) HRTEM images of SnO2-Al2O3-p. (g-i) HRTEM images of 
RuO2(0.5 wt.% Ru)/SnO2-Al2O3. 

rutile structure at the surface. After 2 h treatment under HCl oxidation conditions, only large 

particles were seen (Figure 5.7c). Small particles were likely consumed faster than larger ones 

and/or were more prone to chlorination. Fresh SnO2-Al2O3-p also possesses a dual particle size 
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distribution for the SnO2 fraction (Figure 5.7d). However, in this case the larger particles are of 

sizes 100-150 nm and the smaller ones of 20-40 nm. The larger grains likely collapsed to a 

certain degree owing to the mechanical forces applied during synthesis (grinding and 

pelletization) or sample preparation (crushing of the mm-sized bodies). Nanoparticles of Al2O3 

are seen in and around the interstitial spaces among the SnO2 crystals.  The surface of some 

SnO2 grains still does not appear entirely decorated by Al2O3 (Figure 5.7d). At higher 

magnification, a low-crystallinity rim is detected at several locations of the cassiterite surface 

(Figure 5.7e), which could be due to either the deposition of an amorphous layer of Al2O3 or 

severe reconstruction of the SnO2 surface because of Al insertion. Furthermore, ribbon 

dislocations are evidenced (Figure 5.7f). The d values determined from the lattice fringes for 

cassiterite in the composite are higher than those for pure SnO2, which is in qualitative 

agreement with the XRD results (Table 5.1). The moderate deviation of the absolute values 

could be explained by the lower statistical significance of the TEM analysis. TEM inspection of 

0.2 wt.% Al/SnO2 in fresh form (not shown) solely evidenced the cassiterite phase. Probably 

owing to the very low amount, alumina was not seen either as decorating particles or as 

amorphous rims. However, dislocations at the SnO2 surface were observed clearly. 

The strong stabilization effect induced by alumina on SnO2 opens the door to the 

optimization of the RuO2/SnO2-Al2O3 catalyst. It is expected that the metal loading can be 

minimized, attaining a more cost-effective catalyst, without negatively affecting its longevity. 

This is discussed in the following section. 

 

3.2. Stabilization Mechanism of Al2O3 on SnO2 and the Bayer Catalyst 

The evidences collected herein enable us to identify and describe a clear effect that alumina 

exerts on the SnO2 carrier, which stabilizes it against chlorination. Chlorination typically 

occurs through the dissociative adsorption of HCl, which involves hydrogen abstraction by 

surface basic O atoms of the metal oxide and formation of M—OH and M—Cl bonds 

(M = metal, see Chapter 4 or 6). SnO2 can react with HCl because of its amphoteric nature. 

In the literature, various volatile chlorides, such as SnCl2, SnCl4, and SnCl2⋅2H2O, are reported 

as possible products. According to thermodynamic considerations (Hf = −349.4 kJ mol−1, 
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−544.7 kJ mol−1, and −945.16 kJ mol−1, respectively, for the three chlorides), SnCl2⋅2H2O 

would be the most relevant species.[108] Nevertheless, at typical temperatures used in HCl 

oxidation over Ru-based catalysts (573-673 K), SnCl4 is expected to be the dominant product 

because of its much lower boiling point with respect to anhydrous and hydrated SnCl2 (387 K 

versus 896 K). Two main reasons would explain the reduced chlorination and volatilization of 

the cassiterite phase in the presence of alumina: 1) an electronic effect leading to a chemical 

modification of SnO2, which minimizes the reactivity of SnO2 toward HCl, and 2) a geometric 

effect based on the formation of alumina structures mechanically shielding the SnO2 surface. 

With regards to option 1, an effective electronic modification would consist in decreasing 

the basicity of the O atoms of SnO2, which produces a slightly acidic material that does not 

interact with HCl. This implies that cassiterite has to become electron deficient. It has been 

reported that O2 adsorption leads to the formation of an electron-depleted region in the near-

surface region of SnO2 because it occurs through electron transfer from cassiterite to oxygen.[109] 

This electron-depleted region, also known as the space-charge layer, lowers the conductivity of 

SnO2, which renders it a less performing gas sensor. In our case, the characterization results 

suggest that such a space-charge layer is obtained because of the interaction with alumina. 

XRD, H2-TPR, and HRTEM analyses revealed the absence of Sn—O—Al bonds, lattice 

expansion, and irregularities in the lattice fringes of SnO2 at the particles surface, which 

indicates the incorporation of Al in the interstitial spaces of the SnO2 lattice. 27Al MAS NMR 

studies confirmed that penta-coordinated Al3+ species disappear upon contact with SnO2. This 

suggests their transformation into fully coordinated species because of electron transfer from 

SnO2, that is, creating electron deficiency in cassiterite. The presence of more oxidized states of 

Sn and O at the cassiterite surface was then confirmed by using XPS. 

The TEM analysis offers support to an additional nonchemical reason (i.e., option 2) for 

SnO2 stabilization in the Bayer support. Thin alumina films, which can serve as protective 

shell, have been identified at various locations of the cassiterite surface. As such amorphous 

rims were not observed for 0.2 wt.% Al/SnO2 but SnO2 is well stabilized in this sample, we put 

forward that the electronic effect dominates over the geometric one. 

In addition, we have considered that further stabilization could find origin in the 

potentially stronger affinity of Al2O3 rather than SnO2 for chlorine. In this case, if HCl adsorbs 
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preferentially on alumina, the Cl coverage on SnO2 would remain little and thus cassiterite 

would not suffer from pronounced chlorination. Two arguments invalidate this possibility. 

First, a higher amount, and thus surface area, of alumina in the material would have a greater 

effect, but the stability of SnO2 in the Bayer support, which contains 10 wt.% Al2O3, and in 

0.2 wt.% Al/SnO2 is identical. Second, the chlorine uptake of alumina is very modest, as 

confirmed by the TGA analysis of an Al2O3-n sample exposed to a flow of 10 vol.% HCl/N2 at 

673 K for 3 h, and very similar to that obtained, according to the same experimental protocol, 

for a SiO2-n sample, which renders no stabilization. 

Based on these considerations, the previously reported sintering of the RuO2 phase[84] is a 

direct consequence of the carrier volatilization; that is, agglomeration of the active phase in the 

absence of Al2O3 is triggered by the partial loss of SnO2. This would likely hold for the 

intraparticle case, although we cannot exclude that alumina helps avoiding the interparticle 

contact of RuO2 nanostructures through simple mechanical action. 

 

3.3. Development of Technical RuO2/SnO2-Al2O3 with Low Ru Content 

The next step comprised the development of a technical catalyst, which involves the 

adaptation of laboratory protocols for a large-scale manufacture and shaping of the catalyst 

powder into mm-sized bodies. Based on the knowledge derived on RuO2/SnO2-Al2O3 in powder 

form, 1) pretreatment of the cassiterite support at high temperature prior to impregnation of 

the active phase, to favor epitaxial growth, and 2) application of a low calcination temperature, 

to minimize sintering of the deposited RuO2, resulted in key procedural requirements for the 

synthesis of a successful industrial catalyst (Chapter 4). Thus, the preparation of technical 

RuO2-based catalyst comprises the following steps: I) pretreatment of SnO2 carrier at 1273 K 

for 2 h, II) intimate mixing of SnO2 obtained in Step I with nanocrystalline Al2O3 (10-15 wt.%), 

followed by pelletization into 2 mm spherical shapes and hardening of these spheres, and III) 

impregnation of pellets obtained in Step II with aqueous RuCl3 solution, followed by low-

temperature (523 K) calcination. In Step II, apart from its role as stabilizer as stressed above, 

the choice of Al2O3 as binder (for e.g. over SiO2) and of the spherical catalyst geometry (for 

e.g. over extrudates) were based on the highest mechanical strength offered by this 

combination.[2] Furthermore, it is important to emphasize that the hardening  of  the  pelletized 
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Figure 5.8. (a) Activity of RuO2/SnO2-Al2O3 catalysts normalized by the activity of that with 
2 wt.% Ru. (b) HCl conversion over RuO2(0.5 wt.% Ru)/SnO2-Al2O3 in pilot-plant test with 2 mm 
spherical pellets. Conditions are detailed in the Experimental Section. 

catalyst in Step II requires high temperature and thus the incorporation of ruthenium is 

performed after hardening to avoid excessive RuO2 agglomeration or loss in the form of volatile 

RuO4.[2] In step III, in order to attain an efficient preparation, particularly to avoid unselective 

deposition of the active phase, i.e. on the binder rather than on the carrier, the surface acidity 

of the binder or carrier needs to be tuned.[2] 

Technical catalysts with Ru content comprised between 0.5 and 3 wt.% were tested in HCl 

oxidation. As illustrated in Figure 5.8a, the Ru specific activity increases with the decrease in 

the Ru content in the catalyst. RuO2(0.5 wt.% Ru)/SnO2-Al2O3 doubles the Ru specific activity 

of the 2 wt.% Ru catalyst.[84] This low Ru content system shows a minimal weight loss (< 2%) 

after 2 h under HCl oxidation conditions, which does not increase appreciably after 10 h on 

stream ( 2.5%). The extent of SnO2 volatilization from the catalyst is lower than that from 

the support alone, which suggests that the deposited RuO2 phase additionally protects 

cassiterite from chlorination. The long-term activity of shaped RuO2(0.5 wt.% Ru)/SnO2-Al2O3 

in HCl oxidation was tested in an extended run. The HCl conversion level remained stable for 

approximately 4000 h on stream (Figure 5.8b), which indicates outstanding durability. 
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The SBET of fresh RuO2(0.5 wt.% Ru)/SnO2 Al2O3 was 42 m2 g−1. HRTEM analysis of this 

catalyst confirms the presence of the active phase in the form of particles of size approximately 

4 nm as well as an epitaxially grown thin layer (Figures 5.7 g-i). This is in line with the 

morphology already reported for the catalyst with 2 wt.% Ru ( see Chapter 4). Uncoated 

support areas are clearly discernible, as expected from the four times reduced Ru content, and 

demonstrate similar ribbon dislocations as for the SnO2-Al2O3 composite (Figure 5.7g), which 

indicates that the deposition of the active phase does not alter the properties of the support. 

 

4. Conclusions 

A deeper understanding of the stabilizing role of the alumina binder on the technical 

RuO2/SnO2-Al2O3 catalyst developed by Bayer for use in chlorine recovery was gained by 

stability testing under HCl oxidation conditions and in-depth characterization of SnO2 and 

SnO2-Al2O3 composites. Cassiterite volatilization in the form of SnCl4 is prevented by alumina 

because of electronic and, possibly to a minor extent, geometric effects. The former originates 

from the insertion of Al3+ cations in the interstitial spaces of the SnO2 lattice. This process is 

accompanied by the formation of chemical bonds, which deplete the surface electron density of 

cassiterite rendering it acidic and, thus, less reactive toward HCl. The latter is related to the 

generation of a partial coating of SnO2 with very thin amorphous films of alumina. Grinding of 

the composite is necessary to induce the stabilization of SnO2, which is maximized by high-

temperature calcination. This stabilizing effect appears to be a prerogative of alumina, in which 

a material with high surface area is preferred. Silica, even as nanocrystalline powder, is 

substantially ineffective. These findings enable us to sensibly lower the metal loading in the 

technical catalyst (fourfold decrease) and its cost without compromising its long-term stability, 

thus addressing one of the major hurdles for the expansion of this sustainable chlorine recycling 

technology. 
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Chapter 6 
Performance, Structure, and Mechanism of 

CeO2 in HCl Oxidation 
 
1. Introduction 

The heterogeneously catalyzed gas-phase oxidation of HCl to Cl2 is a sustainable route to 

recycle chlorine from by-product HCl streams derived from the manufacture of polyurethanes 

and polycarbonates with low energy input.[2,21] The amount of waste HCl raises due to the 

growing demand for these versatile plastics. As selling the HCl excess is unfeasible, and the 

neutralization option is unattractive, its catalytic conversion to Cl2 is receiving an increasing 

interest.  

Since its introduction and till recent times, the industrialization of HCl oxidation has 

suffered from many failed attempts to obtain sufficiently active and durable catalysts. The 

CuCl2/pumice catalyst patented by Henry Deacon in 1868 exhibited fast deactivation due to 

volatilization of the active phase in the form of copper chlorides.[14] Other examples of processes 

of limited success are the Shell-Chlor process (based on CuCl2-KCl/SiO2)[17] and the Mitsui-

Toatsu process (based on Cr2O3/SiO2).[77] Only recently, ruthenium supported on specific 

carriers was successfully developed for large-scale chlorine recycling.[1] In particular, Sumitomo 

has applied RuO2/SiO2/TiO2-rutile in a plant producing 100 kton Cl2 per year,[21,28] while 

Bayer’s RuO2/SnO2-Al2O3 catalyst[80,84] has been piloted and is ready for industrial use (see 

Chapter 5). The distinctive features of RuO2-based catalysts are the high activity at low 

temperature and the remarkable stability against bulk chlorination.[39,42,110] 

The implementation of the catalytic HCl oxidation technology would expand if cheaper, 

but comparably stable, alternatives to RuO2-based catalysts were developed. The high and 

fluctuating market price of ruthenium indeed reflects in large costs for new plants.[33] These 

considerations have constituted the driving force to search for alternative cost-effective 

catalytic materials. A first step in this direction is the recent design of a copper delafossite 

(CuAlO2) catalyst, which exhibited stable performance for more than 1000 h on stream. 

However, this catalyst experienced significant copper loss (see Chapter 8). 
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CeO2 (fluorite structure[111]) attracted our interest in view of its wide use in redox processes 

in many research fields[112-118] and oxidation reactions in particular.[119-123] In oxidations, it has 

been employed both as catalyst and co-catalyst. The success of CeO2 stems from the easy 

generation of oxygen vacancies[119,124,125] that facilitate activation and transport of oxygen 

species. Nevertheless, only a few works have derived quantitative correlations between its 

oxidation activity and this structural peculiarity, typically measured in terms of oxygen storage 

capacity (OSC). Furthermore, comparisons have been preferably reported between CeO2 and 

solid solutions of CeO2 with ZrO2 or SiO2,[126] or between ceria-containing catalysts including 

supported (active) metal phases.[127] 

CeO2-based materials have been claimed in the patent literature as catalysts potentially 

suited for HCl oxidation.[80,128,129] However, there are no studies gathering a fundamental 

understanding of the Deacon chemistry on CeO2. Only the detailed assessment of CeO2 activity 

and stability will determine its potential as an alternative to RuO2-based catalysts for chlorine 

recycling. 

Herein, we report on the use of CeO2 in HCl oxidation, as well as on the fundamental 

knowledge derived by means of a multi-technique approach. Performance-structure-mechanism 

relationships are established, collecting information from extensive kinetic tests in a flow 

reactor at ambient pressure, detailed characterization (in relation to the catalyst activation 

procedure and the operating conditions), and mechanistic investigations using density 

functional theory calculations. 

 

2. Experimental 

2.1. Catalysts 

CeO2 (Aldrich, nanopowder, code 544841) was calcined in static air at various temperatures in 

the range of 573-1373 K using a heating rate of 10 K min−1 and a dwell time of 5 h prior to 

use. These samples are referred to as “fresh”. A complete list of all samples codes used along 

the manuscript, together with their description, is reported in Table 6.1. CeCl3 (Alfa Aesar, 

ultra dry, 99.9%) and Ce(NO3)3·6H2O (Aldrich, 99.99%) were used as received. 
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2.2. Characterization Techniques 

All the samples were subjected to basic characterization prior to and after catalytic testing. 

Table 6.1. Description of catalysts’ codes. 

Catalyst code 
Calcination temperature 
(K) 

Catalyst state 
Feed O2/HCl ratio 
(mol mol−1) 

CeO2-573-F 573 Fresh – 
CeO2-773-F 773 Fresh – 
CeO2-1023-F 1023 Fresh – 
CeO2-1173-F 1173 Fresh – 
CeO2-1273-F 1273 Fresh – 
CeO2-1373-F 1373 Fresh – 
CeO2-573-2 573 Used 2 
CeO2-773-2 773 Used 2 
CeO2-1023-2 1023 Used 2 
CeO2-1173-2 1173 Used 2 
CeO2-1273-2 1273 Used 2 
CeO2-1373-2 1373 Used 2 
CeO2-773-0 773 Used 0 
CeO2-1173-0 1173 Used 0 
CeO2-1173-0.25 1173 Used 0.25 
CeO2-1173-0.75 1173 Used 0.75 
CeO2-1173-0.25-2 1173 Used 0.25 followed by 2
CeO2-1173-0.25-7 1173 Used 0.25 followed by 7
CeO2-1173-0-7 1173 Used 0 followed by 7

 

 

More extensive characterization was performed on CeO2-773 and CeO2-1173. In particular, 

fresh samples of these two catalysts were compared to samples exposed to reaction mixtures 

with feed O2/HCl ratios equal to 2, 0.75, 0.25, or 0 (see Section 2.3 for detailed testing 

conditions). 

Standard characterization of the samples was performed by powder X-ray diffraction 

(XRD), nitrogen sorption at 77 K, and temperature-programmed reduction with hydrogen (H2-

TPR). The oxygen storage capacity (OSC) was measured by estimating the H2 uptake of the 

samples (after a similar pre-treatment in inert gas as prior to the catalytic evaluation), as this 
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represents an indirect quantification of the oxygen that the samples can store (Equation 1).[130-

132] 

CeO2 + xH2  ↔  CeO2-x + xH2O         (1) 

This method was chosen among others reported in the literature,[133] as the straightforward 

approach of determining the OSC by pulse chemisorption of oxygen[134] did not provide 

reproducible results on our samples. In order to select the appropriate temperature (573 K), at 

which the OSC would be evaluated in relation to a few outermost surface layers of CeO2, the 

H2 uptake was first separately measured at various temperatures (523-873 K), defined on the 

basis of the H2-TPR profiles (Figure A6.1, in Appendix A). The degree of bulk chlorination of 

selected catalysts after HCl oxidation was determined by thermogravimetric analysis coupled 

to mass spectrometry (TGA-MS). The structure, morphology, and composition of the catalyst 

particles were studied by high-resolution transmission electron microscopy (HRTEM). X-ray 

photoelectron spectroscopy (XPS) was applied to determine the degree of chlorination of the 

used CeO2 catalysts. Three different layer models were employed to calculate the number of 

layers in CeO2 that experienced chlorination. The first model was based on the inelastic mean 

free path (IMFP) and on 100% Cl occupation, the second on 80% of IMFP for practical 

effective attenuation length (EAL) and on 100% Cl occupation, and the third on 80% of IMFP 

for practical EAL and on 75% Cl occupation. For details on the characterization techniques, 

the reader is referred to Appendix A, Chapter 6. 

 

2.3. Catalytic Tests 

The oxidation of HCl with O2 was carried out at ambient pressure in a quartz fixed-bed micro-

reactor (8 mm i.d., see Chapter 2) using 0.5 g of catalyst (particle size = 0.4-0.6 mm), a total 

flow of 166 cm3 STP min−1, a bed temperature (Tbed) of 703 K, and reaction times up to 3 h. 

The catalyst was kept at 703 K for 30 min in N2 flow before admitting a mixture containing 

10 vol.% HCl and 20 vol.% O2 , balanced in N2. Steady-state kinetic studies were performed on 

CeO2-1173-F. First of all, it was experimentally verified that, under the experimental 

conditions applied, the reaction was not limited by extra- and/or intra-particle diffusion 

limitations. For this purpose, we varied 1) the total flow rate (83-250 cm3 STP min−1) at 
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constant space time (W/F0(HCl) = 11.2 g h mol−1, defined as the ratio of the catalyst mass to 

the inlet molar flow of HCl) and 2) the particle size (0.075-0.6 mm) with other conditions 

constant, respectively (Figure A6.2, in Appendix A). The kinetic experiments included changes 

of the feed composition at different temperatures and space times. In particular, the feed 

O2/HCl ratio was varied in the range of 0.5-7 at constant feed HCl concentration (10 vol.%) 

and in the range 0.25-2 at constant feed O2 concentration (10 vol.%) at Tbed = 603, 653, and 

703 K and space times of 5.6, 9, and 11.2 g h mol−1. CeO2-1173-F samples exposed to 

O2/HCl = 0, 0.25, or 0.75, and CeO2-773-F treated in O2/HCl = 0 (only HCl) at 703 K for 3 h 

were collected for characterization, after switching the feed to N2 and allowing the reactor to 

cool down. In addition, experiments were carried out at 703 K combining a HCl-rich step, in 

which the catalyst was exposed to a feed composition O2/HCl = 0 or 0.25 (causing bulk 

chlorination), and a O2-rich step, in which substantial oxygen excess was supplied (O2/HCl = 2 

or 7). Cl2 quantification at the reactor outlet was carried out by iodometric titration in a 

Metter Toledo G20 Compact Titrator (see Chapter 2). HCl conversion was determined from 

the Cl2 produced, taking into account the reaction stoichiometry. 

 

2.4. In situ Prompt Gamma Activation Analysis 

In situ Prompt Gamma Activation Analysis (PGAA) was utilized to measure the Cl uptake of 

ceria during HCl oxidation. The technique is based on the detection of element-specific gamma 

rays emitted upon the capture of neutrons by the nucleus. The investigated volume, in our 

case, a tubular micro-reactor (catalyst bed volume ∼0.3 cm3), was probed, and the amounts of 

Cl and Ce were quantified. PGAA was carried out under atmospheric pressure condition at the 

cold neutron beam of the Budapest Neutron Centre. A Compton-suppressed high-purity 

germanium crystal was used to detect the prompt gamma photons. Molar ratios (Cl/Ce) were 

determined from the characteristic peak areas corrected by the detector efficiency and the 

nuclear data of the observed elements. The gas-phase Cl signal (HCl, Cl2) was subtracted; thus, 

all Cl/Ce ratios reported here correspond only to the catalyst itself. The quartz reactor (8 mm 

i.d.) was placed into the neutron beam and surrounded by a specially designed oven having 

openings for the incoming and outgoing neutrons and for the emitted gamma rays toward the 

detector. These openings were covered by thin aluminum foils to minimize heat losses. 0.8 g of 
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sample (sieve fraction 0.1–0.32 mm) was loaded into the reactor. The reaction feed, at a 

constant total flow of 166 cm3 STP min−1, was supplied by mass flow controllers and employed 

HCl (4.5), O2 (5.0), N2 (5.0), and Cl2 (4.0). Various feed compositions, pO2
, pHCl, and pCl2, and 

reaction temperature were investigated. Details are provided at the appropriate sections. 

 

2.5. Computational Details 

Density functional theory (DFT) simulations were applied to CeO2 slabs. The calculations were 

performed with the 5.2 version of the VASP code.[89] The functional of choice was a GGA + U 

scheme to account in an approximate way for the complexity arising from the presence of f-

electrons in cerium. The GGA was PBE,[135] the U parameter chosen was set to 4.5,[136,137] and 

the inner electrons were replaced by PAW pseudopotentials.[138] The 12 valence electrons of Ce 

atoms in the 5s, 5p, 6s, 4f, and 5d states and the 6 valence electrons of O atoms in the 2s and 

2p states were considered explicitly. The valence electrons were expanded in plane waves with 

a cutoff energy of 400 eV. For the bulk, the k-point sampling was 9 × 9 × 9.[139] The cell 

parameter obtained was 5.486 Å, in good agreement with experimental results and previous 

calculations.[136,137] The (111) facet was selected as it is known to be the lowest energy 

surface.[137] The chosen slab corresponds to a p(2 × 2) reconstruction and contains three layers. 

The k-point sampling was set to 3 × 3 × 1 in this case. The calculated surface energy for this 

structure was 0.013 eV Å−2. For this surface, several vacancy structures were considered and 

benchmarked against more accurate calculations in the literature employing hybrid methods.[137] 

When forming a vacancy or adsorbing on this surface, the systems were allowed to relax in all 

directions, except for the last layer of the slab. In all cases, the slabs were interleaved by 10 Å 

and decoupled from electronic interactions due to spurious polarizations given the asymmetry 

of the adsorption configuration. Spin-polarized calculations were performed when required. The 

CI-NEB method[140] was employed to locate the transition states, and the vibrational analysis of 

the potential transition state structures was performed to fully characterize the saddle points. 

In the calculation of vibrational frequencies, only the adsorbed structures of intermediates or 

transition states were considered. The numerical Hessian was calculated with two steps of 

0.02 Å for each degree of freedom and then diagonalized to obtain the corresponding 

eigenvalues and eigenmodes. 
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3. Results and Discussion  

3.1. Catalytic Evaluation 

3.1.1. Influence of Calcination Temperature on Activity. CeO2 samples calcined at different 

temperatures were tested in the gas-phase catalytic oxidation of HCl in a continuous-flow 

fixed-bed reactor operated at ambient pressure and under isothermal conditions. XRD analysis 

showed that the fresh samples exhibited the characteristic reflections of cerium(IV) oxide. The 

HCl conversion over the samples ranged from 2% to 29% (Table 6.2), remaining essentially 

constant in the course of the 3-h test. Interestingly, the CeO2 samples calcined at temperatures 

between 573 and 1173 K were similarly active, achieving the highest conversion levels, while 

higher calcination temperatures led to a progressive and almost complete depletion of the 

activity. These findings have been related to changes in the textural and structural properties 

of the materials and are first discussed on the basis of N2 adsorption results. For the fresh 

catalysts, higher calcination temperatures led to lower total surface area (SBET) values 

(Table 6.2). This result is expected, as higher temperatures favor sintering of the particles. The 

dependence of the HCl conversion on the SBET of  the  fresh  samples  is  shown  in  Figure 6.1a 

(open symbols). For SBET values > 25 m2 g−1 (i.e., calcination temperature below 1173 K), the 

activity is independent of the SBET, while for SBET values < 25 m2 g−1 (i.e., calcination 

temperature above 1173 K), it strongly depends on the surface area. In particular, CeO2-1273-F 

(SBET = 12 m2 g−1) and CeO2-1373-F (SBET = 1 m2 g−1), respectively, exhibited 14% and 2% HCl 

Table 6.2. Characterization and catalytic activity data. 

Catalyst 
SBET

a (m2 g−1)
XHCl

b (%) OSCc (g O gcat
−1) 

Fresh Used

CeO2-573 117 46 29 - 
CeO2-773 106 27 25 390 
CeO2-1023 53 39 25 382 
CeO2-1173 30 25 27 376 
CeO2-1273 12 11 14 237 
CeO2-1373 1 1 2.1 78 
a
 Total surface area, BET method. b HCl conversion at O2/HCl = 2, Tbed = 703 K, P = 1 bar, 
W/F0(HCl) = 11.2 g h mol−1. c Oxygen storage capacity measured at 573 K. 
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Figure 6.1. HCl conversion versus (a) surface area of fresh (open symbols) and used (solid symbols) 
CeO2 samples and (b) OSC, measured at 573 K, of fresh CeO2 samples. Conditions: inlet mixture of 
10 vol.% HCl and 20 vol.% O2 balanced in N2, Tbed = 703 K, W/F0(HCl) = 11.2 g h mol−1, P = 1 bar, 
and time-on-stream = 3 h. 

conversion, i.e., 2 and ca. 15 times lower activity than the other catalysts. Exposure of the 

catalysts to reaction conditions generally led to a drop in SBET (Table 6.2). The change is 

significant for CeO2-573-2, CeO2-773-2, and CeO2-1023-2, and evidences that substantial 

sintering of the CeO2 particles occurred during HCl oxidation. In contrast, the SBET values of 

CeO2-1173-2, CeO2-1273-2, and CeO2-1373-2 were hardly affected, indicating that calcination at 

or above 1173 K resulted in stabilized materials in HCl oxidation. Calcination of the starting 

CeO2 nanopowder at 1173 K provides the best compromise between performance and stability 

against sintering. Generally, the slope-plateau relation used to depict the dependence of 

activity on the SBET of fresh samples turned out to be a good description for the used catalysts 

too (Figure 6.1a, solid symbols). An experiment showing practically constant HCl conversion 

over CeO2-773-F in contrast to a strongly decreasing SBET with time-on-stream further supports 

the observed independence of the activity on SBET for values of the latter greater than 25 m2 g−1 

(Figure A6.3, in Appendix A). It was accordingly concluded that another descriptor is needed 

to rationalize the HCl oxidation activity of CeO2. 
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As mentioned in the introduction, the successful application of CeO2-based materials in 

(electro) catalysis has been related to its capability to generate oxygen vacancies in the 

lattice.[116,124] Therefore, the CeO2 samples were further investigated to assess their OSC, 

according to a method reported elsewhere.[130] On the basis of the values obtained (Table 6.2), 

the dependence of HCl conversion on OSC followed a linear trend (Figure 6.1b). For CeO2-773-

F, CeO2-1023-F, and CeO2-1173-F, i.e., samples showing the highest (and similar) activity, the 

OSC was estimated at ca. 390 g O gcat
−1. For CeO2-1273-F and CeO2-1373-F, which exhibit 

decreasing HCl conversion levels, diminishing OSC values were measured, respectively, equal to 

237 and 78 g O gcat
−1. Based on these results, the OSC proved to be a suitable parameter to 

rationalize the activity differences. Nevertheless, an influence of SBET on OSC and/or a 

combined role of OSC and SBET, when the latter is below 20 m2 g−1, on the catalytic activity 

could be considered. In this regard, Terribile et al.[141] showed that OSC, as measured for the 

bulk, was independent of SBET. The outcome of this study might not be directly applicable to 

our case, in which OSC has to be considered limitedly to the outermost surface and subsurface 

layers of CeO2, where the catalytic process takes place (vide infra). More generally, the OSC 

could be described as OSC = SBET × , where  corresponds to the density of surface or near-

surface oxygen vacancies. At higher temperatures, the Gibbs energy for vacancy formation 

decreases (see DFT results), thus favoring an increased generation of vacancies in the 

corresponding equilibrium conditions, but SBET drops. This explains why a larger OSC, i.e., 

more active CeO2, is found for samples calcined at 573-1173 K. 

The activity of CeO2 is significantly lower than that of RuO2. A 40 K higher light-off 

temperature for Cl2 evolution was determined over CeO2-1173 by temperature-programmed 

reaction according to the protocol described in Chapter 2. In view of a practical use, high-

temperature operation is detrimental due to thermodynamic constraints that limit the 

equilibrium HCl conversion.[22] Nevertheless, these restrictions can be overcome by employing 

higher pressures and inlet O2/HCl ratios, so that the degree of HCl conversion achieved still 

makes the development of a technical process feasible. Profiles of equilibrium HCl conversion at 

different total pressures and O2/HCl ratios have been included in the ESI (Figure A6.4, in 

Appendix A). These experimental results and calculations (vide infra) conclude that oxygen 

vacancies determine the activity of CeO2 in HCl oxidation. More active ceria-based catalysts 
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may be obtained enhancing its oxygen storage capacity, e.g., by the addition of dopants. 

However, this aspect was beyond the scope of the present manuscript. 

3.1.2. Kinetic Analysis. The influence of the O2/HCl ratio on the activity was examined over 

CeO2-1173-F at 703 K (Figure 6.2). The HCl conversion increased upon raising the relative O2 

content in the feed mixture. The reaction order on O2, calculated using a power equation 

fitting, was 0.5. This result suggests that oxygen-assisted chlorine evolution (re-oxidation) is 

the rate-limiting step, hence favored at a higher partial O2 pressure. This point is further 

discussed in Section 3.4.3. Remarkably, the HCl conversion profiles derived from measurements 

in which the feed O2 content was step-wise changed so to vary the O2/HCl ratio from the 

lowest (0.5-7, Figure 6.2 black symbols) or from the highest (7-0.5, Figure 6.2, grey symbols) 

value evidence very little hysteresis  (Figure 6.2). This outcome indicates that the catalyst 

reversibly responds to variations of the feed mixture and highlights the dynamic character of 

the CeO2 surface. The HCl conversion increased upon raising the space time for different feed 

O2/HCl ratios (Figure A6.5a, in Appendix A). On the contrary, the Cl2 production decreased 

upon increasing the relative feed HCl content (Figure A6.5b, in Appendix A), thus suggesting a 

 

Figure 6.2. HCl conversion versus feed O2/HCl ratio at 703 K for CeO2-1173-F. Conditions: inlet 
mixture of 10 vol.% HCl and 5-70 vol.% O2 balanced in N2, Tbed = 703 K, W/F0(HCl) = 11.2 g h mol−1, 
and P = 1 bar. 
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Figure 6.3. HCl conversion versus time-on-stream over CeO2-1173 using sequential HCl-rich/O2-rich 
feed mixtures. (a) HCl-rich step with O2/HCl = 0.25 followed by O2-rich step with O2/HCl = 2. (b) 
HCl-rich step with O2/HCl = 0.25 followed by O2-rich step with O2/HCl = 7. (c) HCl-rich step with 
O2/HCl = 0 followed by O2-rich step with O2/HCl = 7. Other conditions: Tbed = 703 K, 
W/F0(HCl) = 11.2 g h mol−1, and P = 1 bar. 

change in the catalyst composition at the (near-)surface level (later addressed by 

characterization) that leads to activity loss. With regard to the dependency of CeO2 activity on 

the reaction temperature, the HCl conversion level varied from 1% to 18% between 603 and 

703 K at O2/HCl = 2. The apparent activation energy (Ea
app) was estimated at ca. 90 kJ mol−1. 

In addition, a catalytic test using a feed mixture with O2/HCl = 5 and an increased space time 

(at the limit of our setup) was conducted. Figure A6.4b in Appendix A shows that a significant 

single-pass HCl conversion of 40% was reached over CeO2 at 673 K and 1 bar. 

As operation in industry would be more economic lowering the inlet partial pressure of O2 

down to the stoichiometric amount (O2/HCl = 0.25), we have investigated to which extent a 

stoichiometric or excess amount of HCl can negatively impact the catalytic activity. Effort was 

also made to explore whether activity recovery is possible and to determine the re-oxidation 

kinetics. Figure 6.3 displays the HCl conversion profiles obtained for CeO2-1173-F in sequential 

HCl-rich/O2-rich experiments. The HCl-rich step was conducted at 703 K using O2/HCl = 0 or 

0.25 for 3 or 5 h, followed by the O2-rich step using O2/HCl = 2 or 7 for 2 h. As shown in 
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Figure 6.3a, a slight decrease in HCl conversion was observed when the reaction was carried 

out with O2/HCl = 0.25. Upon increasing the O2 content in the feed (O2/HCl = 2), a gradual 

increase in activity was obtained. The HCl conversion expected for an O2/HCl = 2 feed 

composition (ca. 17%, Figure 6.2) was approached in 2 h (Figure 6.3a). In view of the slow re-

oxidation kinetics, the experiment was repeated at a higher O2/HCl ratio for the O2-rich step. 

Using O2/HCl = 7, the HCl conversion level immediately rose (Figure 6.3b) to the expected 

value (ca. 27%, Figure 6.2). When repeating this two-step experiment with the HCl-rich phase 

at O2/HCl = 0 and the O2-rich at O2/HCl = 7, a similar profile was obtained (Figure 6.3c). 

The data show that upon treating the catalyst with HCl in the absence of gas-phase O2, the 

HCl conversion was completely depleted due to excessive chlorination (vide infra). 

Nevertheless, upon switching to O2/HCl = 7, the original activity was fully restored within 1 h. 

 

3.2. Characterization 

3.2.1. X-Ray Diffraction and Thermogravimetry. In order to relate the activity loss in HCl-

rich feeds to modifications of the catalyst structure and/or composition, CeO2-1173-F samples 

treated at 703 K for 3 h using various feed O2/HCl ratios were analyzed by XRD (Figure 6.4). 

The diffractogram of CeO2-773-HCl is also included for comparison purposes. For the samples 

exposed to O2/HCl = 0 or 0.25, CeCl3·6H2O reflections were detected, thus pointing to bulk 

chlorination as the main cause for the observed catalyst deactivation. From the intensity of the 

cerium chloride reflections, the samples could be sequenced according to the extent of bulk 

chlorination as follows: CeO2-773-0 > CeO2-1173-0 > CeO2-1173-0.25. The fact that CeO2-1173-

0 was less altered than CeO2-773-0 is probably related to the better stabilization achieved by 

high-temperature calcination, thus not only rendering lower sintering upon use, but also a 

higher resistance against chlorination. The presence of stoichiometric amounts of O2 did not 

fully prevent structural alterations, but the degree of chlorination was smaller than for O2-free 

runs. Samples treated in O2/HCl = 0.75 or 2 did not suffer from detectable bulk chlorination 

Accordingly, the choice of feed O2/HCl ratio is of great importance and should be equal or 

higher than 0.75 to avoid activity deterioration of CeO2-based catalysts. The inhibiting effect of 

excess HCl on the conversion (Figure A6.5b, in Appendix A) can be related to bulk 

chlorination. Deactivation does not appear to be induced  by  the  volatilization  of  the  active 
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Figure 6.4. XRD patterns of CeO2-1173 samples in fresh and used (at various O2/HCl ratios) forms. 
The diffractogram of CeO2-773-0 is included for comparison. The most intense reflections are due to 
CeO2 (JCPDS 73-6328), while those within dashed boxes belong to CeCl3 6H2O (JCPDS 01-0149). 

phase in form of the metal chlorides produced in situ, as in the case of copper-based catalysts 

(see Chapter 2). Analysis of the condensate at the reactor outlet by ICP-OES did not show 

appreciable cerium loss. On the basis of the result of the catalytic test on CeCl3 (HCl 

conversion = 2%, at 703 K and O2/HCl = 2), the activity loss is assigned to the inactivity of 

cerium chloride for HCl oxidation. 

XRD analysis of the samples exposed to the HCl-rich/O2-rich mixtures (Figure A6.6, in 

Appendix A) evidenced that activity recovery was indeed induced by the removal of chlorine at 

higher partial pressures of O2. In the case of the samples treated with O2/HCl = 7, the original 

CeO2 phase was restored, while traces of CeCl3·6H2O were still observed for the sample exposed 

to a lower oxygen excess (O2/HCl = 2). These evidences are in line with the activity pattern 

described above. 

Quantification of the chlorination degree was estimated by TGA-MS studies of the used 

catalysts. The weight loss and MS profiles as a function of the temperature are reported in 

Figure A6.7 in Appendix A. According to these data, the values for molar Cl/Ce ratio were 

0.38, 0.30, and 0.08 for CeO2-773-0, CeO2-1173-0, and CeO2-1173-0.25, respectively. These 
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results support the trend qualitatively derived by XRD. 

In contrast to the extensive bulk alteration reported for CuO and MnO2 already upon 

exposure to an O2-rich feed (O2/HCl = 2),[54] chlorination of CeO2 occurs only under 

stoichiometric feed conditions or in excess HCl and to a very limited extent. Consequently, the 

behavior of CeO2 resembles more that of RuO2, and this is directly related to the high stability 

of the latter two oxides in the Deacon reaction. 

3.2.2. High-Resolution Transmission Electron Microscopy. TEM micrographs of CeO2-773-

F reveal a bimodal particle size distribution (Figure 6.5a). Small CeO2 particles of 

approximately 10 nm are scattered around larger particles reaching up to 300 nm. Exposure to 

O2/HCl = 2 induced a significant change in particle size (CeO2-773-2), which attained a range 

of 20-40 nm (Figure 6.5b). Under Deacon conditions, the smaller particles agglomerated and 

the bigger particles ‘cracked’, thus not being detectable in the used sample. While sintering is 

expected to occur upon use, the latter phenomenon is tentatively explained on the basis of a 

different activity/stability of the crystal facets, where one (or more) might be unstable under 

reaction conditions. It cannot be excluded that the mechanical strain applied in the pressing 

step during preparation of the sieve fraction may be the origin of the disruption of the bigger 

grains. Nevertheless, the significantly reduced SBET of CeO2-773-2 implies that the loss in 

surface area determined by the agglomeration of the small particles clearly surpasses the 

increase due to the disruption of few big grains. High-resolution imaging of the surface of CeO2 

nanoparticles after exposure to Deacon conditions shows clean surfaces exhibiting several steps 

(Figure 6.5d). The analysis of CeO2-773-0 reveals some clear changes due to the treatment in 

HCl only. While the size of the nanoparticles does not seem to differ significantly from CeO2-

773-2 (Figure 6.5c), the treatment had a considerable effect on the particle structure. Besides 

rounded nanoparticles of CeO2-773-0 (Figure 6.5e), revealing numerous ‘clean’ atomic steps on 

the surface (magnified in the inset of Figure 6.5e), nanoparticles covered with an amorphous 

layer are now evidenced (Figure 6.5f). Selected area electron diffraction (SAED) analysis of 

such particles suggests that the structure can fit to CeCl3 6H2O, in agreement with the phase 

assigned by XRD (Figure 6.4). The high vacuum conditions of the TEM could result in the 

removal of crystal water from the CeCl3 6H2O particles, leading to a collapse of the structural 

order in the near-surface region. This would explain the amorphous layer covering the particles. 
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Figure 6.5. TEM of (a) CeO2-773-F, (b) CeO2-773-2, (c) CeO2-773-0, and HRTEM of (d) CeO2-773-2, 
revealing the surface of the CeO2 particles. (e) A CeO2-773-0 particle (surface termination in the inset) 
and (f) a CeO2-773-0 particle showing an amorphous surface layer of CeCl3 6H2O. TEM of (g) CeO2-
1173-F, (h) CeO2-1173-2, and (i) CeO2-1173-0. Detailed imaging of (j) CeO2-1173-2, showing CeO2 
particles with clean surface (inset) and of (k,l) CeO2-1173-0, exhibiting both the (k) CeO2 and (l) 
CeCl3 6H2O phases. 
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The coexistence of clean CeO2 particles and particles made of CeCl3 6H2O substantiates that 

certain crystallographic planes of CeO2 are less prone to chlorination while others favor the 

formation of the chloride phase. 

The catalyst morphology within the complete ‘1173’-series (Figure 6.5g-i) looks 

substantially similar, with the particle size ranging between 20 and 40 nm in all the samples. 

The fresh catalyst does not contain considerable amounts of bigger particles as in CeO2-773-F. 

Thus, the particle size was stabilized already during calcination at the higher temperature, an 

effect that apparently occurred for the CeO2-773-F sample only after exposure to Deacon 

conditions. The only assigned phase in CeO2-1173-2 was CeO2 (Figure 6.5j). In CeO2-1173-0, 

both CeO2 (Figure 6.5k) and CeCl3·6H2O (Figure 6.5l) were present. SAED analyses showed 

that CeO2 is the dominant structure in the CeO2-1173-0 sample with a minor CeCl3·6H2O 

contribution. This result also agrees with XRD (Figure 6.4). 

3.2.3. X-ray Photoelectron Spectroscopy. XPS was applied to selected catalysts to assess the 

degree of surface chlorination. Table 6.3 compiles the experimentally determined Cl/Ce ratios. 

In general, CeO2-773-F was more prone to chlorination than CeO2-1173-F. Moreover, exposure 

to HCl gave rise to a more extended chlorination than the exposure to HCl + O2. Both findings 

are in line with XRD analyses. To translate the Cl/Ce stoichiometry numbers that assume 

homogeneous distribution of Cl in the information depth into the number of near-surface layers 

containing Cl, various models were applied (see details in Appendix A, Chapter 6). Thus, a 

more realistic layered structure was constructed (Cl occupation preference from top inwards) 

giving rise to the same signal ratio as determined by XPS. As Table 6.3 indicates, Cl occupies 

approximately 1-1.5 layers in the samples used under Deacon conditions and 2.5 to 6 layers 

after HCl conditioning. Nevertheless, one should remember that after exposure to the mixture, 

the samples were quenched in N2; thus, it is reasonable to assume that the Cl atoms adsorbed 

on external Ce atoms could desorb and hence are not counted in XPS. This assumption is in 

line with DFT simulations (Section 3.4.3). Based on the XPS data, it can be concluded that 

during HCl oxidation, Cl atoms can occupy surface sites as well as lattice oxygen vacancies. 

This is in contrast to the RuO2 case, where chlorination was confined to the surface layer (see 

Chapter 4).[39,42] Since XRD after HCl treatment detected traces of CeCl3·6H2O, the higher Cl 

uptake in the near-surface region for CeO2-1173-0  and  CeO2-773-0  can  be  explained  by  the 
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Table 6.3. Quantification of the surface Cl uptake from XPS measurements, using different models. 

Catalyst 
Cl/Ce 
stoichiometrya 

Number of layers occupied by Cl 
Moldel 1
IMFPb 

Model 2
EALc 

Model 3 
EAL, 75% Cld 

CeO2-573-F - - - - 
CeO2-773-2 0.19 1.5 1.2 1.6 
CeO2-1023-0 0.55 5.7 4.6 6.1 
CeO2-1173-F - - - - 
CeO2-1273-2 0.14 1.0 0.8 1.1 
CeO2-1373-0 0.29 2.4 1.9 2.6 
a
 Based on homogeneous distribution of elements. b Inelastic mean free path (by TPP-2 M [ref. 142]): 
22 Å. c Effective attenuation length, 0.8 × IMFP was used. d Additionally, to the EAL model, 75% Cl 
occupation of possible sites was considered, in line with the DFT calculations.  
 

presence of the chloride phase. The Ce 3d difference spectrum (Figure A6.8, in Appendix A) 

between 773-0 and 773-F confirms the presence of CeCl3·6H2O. The calculation, indicating 8% 

of chloride phase (corresponding to an increase in Cl/Ce by ca. 0.24), is in reasonable 

agreement with the observed increase in Cl/Ce by 0.36, and the difference might be due to 

additional subsurface Cl occupation. In addition, Figure A6.8 in Appendix A suggests that 

calcination at 773 K is not sufficient to produce fully oxidized cerium (CeO2), an extra 10% of 

Ce3+ state being estimated after this milder calcination. 

 

3.3. Kinetics of Chlorination and Dechlorination 

Chlorination-dechlorination behavior of ceria and influence of chlorination on reactivity were 

further investigated by in situ PGAA, coupled to catalytic tests on bulk CeCl3 by applying 

various feed O2/HCl ratios and temperatures. Since PGAA probes the whole catalyst volume, 

the bulk of ceria is included in the experimentally determined Cl/Ce ratios. The BET surface 

area of CeO2-R (used for PGAA, prepared by thermal decomposition of Ce(NO3)3 6H2O in 

static air at 1173 K for 5 h) is only 5 m2 g−1 (the average particle radius is ca. 80 nm), and 

hence, the Cl/Ce ratios are small. Later, we will show that Cl occupation limited to the surface 

of CeO2-R gives rise to a Cl/Ce ratio of ca. 0.01 and higher numbers necessarily imply 

subsurface and bulk Cl contributions. It should be mentioned that by the term ‘surface 
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chlorination’, we do not discriminate between cus Ce occupation or surface lattice O 

replacement. 

 

Figure 6.6. Series of chlorination/dechlorination experiments over CeO2-R at 703 K by in situ PGAA. 
(a) Map of experiments with three series. Various O2/HCl feed ratios (10% HCl, 2.5-90% O2 balanced in 
N2) were probed. Measurements were performed from left to right consecutively (as indicated by 
dashed-line arrows), however, for different time periods. (b) An example of Cl uptake over time-on-
stream with a feed of O2/HCl = 0.25. (c) Thickness (Å h−1) of chlorinated shell as a function of the feed 
oxygen content. (d) Evolution of HCl conversion and Cl uptake (as Cl/Ce) in the experiments. The first 
data point is at 4% conversion. The dashed-line arrows guide the eyes to follow the order of 
experiments. The rate of Cl uptake was evaluated in a simple geometric model (with particle radius of 
82 nm) and assuming a homogeneous growth of the chlorinated surface shell toward the particle core. 
The thickness growth describes the speed of the chlorinated front moving towards the core of the ceria 
particle. 
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Three series of experiments were performed (Figure 6.6a). First, a reaction feed of 

O2/HCl = 1 was set, and the activity together with the Cl/Ce ratio was followed over time. 

Then, the oxygen content was increased stepwise, leading to feeds with a O2/HCl ratio of 2, 4, 

and 9. In the second series, directly after the first, we started with an O2/HCl ratio of 0.5 and 

stepwise increased the oxygen content up to a ratio of 9. In the third series, directly after the 

second, a stoichiometric (O2/HCl = 0.25) feed was applied, and the oxygen content was again 

raised stepwise to reach O2/HCl = 9. Figure 6.6d compiles the evolution of chlorine uptake and 

its effect on the reactivity in the three series. The first data point (O2/HCl = 1), taken after 

equilibration for 1 h, corresponds to ca. 0.02 Cl/Ce and ca. 4% HCl conversion. The sample 

continuously adsorbed chlorine, and the Cl/Ce increased up to 0.067 over the 6 h of 

measurement without any indication of the Cl uptake to cease. Concomitantly, the sample lost 

approximately 15% of its initial activity. Increasing the feed oxygen content gave rise to 

activity increase in line with the positive, approximately +0.5, formal order of pO2
 (see 

Figure 6.2)[42] No further rise of Cl/Ce was observed in the first set, and dechlorination was 

negligible even in the feed of 9. In the second series of the experiment, strong chlorination was 

again evidenced at 0.5 and 1 feed O2/HCl ratios, and chlorination stopped at ratio 2. Note, 

among the three series, all repeated conditions resulting in a significantly higher Cl/Ce ratio 

gave rise to lower HCl conversion. This time, with more than doubled Cl content, the 

O2/HCl = 9 feed ratio was capable to induce dechlorination with simultaneous activity 

recovery. Essentially, similar observations could be made for the third measurement series, 

with the difference that the feed O2/HCl = 9 enabled strong dechlorination with significant 

activity recovery. Note that even if dechlorination was far from complete (Cl/Ce = 0.125), the 

conversion level was fully restored. In fact, it was slightly even higher than in the first two 

series. As the whole experiment took more than 32 h, the sample at feed O2/HCl = 9 ratio 

worked essentially without deactivation, underlining the remarkable stability of the catalyst. 

Since mere surface Cl occupation leads to a Cl/Ce ratio of ca. 0.01, the sample under all these 

conditions contains much Cl below the surface. The results described suggest that 1) 

chlorination at low oxygen over-stoichiometry indeed gives rise to deactivation, but 2) 

dechlorination at high oxygen over-stoichiometry can clean up the relevant surface sites 

without the necessity of removing all subsurface/bulk Cl from the material. Figure 6.6b depicts 

an example of the temporal evolution of Cl/Ce. The data illustrate that chlorination occurs 
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continuously with a constant rate. When analyzing the chlorination rate at O2/HCl = 1 as a 

function of the pre-chlorination degree in the three series, only little variation was found. Thus, 

the chlorination rate is not much affected by the pre-chlorination degree. However, despite the 

continuous chlorination, no further deactivation over time was observed at O2/HCl = 1 in the 

second and third series. Comparing the chlorination rate as a function of the oxygen content in 

the feed (Figure 6.6c), we found that a lower oxygen content preferentially facilitates 

chlorination, and that sustained chlorination is absent at O2/HCl ≥ 2. Dechlorination was not 

observed in the feed O2/HCl = 4, and among the feed stoichiometries probed, only O2/HCl = 9 

was effective in this respect. As opposed to chlorination, dechlorination was strongly influenced 

by the pre-chlorination degree. Whereas almost no dechlorination was found in the first series, 

the estimated thickness change was −2.2 and −4.8 Å h−1 in the second and third series, 

respectively.  

As chlorinated CeO2 could be rapidly transformed back into pure CeO2 by applying a high 

oxygen excess (see Section 3.1.2, Figure 6.3), it was investigated whether rejuvenation of the 

oxide could be possible also starting with a pure chloride phase. Therefore, bulk CeCl3 was 

exposed to feeds of different O2/HCl ratio at 703 or 723 K, and the used samples were analyzed 

by XRD (Figure 6.7). At O2/HCl = 2, the HCl conversion level was very low (ca. 2%) 

throughout the 5 h test, and only traces of cerium(IV) oxide were detected in the sample after 

reaction. By using the same feed composition but a 20 K higher temperature, the initially low 

HCl conversion progressively increased, nearly reaching the level exhibited by CeO2-1173 

sample under identical reaction conditions (ca. 22%). In this case, the original chloride phase 

almost fully transformed into CeO2. Using higher feed O2/HCl ratios (4 and 9) rapidly led to a 

HCl conversion level, which even surpassed that expected for CeO2-1173 under the same 

conditions. The used samples were pure ceria. These data indicate that the active CeO2 phase 

can be in situ generated from CeCl3 by action of gas-phase O2 or temperature, and that the 

kinetics of its formation is faster for higher oxygen excess. The overshooting of the HCl 

conversion values for CeCl3 rejuvenated at O2/HCl = 4 and 9 compared to CeO2 can be 

partially rationalized considering that the decomposition of the chloride to produce the oxide 

releases Cl2. This process is fast and complete for these samples, while slower and only partial 

for CeCl3 exposed to lower O2/HCl ratios. Furthermore, as the surface area of these materials is 
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Figure 6.7. Rejuvenation of the CeO2 phase from CeCl3 under Deacon conditions. (a) HCl conversion 
versus time-on-stream over CeCl3 at various feed O2/HCl ratios and temperatures. Other conditions: 
10 vol.% HCl and 20-90 vol.% O2 balanced in N2, W/F0(HCl) = 11.2 g h mol−1, and 1 bar. (b) XRD 
patterns of fresh CeCl3, and CeCl3 samples resulted from the catalytic tests. The right panel lists the 
crystalline phases identified in the samples, with the predominant phase in bold: CeO2 (JCPDS 73-
6328), CeCl3 (JCPDS 77-0154), CeCl3 6H2O (JCPDS 01-0149). 

2-3 times larger than that of CeO2-1173 (Table 6.4), they are supposed to contain a higher 

amount of active surface ensembles per gram of catalyst. The reaction rate per m2 of surface 

after 5 h on stream is in a similar range to that of pure ceria for all rejuvenated samples, 

indicating a high degree of recovery of the reactivity (Table 6.4). Comparing this rejuvenation 

experiment with the dechlorination study by PGAA, the low stability of CeCl3 under Deacon 

conditions can be clearly inferred. Subsurface Cl in O vacancy position within the oxide phase 

has a higher stability against dechlorination; nevertheless, both dechlorination experiments 

revealed the same trends.  

The CeO2 samples (CeO2-R, CeO2-1173) investigated in this work exhibited similar 

intrinsic reactivity and chlorine uptake as measured by in situ PGAA. Therefore, the similarity 

of the two CeO2 samples is clear. Furthermore, the evolution of in situ Cl/Ce ratios derived as 

a function of reaction conditions was essentially identical (not shown). Thus, the samples 

behave similarly in HCl oxidation. 



Chapter 6 
 

- 124 - 
 

Table 6.4. Comparison of characterization and activity for the ceria catalysts. 

Catalyst 
SBET after Deacon 
(m2 g−1) 

Rate 
(mol Cl2 g−1 min−1)

Rate 
(mol Cl2 m−2 min−1) Cl:Ce 

Cl:Ce 
normalized 
by SBET 

CeCl3a  
(O2/HCl = 9; 703 K)b 

57 3.1 × 10−4 5.4 × 10−6 - - 

CeCl3a  
(O2/HCl = 4; 703 K) 

43 2.1 × 10−4 4.9 × 10−6 - - 

CeCl3a  
(O2/HCl = 2; 703 K) 

2 9.2 × 10−6 4.6 × 10−6 - - 

CeCl3a  
(O2/HCl = 2; 723 K) 

26 1.5 × 10−4 5.8 × 10−6 - - 

CeO2-Rc  
(O2/HCl = 9; 653 K) 

5 2.2 × 10−5 4.4 × 10−6 0.013 2.5 × 10−3 

CeO2-1173c  
(O2/HCl = 9; 653 K) 

21 7.1 × 10−5 3.4 × 10−6 0.045 2.1 × 10−3 

a Rate measured after 5 h on stream. b Conditions applied. c During PGAA. 
 

 

3.4. Molecular Modeling 

3.4.1. Vacancy Formation, Diffusion, and Healing. The surface energy to cleave the (111) 

plane of CeO2(111) is 0.013 eV Å−2. The inward relaxation of the external atoms is 0.090 and 

0.097 Å for Ce and O atoms, respectively. The material is known to be easily reducible and, 

thus, can accommodate oxygen vacancies.[143] The formation of surface vacancies, hereafter 

denoted as □, in 0.25 ML (monolayers) in the p(2 × 2) cell is endothermic by 3.25 eV. This is a 

very small value when compared to ionic materials[144] or to other reducible oxides like 

SrTiO3.[145] The electronic structure of the surface vacancy corresponds to an anti-ferromagnetic 

solution, where the two electrons left end up in the next and next nearest surface Ce atoms, as 

described by Ganduglia-Pirovano et al.[137] The electronic structure, electron localization, and 

formation energy are in good agreement  with  previous  calculations  with  both  PBE + U  

and  HSE06 functionals.[137] The latter is supposed to be more accurate for strongly localized f-

electrons. However, the energy difference with other configurations is rather small and dynamic 

re-ordering of the electronic structure through polaronic effects is likely to occur.[146,147] 
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Figure 6.8. Structural model of a p(2 × 2) supercell of CeO2(111): (a) regular surface, (b) surface 
vacancy, and (c) subsurface vacancy. Ce atoms are depicted in blue, surface O atoms in red, and 
subsurface O atoms in scarlet and small balls. 

Oxygen vacancies can be present in near-surface layers (Figure 6.8c). Indeed, the formation 

energy for subsurface defects turns out to be lower than for surface defects, 2.93 eV, in 

agreement with previous theoretical estimates.[137] The energy requirement for surface to 

subsurface vacancy diffusion is small, 0.30 eV, in line with reported values for bulk diffusion, 

0.50 eV.[148] Vacancy agglomeration has also been evidenced by scanning tunneling microscopy 

(STM) investigations.[125] From the calculations on a p(4 × 2) supercell, surface vacancy 

agglomeration at a constant concentration of 0.25 ML is weakly exothermic, by 0.13 eV, in 

agreement with STM images.[125] 

As for the surface re-oxidation, oxygen adsorption does not take place on a non-defective 

CeO2(111) surface, but occurs on surface oxygen vacancies, □, leading to a superoxo-like 

species, in which one of the two O atoms fills the hole, and the O-O distance is 1.453 Å. 

Dissociation of this bond heals the defect and leaves a surface O atom, but it is uphill by 

1.80 eV. Nevertheless, the dynamics of oxygen vacancies in oxides can be enhanced by the 

presence of gas-phase O2.[149] Aggregation of oxygen defects at the surface or near-surface is 

energetically favored. Indeed, surface vacancy diffusion takes place by penetration to the 

subsurface layer and ejection toward the surface in neighboring lattice position. The first step 

is exothermic by 0.72 eV with a barrier of 0.24 eV, while the second is mildly endothermic 

(0.59 eV) with a barrier of 0.64 eV. Once the defect dimer is present on the surface, gas-phase 

oxygen molecules can interact healing both vacancies and liberating about 6 eV. 
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3.4.2. Chlorination. In order to assess the stability of CeO2(111), we have employed first-

principles thermodynamics[150] to consider the effect of partial oxygen and chlorine pressures on 

the state of the surface. The stability problem is considerable and was simplified by exclusively 

considering a reactant (O2) and a product (Cl2), for which no crossing between the associated 

chemical potentials appears in the equations. The excess surface energy can be calculated from 

the following equation: 

GX  EX − ECeO2
 + NO2

/2O2
 − NCl2/2Cl2       (2) 

where GX is the Gibbs energy associated with the configuration X with respect to the energy 

of regularly terminated CeO2 (ECeO2
). NO2

 and NCl2 are the number of oxygen and chlorine 

molecules, and  is the corresponding gas-phase chemical potential. The ability of HCl to form 

chlorides is somehow higher than that of Cl2, but the present model serves as a guide to 

evaluate the degree of chlorination of the material. The Gibbs potentials of solids including 40 

different X configurations, EX, and of the regular surface, ECeO2
, were taken from DFT 

calculations, and the chemical potentials of Cl2 and O2 were calculated through statistical 

thermodynamics.[151] Figure A6.9 (in Appendix A) shows that, at extremely low oxygen and 

chlorine chemical potentials, the surface is regularly terminated. When increasing the Cl2 

pressure, partial chlorination can take place by substitution of an oxygen atom from the 

surface (Figure A6.9, green configuration, in Appendix A). At relatively low oxygen pressures 

(for log(pO2
) and log(pCl2) in the range −1 to 2), the clean surface, mono-substituted Cl, and 

multiple substituted Cl structures lie very close in energy and are likely present on the catalyst 

surface. If the chlorine pressure is much higher (log(pCl2) = 0), lattices with Cl in lattice oxygen 

positions become more stable. The maximum oxygen substitution achievable in this way 

corresponds to 50% of the surface oxygen atoms. If the oxygen pressure is raised up to the 0.1 

bar regime, as in our catalytic tests, then the most likely configuration corresponds to the clean 

surface. Finally, the thermodynamic penalty to introduce a Cl atom occupying a vacancy site 

(Cl□) to inner layers is about 3 eV. Accordingly, it is implied that Cl preferentially stays in the 

near-surface region, and that high HCl or Cl2 pressures might account for lattice disruption and 

formation of CeCl3-related phases (Section 3.2), as Cl cannot be accommodated in the bulk of 

CeO2. 
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3.4.3. Reaction Mechanism. The reaction profile of the HCl oxidation on CeO2 is presented in 

Figure 6.9. The main elementary steps derived for the Deacon process comprise 1) hydrogen 

abstraction from HCl by basic surface O atoms, to form hydroxyl groups and leave chlorine 

atoms on the surface, 2) reaction of the hydroxyl groups with new incoming HCl molecules 

and/or hydroxyl group recombination on the surface to form water, 3) water removal, 4) re-

oxidation, and 5) recombination of chlorine atoms. 

The Deacon reaction starts by the adsorption of HCl near the basic centers on the surface 

(lattice oxygen atoms, Olat). The reaction is energetically favored provided that a surface 

vacancy exists, where the Cl atom can be accommodated (Figure 6.9, step A). In this process, 

HCl adsorption is exothermic by 2.84 eV and leads to a surface OlatH group and a Cl atom at 

the surface vacancy. At the transition state, the Cl-H and Olat-H distances are 3.590 and 

2.121 Å, respectively. A second HCl molecule can adsorb, forming a water molecule and leaving 

a Cl atom on top of a Ce atom on the surface, Cl* (Figure 6.9, step B). This second process is 

also exothermic, but only by 0.29 eV. The external Cl* atom can push the already formed 

water molecule H2Olat out of the lattice and fill the nascent vacancy, thus becoming Cl□. This 

process is almost thermo-neutral (Figure 6.9, step C). Then, one of the oxygen atoms from the 

subsurface layer can diffuse toward the surface, pushing a Cl□ atom toward the outer surface, 

i.e., converting Cl□ in Cl* (Figure 6.9, step D). The energy required for this elementary step is 

2.15 eV and forms an oxygen vacancy at a subsurface position, □ss. Re-oxidation can take place 

by the complex diffusion-reaction mechanism described in Section 3.4.1 to release nearly 3.4 eV 

(Figure 6.9, step E). Still, HCl can adsorb on this surface releasing 0.42 eV to form a OlatH and 

a Cl* (Figure 6.9, step F). Three chlorine atoms are then adsorbed on the surface, one Cl* and 

two Cl□, respectively. Cl2 evolution toward the gas phase takes place from this structure; the 

energy required is 1.42 eV (Figure 6.9, step G). As it can be noticed in Figure 6.9, states A and 

G correspond to the active states of the catalyst. Therefore, the catalytic cycle runs between 

steps A and G. 

The list of elementary steps in the mechanism can be summarized by the following 

reactions: 
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Figure 6.9. Reaction energy profile for the Deacon process on CeO2(111). The initial state in the profile 
is CeO2(111) with a surface oxygen vacancy (Figure 6.8b). The color codes in the bottom panels are as 
described in the caption of Figure 6.8. 

HCl + Olat + □  ↔ OlatH + Cl□       (3)  

HCl + OlatH + ∗ ↔ H2Olat + Cl∗       (4)  

Cl∗ + H2Olat  ↔ Cl□ + H2O       (5)  

Cl□ + ∗   ↔ □ + Cl∗       (6)  

□ + 1/2O2  ↔ Olat        (7) 

Cl∗ + Cl∗   ↔ Cl2 + 2∗       (8) 

It is important to notice that, although the reaction scheme on CeO2 resembles that of RuO2, 

some important differences are found. First, the reaction on RuO2 occurs at almost full 

coverage of the under-coordinated Rucus positions, as nearly all available sites are occupied by 

Cl.[42] For CeO2, under-coordinated cerium atoms only exist when oxygen vacancies are present 

in the surface or near-surface regions. These are the only active sites for the reaction, in 
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agreement with the linearity found between activity and OSC (Figure 6.1b). As a consequence, 

the reaction profile for CeO2 is much more abrupt (involves higher energy requirements) than 

that of RuO2. This correlates with the higher temperatures needed to run the Deacon reaction 

on CeO2 (vide supra). The most energy-demanding step of HCl oxidation on RuO2 is related to 

the formation and evolution of Cl2. Due to the high energy required for Cl2 elimination on 

RuO2, Cl self-poisoning is observed, and thus, re-oxidation turns out to be the rate-determining 

step under relevant conditions, as shown by the positive dependence of the activity on the 

partial pressure of O2 (see Chapter 4). For CeO2, the activation of Cl atoms from lattice 

vacancies to surface positions is the most energy-demanding step. 

The similar activity enhancement observed at higher partial O2 pressures (Figure 6.2) can 

be rationalized on the basis of the chlorine and oxygen competition for the same active sites, 

which tightly couples chlorine elimination to oxygen re-adsorption. When Cl atoms occupy 

most of the active positions, very few active sites exist for re-oxidation, thus producing less Cl2. 

In extreme cases, this leads to catalyst deactivation. 

Regarding the stability against the harsh reaction conditions employed, while the 

experimental data indicate that RuO2 and CeO2 are quite similar, the DFT analysis points out 

some differences. The RuO2 surface is known to be partially chlorinated, but this chlorination 

is confined to the under-coordinated O and Ru positions at the external surface. Comparing 

surface Cl contents, the situation is such that the amount of Cl on the surface of RuO2 is very 

large, as the under-coordinated positions in the lattice are very prone to adsorb reactants (Cl 

in particular). This effect is less evident on CeO2, given the relative inertness of Ce atoms on 

the surface. Indeed, most of the Cl is sitting at oxygen vacancies on the surface and not 

directly on top of the active Ce sites. In addition, the penetration of Cl atoms to deeper layers 

is hindered in both RuO2 and CeO2 systems by more than 2 eV. This energy is somewhat 

larger for CeO2 (3 eV). Nevertheless, owing to vacancy diffusion, and thus oxygen supply to 

the surface, ceria will be more prone to subsurface and bulk chlorination in pure HCl or sub-

stoichiometric Deacon feeds. In line with this, we have compared the energy required for the 

bulk chlorination and lattice disruption in both Ru and Ce cases (Table 6.5). The energy 

requirement for the chlorination of CeO2 is smaller than the corresponding value for RuO2, in 

agreement with the greater chlorination detected in the CeO2 experiments in HCl-rich feeds. 
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Table 6.5. Energy (E) in eV and Gibbs free energy (G0) in kJ mol M−1 (M = Ce, Ru) atom for the 
complete chlorination of CeO2 and RuO2 by Cl2 or HCl.a 

Chlorination equation E 
G0 

573 K 703 K 

CeO2 + 3/2Cl2    CeCl3 + O2 15.82 92.95 112.18 

CeO2 + 4HCl      CeCl3 + 2H2O + 1/2Cl2 −115.99 60.61 97.95 

RuO2 + 3/2Cl2    RuCl3 + O2 101.86 178.98 198.22 

RuO2 + 4HCl      RuCl3 + 2H2O + 1/2Cl2 −29.95 146.65 183.98 
a
 Calculated using the PBE (RuO2) and PBE + U (CeO2) functionals.

 

 

4. Conclusions 

In this study, a fundamental understanding of HCl oxidation on bulk CeO2 combining catalyst 

testing, steady-state kinetics, characterization, and DFT simulations is presented. Due to its 

remarkable activity and stability, CeO2 constitutes a promising alternative to highly expensive 

RuO2-based catalysts for industrial chlorine recycling. The activity is related to the presence of 

oxygen vacancies in the material. The stability arises from the remarkable resistance of cerium 

oxide against chlorination. Limited bulk chlorination, that is detection of CeCl3 by XRD, takes 

place under HCl-rich conditions (O2/HCl ≤ 0.25). The bulk chloride phase rapidly and 

completely disappears when the catalyst is exposed to O2-rich conditions or higher temperature. 

Under O2/HCl ≥ 0.75, only the outermost surface layers of CeO2 contain chlorine. In situ PGAA 

studies evidence that the chlorination rate is independent of the pre-chlorination degree but 

increases at lower oxygen over-stoichiometry, while dechlorination is effective in oxygen-rich 

feeds, and its rate is higher for a more extensively pre-chlorinated ceria. Density functional 

theory simulations reveal that Cl activation from vacancy positions to surface Ce atoms is the 

most energy-demanding step, although chorine-oxygen competition for the available active sites 

may render re-oxidation as the rate-determining step. These results form the basis for the 

development of a technical CeO2-based catalyst by employing ZrO2 as suitable carrier.[152] The 

performance of CeO2/ZrO2 is compared with other catalysts in Chapter 7 and its technical form 

is under pilot demonstration at BMS.  
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Chapter 7 
Depleted Uranium-based Catalysts for HCl 

Oxidation 
 

1. Introduction 

Uranium compounds have been used as heterogeneous and homogeneous catalysts.[153,154] Their 

suitability for redox reactions is related to the wide range of oxidation states that uranium can 

assume (from II to VI), which in turn derives from the ability of its 5f-electrons to hybridize.[155] 

Specifically to the heterogeneous catalysis field, uranium oxides (mostly U3O8) have been 

recognized since the 1920s for reactions of industrial relevance such as the oxidation of 

hydrocarbons and the partial oxidation of ethanol.[156-158] Later efforts extended the scope of 

uranium-catalyzed transformations to comprise the oxidative destruction of volatile chlorinated 

hydrocarbons,[159,160] the oxidative coupling of ethylene, acetylene, and acetaldehyde,[155] the 

esterification of formaldehyde,[155] and NOx reduction.[161] Relevantly, uranium-based materials 

were once used in industry for the hydrocracking of shale oil (UO3/Al2O3, UO3/CoMoO4)[162] 

and in the ammoxidation of propylene to acrylonitrile (USbxOy).[163-165] 

Natural uranium consists of three isotopes, 238U, 235U, and 234U, in the relative abundance of 

99.275, 0.720, and 0.005%, respectively.[166] 238U and 234U are -rays emitters, while 235U emits 

both - and low-energy -rays. Alpha particles are much less penetrating than other forms of 

radiations, thus rendering uranium only little hazardous (mainly from the -rays). Depleted 

uranium (DU), which is produced as a waste in the uranium enrichment process, is even 

considerably less radioactive (ca. 0.2-0.4% 235U) and, thus, less harmful. To generate the 

carbon-neutral energy source the demand of enriched uranium as a fissile nuclear fuel can be 

expected to increase,[154] which represents a strong incentive for the development of novel 

applications of DU. 

The heterogeneously-catalyzed oxidation of HCl to Cl2 (Deacon reaction)[14] is an attractive 

route to recycle chlorine from byproduct HCl streams in the chemical industry, namely in the 

production of polyurethanes and polycarbonates.[2,21,52] Two industrial catalysts based on RuO2, 
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featuring high activity at a relatively low temperature and remarkable stability, have been 

recently introduced: RuO2/SiO2/TiO2-rutile (by Sumitomo) and RuO2/SnO2-Al2O3 (by Bayer, 

see Chapter 4, 5).[28,37,39,41,167] The wide use of ruthenium catalysts for HCl oxidation is hindered 

by its high and fluctuating market price (as described in Chapter 1). This drawback triggered 

research efforts to develop alternative cost-effective systems. CeO2-based catalysts represent 

tangible steps along this direction (see Chapter 6).[152] 

Uranium oxide-based catalysts for HCl oxidation have been recently patented.[168,169] High 

single-pass HCl conversion at high temperature and practically negligible active phase loss have 

been claimed as the key characteristics of these systems. To assess the real potential of 

uranium-based catalysts for industrial application, further knowledge needs to be gathered. The 

optimal combination of active phase and support will be derived only based on a deeper 

understanding of activity and stability descriptors. The catalyst performance should be then 

put into perspective with respect to other known catalytic systems and evaluated in an 

industrially-relevant time frame. Herein, we systematically investigated uranium oxides in bulk 

and supported forms for HCl oxidation. Catalytic tests at ambient pressure in a continuous 

flow fixed-bed reactor combined with detail characterization of the catalysts prior to and after 

reaction have been applied to gather a solid knowledge on the Deacon chemistry of these 

materials. 

 

2. Experimental 

2.1. Catalysts 

ZrO2-monoclinic (Saint-Gobain NorPro, 99.8%), -Al2O3 (Alfa Aesar, catalyst support, 43855), 

SiO2 (ABCR, 99%), and TiO2-anatase (Aldrich, nanopowder, 99.7%) were calcined at 773 K 

(10 K min−1) for 5 h prior to their use. The starting uranium compounds UO2 and 

UO2(NO3)2·6H2O (International Bio-Analytical Industries) derive from depleted uranium 

sources and were used as received. The most important precaution for the safe handling of 

uranium compounds is to avoid their access to the body, through direct contact with the skin 

and/or inhalation, and dispersal in the environment. In the present case, personal protective 

equipment such as impervious gloves, boots, and an apron were worn to prevent skin contact. 
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U3O8 and UO3 were prepared by thermal decomposition of UO2(NO3)2·6H2O in static air 

following existing protocols.[160,170] U3O8 was obtained by two-step calcination of 

UO2(NO3)2·6H2O. The uranyl nitrate was treated at 573 K (5 K min−1) for 1 h and then, 

without intermediate cooling, at 1073 K (5 K min−1) for another 3 h. UO3 was synthesized by 

calcination of the uranyl nitrate at 723 K (5 K min−1) for 3 h. Supported catalysts were 

prepared by dry impregnation of the carriers with an aqueous solution of uranyl nitrate 

(nominal 1-20 wt.% U), followed by drying at 338 K for 12 h and calcination, according to the 

same protocol applied for the synthesis of bulk U3O8. Unless stated otherwise, the supported 

catalysts, denoted as U3O8/support, contain 10 wt.% U. 

 

2.2. Characterization Techniques 

Powder X-ray diffraction (XRD) was measured using a PANalytical X’Pert PRO-MPD 

diffractometer. Data was recorded in the 10-70° 2 range with an angular step size of 0.017°  

and a counting time of 0.26 s per step. N2 sorption at 77 K was performed using a 

Quantachrome Quadrasorb-SI gas adsorption analyzer. Prior to the measurement, the samples 

were evacuated at 473 K for 12 h. Temperature-programmed reduction with hydrogen (H2-

TPR) was measured using a Thermo TPDRO 1100 unit. The samples were loaded in a quartz 

micro-reactor (11 mm i.d.), pre-treated in He (20 cm3 STP min−1) at 473 K for 30 min, and 

cooled to 323 K in He. The analysis was carried out in 5 vol.% H2/N2 (20 cm3 STP min−1), 

ramping the temperature from 323 to 1173 K at 10 K min−1. High-resolution transmission 

electron microscopy (HRTEM) measurements were undertaken on a FEI Tecnai F30 

microscope (field emission gun, operated at 300 kV). High-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) investigations were performed on an 

aberration-corrected Hitachi HD-2700CS microscope, operated at 200 kV and equipped with an 

energy-dispersive X-ray spectrometer (EDXS, EDAX) for elemental analysis. The incorporated 

probe correction system (CEOS) enables a resolution of below 0.1 nm to be achieved.[171] 

 

2.3. Catalytic Tests 

The gas-phase oxidation of hydrogen chloride was studied at ambient pressure in a continuous-
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flow set-up (see Chapter 2). The catalysts were loaded in the tubular reactor and pre-treated 

in N2 at 673 K for 30 min. Thereafter, steady-state experiments at variable bed temperatures 

(Tbed = 673-823 K), inlet O2/HCl ratios (0.5-7), and catalyst amounts (W = 0.25 or 0.5 g for 

supported or bulk catalysts, respectively) were carried out. The inlet HCl concentration and 

total volumetric flow (FT) were fixed at 10 vol.% and 166 cm3 STP min−1, respectively. The 

O2/HCl dependence was measured by increasing the O2 content in the inlet mixture from 5 to 

70 vol.% with N2 as balance gas. The influence of Cl2 co-feeding on the rate of HCl oxidation 

was studied by introducing variable amounts (2-5 cm3 STP min−1) of Cl2 to the inlet feed with 

O2/HCl = 2 at 733 K and 703 K over U3O8/ZrO2 and CeO2/ZrO2, respectively. Used samples 

were collected for characterization after rapidly cooling down the reactor to room temperature 

in N2 flow. The percentage of HCl conversion was determined by quantitative Cl2 analysis 

using a Mettler Toledo G20 Compact Titrator as XHCl = (2 × mole Cl2 at the reactor 

outlet/mole HCl at the reactor inlet) × 100. 

 

3. Results and Discussion  

3.1. Bulk Uranium Oxides 

As starting point, the main binary oxides of uranium were considered in this study, namely, 

UO2, U3O8, and UO3. The X-ray diffractograms of the solids as well as their corresponding 

structures are displayed in Figures 7.1a, b. According to the XRD phase analysis, the catalysts 

were identified as uranium dioxide (JCPDS 05-0550), -triuranium octoxide (JCPDS 31-1424), 

and -uranium trioxide (JCPDS 31-1422) with small amounts of - and -forms. The crystal 

structure of UO2 is of fluorite type with face-centered cubic atomic arrangement. Uranium and 

oxygen atoms are octa- and tetrahedrally coordinated, respectively.[166] -U3O8, one of the two 

forms (, ) of this oxide which are stable at ambient temperature,[155] crystallizes in an 

orthorhombic structure. All of the uranium atoms are coordinated with oxygen atoms forming 

pentagonal pyramids.[153,166] -UO3, the most stable of the seven crystalline phases (, , , , , 

, and ) of this oxide,[155] belongs to the tetragonal crystal system and is characterized by 

octa- and dodecahedral coordination of uranium to oxygen. All of the three oxides possess a 

very low total surface area (SBET, Table 7.1). 
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Figure 7.1. Structures of the uranium oxides (a) and characterization results from powder XRD (b) and 
H2-TPR (c) of the samples in fresh form, after HCl oxidation at 773 K, and after HCl treatment at 
823 K. Vertical lines at the bottom of the U3O8 pattern show the positions of most intense reflections of 
UCl4. 

The reducibility of these materials was studied under a diluted H2 flow up to 1100 K 

(Figure 7.1c). The reduction profile of UO2 shows a little H2 consumption at ca. 880 K. As the 

XRD pattern of the reduced sample (Figure A7.1, in Appendix A) was unaltered with respect 

to that of the fresh solid, this feature was attributed to the removal of oxygen species that are 

known to accommodate in the lattice of the fluorite structure of UO2 upon exposure to air.[153] 

For -U3O8, a single and broad peak centered at ca. 975 K was evidenced, which is assigned to 

the reduction of U3O8 to UO2.[160] The reduction profile of -UO3 displays a broad signal 

composed by two main contributions at ca. 880 and 963 K, due to the transitions UO3 → U3O8 

and U3O8 → UO2, respectively (Figure 1c).[172] The formation of UO2 from both -U3O8 and -

UO3 was confirmed by XRD (Figure A7.1, in Appendix A). 

These bulk uranium oxides were tested in the gas-phase oxidation of HCl at Tbed = 773 K 

and O2/HCl = 2 for 3 h. The rates of Cl2 production were stable at ca. 2 mol Cl2 h−1 mol U−1 

for UO2 and -U3O8 and ca. 3 mol Cl2 h−1 mol U−1 for -UO3. Normalization of the rates bySBET 

of the fresh samples gives the values as 7 × 10−3, 8 × 10−3, and 3.4 × 10−3 mol Cl2 h−1 m−2 

for-U3O8, UO2, and -UO3, respectively. However,  due to  transformation  of  the  latter  two 
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Table 7.1. Characterization and catalytic data of uranium-based catalysts.  

Sample Ua (wt%) SBET (m2 g−1) rb (mol Cl2 h−1 mol U−1) Ea
app (kJ mol−1)

UO2 88.1 1 2.2 52 

-UO3 83.1 3 2.9 40 

-U3O8 84.8 1 2.0 54 

U3O8/ZrO2 9.8 35 (47)c 63.5 50 
U3O8/SiO2 9.5 136 (193) 45.4 46 
U3O8/TiO2 9.4 30 (52) 28.6 54 
U3O8/Al2O3 9.6 131 (191) 27.3 57 
a Determined by ICP-OES. b Conditions: W = 0.5 g (bulk oxides) or 0.25 g (supported catalysts), 
Tbed = 773 K, O2/HCl = 2, FT = 166 cm3 STP min−1, and t = 3 h (bulk oxides) or 1 h (supported 
catalysts). c Surface area of the supports in brackets. 

 

 

oxides in to the former during reaction (vide infra), rates normalized by SBET of used samples 

are more relevant and lead to a value of 4×10−3 mol Cl2 h−1 m−2 in all cases. The dependence of 

the activity of these oxides on the temperature was investigated between 673 and 823 K at 

O2/HCl = 2. The reaction rate scaled linearly with the temperature in the whole range. The 

apparent activation energy (Ea
app) was estimated from the Arrhenius plots at 52, 54, and 

40 kJ mol−1 for UO2, -U3O8, and -UO3, respectively. 

The used catalysts were characterized by the same techniques applied to the fresh samples 

in order to assess possible structural changes upon exposure to reaction conditions. 

Remarkably, XRD analysis indicated the absence of chlorinated phases in any of the used 

catalysts. However, we observed the complete conversion of UO2 and -UO3 into -U3O8 

(Figure 7.1b). It is suggested that such transformation is due to oxidation by the excess gas-

phase O2 for the former oxide and reduction by feed HCl for the latter. Indeed, treatment of 

UO2 and -UO3 in 20 vol.% O2/N2 at 773 K for 3 h caused the complete transformation  of  

UO2 into -U3O8, while it did not affect the state of -UO3 (confirmed by XRD, Figure A7.2, in 

Appendix A). All of the H2-TPR profiles of the uranium oxides after reaction feature a single 

reduction peak, attributed to the transformation of U3O8 into UO2 (Figure 7.1c), in line with 

the identical bulk composition of the samples after HCl oxidation. The appearance of the peak 

at higher reduction temperature for used -UO3 and -U3O8 is likely related to a certain degree 
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of surface chlorination and/or sintering. With regard to the former, the bulk -U3O8 catalyst 

after Deacon reaction was calcined in static air at 773 K for 5 h (aimed at removing surface 

chlorine species) and then measured by H2-TPR. A reduction profile equivalent to that of the 

fresh -U3O8 sample was obtained (Figure A7.3a, in Appendix A), which confirmed that the 

change in reducibility is mainly due to surface chlorination. Further, TEM of -U3O8 in fresh 

form and after Deacon indicated a slight increase in overall particle size for the latter 

(Figures A7.3b,c, in Appendix A). Since calcination of U3O8 after Deacon reproduced the 

reduction profile of the fresh sample, the effect of sintering on reducibility of U3O8 seems to be 

negligible. 

-U3O8 was further assessed under harsher conditions, i.e. at O2/HCl = 0.5 and 0 (without 

gas-phase O2) at 823 K for 2 h on stream to evaluate its resistance to bulk chlorination and 

metal loss. The weight of the reactor before and after the tests remained practically unchanged, 

suggesting no loss of uranium. Furthermore, the diffractograms of the samples after these 

treatments indicated the preservation of a pure oxidic phase (Figure 7.1b). The endothermic 

nature of the penetration of Cl atoms to deeper layers (ca. 2 eV) has been already found as a 

key reason for the robustness of RuO2 against bulk chlorination (see Chapter 6).[37] A similar 

property could be responsible for the stability of -U3O8 against bulk chlorination. In this line, 

chlorination of UO2 (which also revealed the absence of any chloride phase upon testing in 

O2/HCl = 0 at 823 K for 2 h), by Cl2 to form UCl4 has been reported as highly endothermic 

(G = 148.9 kJ mol−1).[173] Thus, bulk uranium oxide represents an exceptionally stable high-

temperature catalyst for HCl oxidation. This finding is particularly striking since CuO, Cr2O3, 

CeO2, and RuO2 undergo structural changes at high temperatures. In particular, after testing 

at 823 K and O2/HCl = 0.5 for 2 h, strong chlorination was detected (XRD analysis) for the 

first three oxides, while RuO2 underwent partial transformation into volatile RuO4 

(ca. 20 wt.% RuO2 loss).[2] It is worth noting, though, that RuO2 is an outstanding low-

temperature (473-673 K) catalyst and is extremely stable under its optimized operating 

conditions (see Chapter 5). 
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3.2. Supported U3O8 Catalysts 

Based on the very promising performance of bulk -U3O8, the next step of the work consisted 

in finding a suitable support for this uranium-based active phase. Monoclinic ZrO2, -Al2O3, 

SiO2, and TiO2-anatase were considered as carriers. The synthesis protocol comprised dry 

impregnation of these oxides with an uranium precursor (in an amount corresponding to a 

nominal loading of 10 wt.% U), followed by calcination under the same conditions applied for 

the preparation of bulk -U3O8 (see Section 2.3).  

The supported U3O8 catalysts were screened in HCl oxidation at O2/HCl = 2 in the 

temperature range of 673-823 K (Figure 7.2a). Blank experiments confirmed that the Deacon 

activity of the pure carriers was negligible under the conditions applied. The HCl conversion 

displayed a steady increase with the temperature for all supported catalysts, reaching values 

comprised between 21 and 47% at 823 K. U3O8/ZrO2 was the most active catalyst, followed by 

U3O8/SiO2 and, finally, U3O8/TiO2 and U3O8/Al2O3, which were comparably active. With 

respect to the bulk oxide, only the zirconia and silica-supported materials offered improved 

performances (Figure 7.2a). Still, as -U3O8 was  tested  using  twice  the  catalyst  amount,  a 

 

Figure 7.2. HCl conversion over U3O8-based catalysts versus (a) bed temperature at O2/HCl = 2 and 
(b) O2/HCl ratio at 773 K. Data was acquired after 1 h under each condition. Other conditions are 
detailed in the Section 2.3. 
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better comparison was drawn on the basis of the reaction rates per mol of U at 773 K. 

Accordingly, it appeared evident that any of the supports employed determined an activity 

enhancement, overall leading to 14-30 times higher rates (Table 7.1). As shown in the same 

table, the Ea
app values (at 723-823 K and O2/HCl = 2) determined from the Arrhenius plots 

were in the range of 46-57 kJ mol−1 for the supported catalysts, thus being similar to -U3O8. 

The dependence of the activity on the relative O2 content in the feed was studied over the two 

most promising catalysts, U3O8/ZrO2 and U3O8/SiO2 (Figure 7.2b). In both cases, the HCl 

conversion increased upon raising the feed O2/HCl ratio and the formal reaction order in O2 

was calculated as ca. 0.3. This behavior is common to the vast majority of Deacon catalysts 

(see for e.g. Chapters 3, 4, and 6) and indicates that catalyst re-oxidation is the limiting 

step.[167] It is worth noting that the HCl conversion over U3O8/ZrO2 remained higher than that 

of U3O8/SiO2 at all O2/HCl ratios. Overall, the catalytic results indicate that zirconia is the 

most suitable carrier for uranium oxide. 

In order to rationalize the activity differences, the supported U3O8 catalysts were 

characterized in fresh form and after use in the Deacon reaction. The uranium content, as 

determined by ICP-OES, was close to the nominal value of 10 wt.% for all of the catalysts and 

remained unchanged in the used samples, indicating negligible uranium loss during HCl 

oxidation. The fresh alumina and silica-based catalysts featured ca. 4 times larger SBET than 

the zirconia and titania-based materials (Table 7.1). This deviation reflects the difference in 

surface area of the pure carriers, which was depleted to similar extent upon uranium 

incorporation in all cases, likely due to pore blockage. The SBET of the catalysts was also 

unaltered upon use. Accordingly, the activity trend cannot be explained by differences and/or 

changes in the active phase content or textural characteristics. 

XRD analysis of the fresh materials evidenced the formation of -U3O8 over all supports 

with exception of titania (Figure 7.3). In this latter case, a mixed UTiO5 phase was detected 

(JCPDS 49-1397).[174] Furthermore, reflections specific to both the anatase and rutile forms of 

titania were observed, indicating that partial transformation of the carrier structure occurred 

during the high-temperature thermal activation of the as-impregnated solid. Thus, the loss in 

the support’s surface area during catalyst preparation could be additionally ascribed to phase 

changes and structural reconstructions for U3O8/TiO2. Based on the much lower intensity of its 
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Figure 7.3. (a) XRD patterns of supported U3O8 samples in fresh form and after Deacon reaction. 
Unmarked reflections belong to the corresponding carriers. (b) H2-TPR profiles of U3O8/ZrO2 in fresh 
form and after Deacon reaction for different times. 

diffraction lines, the uranium phase is supposed to be present in form of smaller nanostructures 

on ZrO2 compared to the other carriers, especially titania. The diffractograms of the samples 

after reaction revealed the absence of bulk chlorides (Figure 7.3), extending the stability of -

U3O8 against chlorination also to the supported form. No changes were detected in the patterns 

of the TiO2 and Al2O3-supported catalysts upon use, while the reflections specific to -U3O8 

became less intense for U3O8/SiO2 and disappeared for U3O8/ZrO2. Since uranium was not lost 

upon reaction, these alterations might be substantiated by fragmentation of the -U3O8 phase 

in tinier structures. 

In order to further tackle this point and as the XRD analysis hints to differences in the 

dispersion of the supported active phase as possible main parameter determining the activity 

levels, two most active catalysts (U3O8/ZrO2 and U3O8/SiO2) were further investigated by 

electron microscopy (EM, Figure 7.4, 7.5). For fresh U3O8/ZrO2, aggregates of 20-30 nm sized 

support grains are visualized by HRTEM (Figure 7.4a). However, inspection of surface regions 

even at higher magnification does not reveal a distinct uranium phase. Thus, based on 

significant difference in the atomic numbers of U and Zr (ZU = 92 versus ZZr = 40), HAADF-

STEM with Z-contrast was applied as a suitable tool to get information about the  distribution 
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Figure 7.4. HRTEM of fresh U3O8/ZrO2 (a), U3O8/SiO2 in fresh form (b) and after Deacon (c). Inset in 
(b) shows the particle size distribution of the fresh and used U3O8/SiO2 sample. 

 

Figure 7.5. HAADF-STEM of U3O8/ZrO2 in fresh form (a and b) and after Deacon reaction for 100 h 
(c). Bright spots (some of which are encircled) in b and c corresponds to atomically dispersed UOx. 

of uranium-based phases (Figure 7.5). Indeed, the uranium oxide species in the fresh 

U3O8/ZrO2 are clearly visualized as bright rims or spots (Figure 7.5a, b). The presence of 

uranium in these rims was confirmed by EDXS analysis. Investigation of surface structure at 

the edges and on the surface revealed that two types of uranium oxide dispersion are present in 

the fresh U3O8/ZrO2, namely, 1) a film-like nanostructure with a thickness ranging from a 

monolayer to 1 nm (Figure 7.5a) and 2) atomically dispersed uranium oxide as identified by 

bright spots (encircled) on the ZrO2 support (Figure 7.5b). A deeper analysis of the complete 

structure of these spots is not possible on the basis of HAADF-STEM and would require more 

specific methods such as STEM coupled with electron energy loss spectrometer (EELS).[175] 
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Nonetheless, based on the studies on identification of single atoms,[175] the bright spots seem to 

be composed of single uranium atom (likely with some O atoms bound to it) and therefore, in 

this study they are referred to as atomically dispersed UOx. Upon exposure to reaction 

conditions (for 5 h), the catalyst morphology seems to be altered. A film-like nanostructure is 

less visible and a concentration of bright spots of UOx appears to be increased (Figure 7.5c), 

suggesting the transformation into tinier, better dispersed uranium oxide. Thus, uranium oxide 

on zirconia likely undergoes partial re-dispersion during reaction. This explains the 

disappearance of the -U3O8 peaks in the XRD pattern of the used sample (Figure 7.3). -U3O8 

on SiO2 appears to be carried as nanoparticles of ca. 5 nm in the fresh catalyst (Figure 4b). 

Upon use in HCl oxidation, the average particle size was reduced to ca. 2.5 nm (Figure 7.4c, 

inset in b), supporting a certain degree of re-dispersion of the uranium phase. This agrees with 

the XRD results (Figure 7.3). The origin of the active phase re-dispersion phenomenon, 

apparently common to both the zirconia and silica-supported catalysts, is not fully understood. 

It is proposed that disaggregation of the uranium oxide structures might be induced by HCl 

and Cl2. The latter has been reported to produce such an effect on supported noble metal 

particles by generation of chlorides which readsorb on the solid carrier and are then reduced by 

the reaction environment.[176,177] In our case, it is possible that uranium oxychloride species 

(UO2Cl2, melting point = 843 K)[178] are formed to some extent. As they are highly unstable 

and readily re-oxidize under conditions similar to those applied in HCl oxidation,[179] uranium 

will not be lost, but a certain degree of metal migration could be possible. This will ultimately 

improve the dispersion of the supported phase. Thus, based on the XRD and EM results, the 

activity differences seem to mainly depend on the uranium oxide dispersion. Still, the possibly 

different intrinsic activity of the chemical forms of uranium stabilized by the carriers might 

also play a role.  

In view of its potential practical application, the U3O8/ZrO2 system was further studied in 

terms of optimization of the active phase content as well as durability. Thus, catalysts with U 

loading comprised between 1 and 20 wt.% were prepared and tested at 773 K and O2/HCl = 2 

(Figure 7.6a). The HCl conversion was found to raise with increasing U contents up to 

10 wt.%, while a loading of 20 wt.% resulted in slightly lower activity. On the contrary, the U 

specific activity (i.e. reaction rate per mol of U) was the highest for the 1 wt.% U catalyst  and  
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Figure 7.6. (a) HCl conversion and U specific rate versus uranium content over U3O8/ZrO2. (b) HCl 
conversion versus time-on-stream over an as-impregnated (uncalcined) and calcined U3O8/ZrO2. 
Conditions Tbed = 773 K and O2/HCl = 2. Data was acquired after 1 h under each condition for (a). 
Other conditions are detailed in the Section 2.3. 

progressively diminished at increasing U loading. Hence, as a compromise between these 

parameters, a 5-10 wt.% U content turns out optimal. 

The robustness of U3O8(10 wt.% U)/ZrO2 in HCl oxidation was tested in a long catalytic 

run (Figure 7.6b). The HCl conversion moderately increased from 27 to 35% in the first 

85 h on stream, remaining then stable up to a reaction time of ca. 100 h. Overall, this result 

evidences outstanding longevity, offering bright perspectives for  an  industrial  application   of 

zirconia-supported uranium catalysts in chlorine production. Still, the progressive catalyst 

activation indicates an alteration of the material’s properties upon use. According to the above 

discussion of the characterization data, this might originate from an increase in the dispersion 

of the active phase induced by the exposure to the reaction mixture. To further explore this 

point, samples after 5, 10, and 100 h on stream were collected and characterized by HAADF-

STEM and H2-TPR (Figures 7.5, 7.3b). While, an increase in the uranium dispersion to certain 

extent has been already discussed for the sample after 5 h reaction (vide supra), HAADF-

STEM of the sample after 100 h reaction evidenced that the uranium on the ZrO2 carrier is 

mainly present as atomically dispersed UOx (Figure 7.5c). The latter would be characterized by 
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a highest dispersion of uranium oxide. This result provides a direct evidence for the dependence 

of the activity on the degree of dispersion.  

Additional support was derived from the H2-TPR analysis. The reduction profile of fresh 

U3O8/ZrO2 features two main peaks at ca. 710 and 800 K (Figure 7.3b), which could be 

consistent with the presence of uranium oxide structures of different size (Figures 7.5a, b), 

namely, thin layer (high-temperature signal) and atomic dispersion (low-temperature signal). 

For the sample collected after 5 h, a broad and more intense reduction peak centered at 

ca. 730 K with low (695 K) and high-temperature (775 K) shoulders was visualized, while that 

taken after 10 h reaction produced a single, symmetric, and sharper signal with maximum at 

740 K. The curve of the catalyst unloaded at the end of the run displayed an even narrower 

and more intense peak, slightly shifted to lower temperature (710 K). The depletion of the 

high-temperature signals with reaction time and the strengthening of a single peak at lower 

temperature supports a change in the morphology of -U3O8 phase towards the formation of 

more uniformly-sized atomically dispersed nanostructures (UOx), in line with the HAADF-

STEM results. The latter actually represents the predominant uranium distribution after 100 h 

on stream (Figure 7.5c). Still, considering the modifications in peak position and shape, along 

with the significant increase in H2 consumption, the presence of more oxidic uranium in UOx 

than in the original -U3O8 phase cannot be excluded. Based on the structural equivalence 

between the zirconia support and -UO3 (both monoclinic, the latter having about double cell 

parameters with respect to the former),[153] it could be possible that -U3O8 undergoes 

transformation into this oxide during reaction. Although -U3O8 is the most stable bulk oxide 

under HCl oxidation conditions and -UO3 is converted into it during reaction, it is plausible 

that, when the incipient uranium oxychloride is oxidized by the O2 excess, the structural 

matching offered by the support could stabilize -UO3 as oxidation product rather than -

U3O8. However, this phase is not detected by XRD owing to its very small size. Thus, from 

increased H2 uptake and development of atomically dispersed UOx with reaction time, it can 

only be suggested that uranium in in situ generated UOx is in higher oxidation state than in 

the original -U3O8 and the transformation of -U3O8 to UOx is accompanied by an 

enhancement of the dispersion. Since the presence of some UOx is evidenced already for the 

fresh catalyst (Figures 7.5b, 7.3b), it could even be possible that a part of the uranium is 
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already stabilized as UOx during calcination and the atomic dispersion (Figure 7.5b) renders it 

undetectable by XRD (Figure 7.3a). Increase of uranium oxide dispersion during HCl oxidation 

was also evidenced for U3O8/SiO2 (Figures 3a, 7.4b, c). However, from similar H2 consumption 

of the fresh and used catalyst (not shown), it appears that in situ oxidation of the uranium 

phase does not occur on silica. This could be related to a specific property of the carrier and its 

interaction with the active phase. Thus, it seems that the support determines the degree of 

redispersion and reoxidation characteristics of the uranium phase. An in-depth understanding 

of these complex phenomena will require further deeper characterization studies. 

Finally, we tested under the same HCl oxidation conditions an as-impregnated catalyst 

sample with equal U loading (i.e. no calcination applied after impregnating the U-precursor). 

This material reached a similar HCl conversion level (ca. 36%) to U3O8/ZrO2 after only 3 h on 

stream (Figure 7.6b). On the basis of this outcome and of the resemblance of the HAADF-

STEM images and XRD pattern of the two catalysts after use (not shown), it is suggested that 

UOx can be directly created in situ from the uranium precursor and with much faster kinetics. 

The latter is probably related to the ease of altering an amorphous and unstable deposit rather 

than a well-crystallized and stable phase. 

 

3.3. Comparison with Other Systems 

The performance of U3O8/ZrO2 was contrasted with other known supported HCl oxidation 

catalysts, namely, RuO2(2 wt.% Ru)/SnO2-Al2O3 (Chapter 4), CeO2(9 wt.% Ce)/ZrO2,[152] and 

CuO(15 wt.% Cu)/SiO2 (synthesized by dry impregnation, followed by calcination at 823 K for 

10 h).  

Figure 7.7a displays the dependence of the HCl conversion level on the temperature for 

these materials. The equilibrium HCl conversion (dashed line) is reported as a reference. The 

activity of RuO2/SnO2-Al2O3 increases with the temperature and reaches a HCl conversion 

close to the equilibrium value at 673 K. Beyond this temperature the active phase of this 

catalyst starts to form volatile RuO4.[2] This indicates that the optimal high temperature 

boundary for RuO2-based catalysts is 673 K. CuO/SiO2 possesses a volcano-shaped activity 

profile. A strong deactivation above 723 K is due to the huge copper loss in the  form  of  CuCl 
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Figure 7.7. Steady-state HCl conversion versus bed temperature (a) and amount of Cl2 co-fed (b) at 
O2/HCl = 2. Other conditions are detailed in the Experimental section. 

and CuCl2 (Chapter 2). Differently, U3O8/ZrO2 and CeO2/ZrO2 show a steady increase of the 

HCl conversion with temperature. The difference of activity between these two systems is 

relatively low (ca. 30 K). Cl2 co-feeding at comparable initial HCl conversion levels (attained 

by adjusting Tbed, Experimental section) also displays a very similar inhibition of the HCl 

oxidation activity (Figure 7.7b). Still, CeO2/ZrO2 was observed to undergo bulk chlorination 

and, thus, deactivation at low O2 excess.[152] Accordingly, U3O8/ZrO2 stands as the most robust 

catalyst among all and belongs to the category of high-temperature catalysts, similar to 

CeO2/ZrO2. However, the former offers a superior resistance to bulk chlorination. 

 

4. Conclusions 

Uranium catalysts have been successfully evaluated for HCl oxidation to Cl2. Extraordinary 

resistance of bulk uranium oxides against chlorination demonstrates their suitability as stable 

active phase for this reaction. While -U3O8 maintains its oxidation state, UO2 and -UO3 tend 

to transform into -U3O8 under reaction conditions. The support of the uranium phase plays a 

very important role on its performance. ZrO2 allows depositing the oxidic uranium phase in the 

form of film-like nanostructures and with atomic dispersion, thus leading to a superior catalyst. 
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U3O8/ZrO2 activates under reaction conditions until reaching a stable performance after 

ca. 85 h on stream. The catalyst activation is related to in situ re-dispersion and gradual 

transformation of original -U3O8 phase into a more oxidic and atomically dispersed UOx. 

Uncalcined sample enables faster generation of this highly dispersed UOx. The unique 

robustness of ZrO2-supported uranium oxide under harsh reaction conditions and the stable Cl2 

production for more than 100 h on stream justify its consideration as a high-temperature HCl 

oxidation catalytic technology. Uranium materials are less sensitive to metal loss and sintering 

than other known catalysts and are cost-effective since they can be prepared from waste 

produced in the uranium-enrichment processes. 
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Chapter 8 
CuCrO2 Delafossite: A Stable Copper 

Catalyst for Chlorine Production 
 
1. Introduction 

Around 1870, Henry Deacon discovered a process to valorize the large amounts of gaseous HCl, 

originating as a by-product of the Leblanc process, by catalytic oxidation to Cl2,[2] which was 

used to make bleaching powder. Employing a pumice-supported CuCl2 catalyst in a fixed-bed 

reactor, the Deacon process constituted the first large-scale application of heterogeneous 

catalysis and one of the first examples in industry of the ‘waste-to-product’ approach.[14] This 

process did not last long in industry because the Leblanc process for Na2CO3 production was 

superseded by the less wasteful Solvay process, and with the development of suitable 

generators at the end of the 19th century, Cl2 was exclusively manufactured by NaCl 

electrolysis. The story now repeats itself, 140 years after Deacon. Currently, the recycling of 

by-product HCl from phosgenation processes (e.g. polyurethane and polycarbonates 

production) by conversion to Cl2 is in high demand.[2] However, neither the original Deacon 

catalyst, nor the multitude of (promoted) Cu-based systems developed during the 20th century 

offer a feasible solution, because they deactivate rapidly owing to the volatilization of copper 

chlorides under the reaction conditions.[14,19,20,24,180] Any copper-based catalyst reported to date 

suffers from fast bulk chlorination, leading to volatile CuCl2 and CuCl, which translate into 

short catalyst lifetimes and severe corrosion issues in the plant.[19,20,20,180]  

Owing to these constraints, contemporary efforts focused on RuO2-based catalysts, which 

preserve their bulk structure in HCl oxidation, leading to stable Cl2 production in pilot trials 

and plant installations (see Chapters 4, 5).[21,37,39] Despite this success, the development of 

industrial catalysts based on copper is highly appealing owing to the much lower price of 

copper compared to ruthenium. Our efforts in this direction resulted in CuAlO2,[181] which 

showed stable Cl2 production during 1000 hours on stream but (as usual) experienced critical 

bulk changes and a significant copper loss of 40% at the end of the run. Further efforts around 

the delafossite structure have ended with the discovery of CuCrO2 as the first Cu-based 
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catalyst displaying a high activity for HCl oxidation while preserving its bulk structure under 

reaction conditions. It should be emphasized that CuCrO2 and CuAlO2 have received 

considerable attention as transparent conducting oxides for optoelectronic device technology.[182-

184] However, their use in catalysis is scarce, with reported applications in methanol synthesis, 

N2O decomposition, methanol steam reforming, and photocatalytic H2 evolution and NO3
− 

removal.[185-189] Herein, we show the unique stability of CuCrO2 under chlorinating and oxidizing 

environments, which is vital to guarantee its durability in the Deacon reaction. Building on 

this result, a novel CuCrO2-CeO2 composite for HCl oxidation is presented, with a fourfold 

activity increase compared to the pure CuCrO2 and CeO2 phases. This catalytic system enables 

a cost-effective and energy-efficient technology for Cl2 production. 

 

2. Experimental 

2.1. Catalysts 

Cu2O (Strem, 99.9%), -Al2O3 (Alfa Aesar, 99.997%), Cr2O3 (Strem, 99.995%), Ga2O3 (Strem, 

99.998%), Mn2O3 (Aldrich, 99.999%), and Fe2O3 (Strem, 99.999%) were used as precursors. 

Cuprous delafossites with the formula CuMO2 (M = Al, Cr, Ga, Fe, Mn) were synthesized by 

the solid-state reaction of equimolar mixtures of Cu2O and M2O3 homogenized by ball milling 

for 30 min followed by static-air calcination at 1273-1423 K for 30 h. CuCrO2 and CuAlO2 were 

cooled down in regular air. Pure CuGaO2, CuFeO2, and CuMnO2 required cooling down in a 

flow of N2 (details in Table A8.1, in Appendix A). CuCrO2-CeO2 composites were prepared by 

grinding CuCrO2 and CeO2 (Aldrich, 34 m2 g−1) powders in mass ratios of 10:90 and 30:70 using 

an agate mortar and pestle for 15 min. 

 

2.2. Catalytic Tests 

The gas-phase oxidation of HCl was studied in a continuous-flow fixed-bed reactor (see 

Chapter 2) at 1 bar. The catalyst (W = 0.5 g, particle size = 0.4-0.6 mm) was loaded in the 

8 mm inner diameter quartz microreactor and pre-treated in N2 at 573 K for 30 min. 

Thereafter, a total flow (FT) of 166 cm3 STP min−1 containing 10 vol.% HCl and 0-70 vol.% O2 

balanced with N2 was fed into the reactor at bed temperatures (Tbed) in the range of 573-690 K. 
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Cl2 was quantified by iodometric titration using a Mettler Toledo G20 Compact Titrator. The 

percentage of HCl conversion was determined as XHCl = (2 × mole Cl2 at the reactor 

outlet/mole HCl at the reactor inlet) × 100 and the space time yield as STY = grams of 

Cl2/(hour × gram of catalyst). The used catalysts were collected after rapid quenching of the 

reactor to room temperature in N2 flow and characterized by X-ray diffraction (PANalytical 

X’Pert PRO-MPD) and inductively coupled plasma-optical emission spectroscopy (Horiba 

Jobin Yvon Ultima 2). 

 

3. Results and Discussion  

The structure of cuprous delafossites (CuMO2) can be visualized as the stacking of planer 

layers of Cu+ cations and layers of edge-sharing M3+O6 octahedra (Figure 8.1).[190] Typical M3+ 

cations include Al, Cr, Fe, Co, Ga, Y, In, La, Nd, and Eu.[191]  

Figure 8.2a displays the X-ray diffraction (XRD) patterns of cuprous delafossites 

synthesized in this study. The diffractograms of CuCrO2, CuAlO2, CuGaO2, and CuFeO2 match 

the  characteristic  rhombohedral  structure  (space  group  mR3 ),  while   that   of   CuMnO2 

 

Figure 8.1. Rhombohedral structure of delafossite common to CuCrO2, CuAlO2, CuGaO2, and CuFeO2 
(left) and the distorted CuMnO2 with a monoclinic structure (right). 
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Figure 8.2. X-ray diffraction patterns of the (a) as-prepared cuprous delafossites, (b) after HCl 
oxidation at 573-690 K, and (c) after treatment at various temperatures in air. The gray pattern in the 
top section of (b) corresponds to the CuCrO2 sample treated in pure HCl at 690 K. The crystalline 
phases identified in the samples are listed on the right of the patterns, with the predominant component 
in bold. 

corresponds to the monoclinic structure (space group C2/m).[190,192,193] The anomaly of CuMnO2 

(known as crednerite) is related to the Jahn-Teller distortion, which leads to a large difference 

between apical and equatorial Mn–O distances within the Mn3+O6 octahedra.[194]  

Catalytic tests of HCl oxidation (Figure 8.3a) revealed that CuCrO2 was the most active 

delafossite, closely followed by CuAlO2, while CuMnO2 and CuGaO2 exhibited inferior activity. 

The run over CuFeO2 was interrupted at 630 K owing to significant metal loss in the form of 

volatile FeCl3 (boiling point of 588 K). The apparent activation energy was approximately 

90 kJ mol−1 for CuCrO2 and CuAlO2 and 140 kJ mol−1 for CuGaO2 and CuMnO2. However, the 

most exciting results were obtained by XRD analysis of the post-reaction samples. The 

structure of CuCrO2 was unchanged in HCl oxidation at 573-690 K and even in pure HCl (i.e. 

without gas-phase O2) at 690 K for 10 h (Figure 8.2b). Contrarily, CuAlO2, CuGaO2, CuFeO2, 

and CuMnO2 exhibited prominent bulk changes under HCl oxidation for 5 h with the 

identification of metal chlorides (CuCl2 2 H2O, CuCl, GaCl2,  FeCl3,  FeCl2,  MnCl2⋅2 H2O)  and 
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Figure 8.3. (a) Space time yield (STY) and HCl conversion versus reciprocal temperature for the 
cuprous delafossites. (b) STY of the CuCrO2-CeO2 composites and the constituting pure phases after 
5 h of equilibration. Inset: activity of the catalysts over time. Conditions: Tbed = 653 K, O2/HCl = 2, 
W = 0.5 g, FT = 166 cm3 STP min−1, and P = 1 bar. 

spinels (CuAl2O4, CuGa2O4, CuMn2O4). These bulk changes are related to the fact that Cu+ in 

the delafossite structure is prone to oxidation, eventually leading to phase transformations 

(2 CuMO2 +  1/2O2 → CuO + CuM2O4 and CuM2O4 → CuO + M2O3) and instantaneous 

chlorination of the resulting single oxides. This was supported by XRD analysis of the 

delafossites treated in air at various temperatures for 5 h (Figure 8.2c). CuCrO2 was stable at 

all temperatures up to its synthesis temperature (1373 K). In contrast, CuMnO2, CuFeO2, 

CuGaO2, and CuAlO2 led to the formation of CuO and CuM2O4 above 673 K, 773 K, 873 K, 

and 1073 K, respectively. Accordingly, the decomposition of the latter three delafossites is 

promoted under the conditions of HCl oxidation at a much lower temperature compared with 

air. The Ellingham diagram further supports the wider region of stability of CuCrO2 compared 

to CuAlO2 (Figure A8.1, in Appendix A). This demonstrates that the exceptional stability of 

CuCrO2 delafossite in HCl oxidation arises from its unprecedented stability under chlorinating 

and oxidizing atmosphere. 

It should be emphasized that a very short period of exposure of any copper phase reported 

thus far to HCl or HCl and O2 was sufficient to induce bulk changes and metal loss, leading to 
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catalyst deactivation. For example, the typical CuO/SiO2 catalyst presents signs of bulk 

chlorination after 5 min of reaction and copper loss of approximately 60% after 5 h at 673-

723 K. The above delafossites, except the CuCrO2, also experienced large metal losses. A 

copper catalyst for Cl2 production can only be practical if bulk changes do not occur under 

reaction conditions. After more than seven years of Deacon research in our lab, testing 

hundreds of catalysts, CuCrO2 is the first material exhibiting this property. This material is 

important also because Cr2O3 based catalysts deactivate rapidly during HCl oxidation owing to 

a loss of chromium in the form of volatile Cr6+ species (CrO2Cl2 and CrO2(OH)2) generated 

during reaction (see Chapter 3). However, in the delafossite structure, Cr3+ is inert towards 

HCl. Thus, the delafossite structure is crucial to stabilize both copper and chromium, leading 

to a stable catalytic system in long catalytic runs (see 100 h test in Figure A8.2, in 

Appendix A). 

The next step was improving the activity of CuCrO2, which is about one order of 

magnitude lower than the industrial RuO2 based catalysts (see Chapter 5). For this purpose, 

we choose CeO2, which is an efficient HCl oxidation catalyst (demonstrated in Chapter 6) and 

a catalyst promoter because of its ability to store oxygen.[195] CuCrO2-CeO2 composites were 

prepared by mechanochemical activation of CuCrO2 and CeO2 powders in different proportions. 

Catalytic data was acquired after 5 h tests at O2/HCl = 2 and Tbed = 653 K (Figure 8.3b). The 

activity of individual oxides was also included for reference, which showed that both possess 

similar and low space time yields (STY). Distinctly, the CuCrO2-CeO2 composite with 30 wt.% 

CuCrO2 shows about four times higher activity compared to either individual phase. This 

result indicates that CuCrO2 and CeO2 show synergy in HCl oxidation. It should be stressed 

that the grinding process did not alter the total surface area of the composites. The 

performance of the individual oxides and their porosity did not change upon similar 

mechanochemical activation. These results rule out a textural origin for the activity 

enhancement. The composites with 10 wt.% and 30 wt.% CuCrO2 exhibited a similar (high) 

steady-state activity after 5 h, demonstrating the wide compositional window in which this 

effect can be attained (Figure 8.3b, inset). The inset also shows that the activity increases with 

time at the beginning of the run, strongly suggesting that the synergistic effect between the 

delafossite and the ceria phases develops under the reaction conditions. The composite with 

higher delafossite content reached the steady-state level faster. Further  understanding  of  this  
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Figure 8.4. STY versus feed O2/HCl ratio for the CuCrO2 and CuCrO2-CeO2 composite. Conditions: 
Tbed = 653 K, W = 0.5 g, FT = 166 cm3 STP min−1, and P = 1 bar. 

effect requires more detailed studies. As expected, the bulk structure as well as the copper 

content of the catalyst after this test remained unaltered with respect to the fresh sample 

(Figure A8.3, in Appendix A), thus extending the stability of the individual phases to the 

composite system at a high degree of HCl conversion. The composites, as exemplified for 

30CuCrO2-70CeO2, displayed extraordinarily stable Cl2 production over 200 hours on stream 

with minimal metal loss (Figure A8.2, in Appendix A). In contrast, the previously reported 

CuAlO2 delafossite experienced a 20% copper loss over the same time.[181]  

To understand the mechanism of the synergistic effect of CeO2 on the activity of CuCrO2, 

the influence of feed O2 content on the activity was investigated (Figure 8.4).  The activity of 

the CuCrO2 was enhanced upon increasing the oxygen content in the feed and the formal 

reaction order of O2 was calculated at approximately 0.5, which suggests that catalyst 

reoxidation is the limiting step.[181] This step was remarkably improved in the CuCrO2-CeO2 

composite as exemplified by the two times higher reaction order (0.9) than either single 

component (Chapter 6). This result supports that CeO2 accelerates the catalyst reoxidation 

step, most likely by acting as an oxygen donor/storage material, and thereby boosts the overall 

HCl oxidation activity in the CuCrO2-CeO2 system. 
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4. Conclusions 

In summary, we discovered the first copper-based material, a CuCrO2 delafossite, which 

exhibited a unique resistance to bulk chlorination and, thus, allowed stable Cl2 production in a 

long run. Building on this result, we developed a novel CuCrO2-CeO2 composite material, 

which showed a fourfold activity increase compared to its individual components. Thus, a cost-

effective chlorine recycling method based on copper catalysts is now a feasible alternative to 

RuO2 based systems. Implications of these results for the design of a stable and highly active 

copper catalyst are also useful for reactions involving an aggressive reaction mixture, such as 

the oxychlorination of hydrocarbons. In this reaction, as in HCl oxidation, volatilization of 

copper is a critical issue. 
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Chapter 9 
Conclusions and Outlook 

 
The increasing demand for versatile plastics based on chlorine chemistry, such as polyurethanes 

and polycarbonates leads to a growing excess of HCl by-product in the chemical industry. The 

heterogeneously-catalyzed oxidation of HCl to Cl2 represents an energy-efficient solution to 

recycle this HCl surplus. This thesis contributes to the discovery, understanding, and 

development of highly active and durable catalytic materials, meeting the requirement for 

industrially viable catalytic processes. RuO2/SnO2-Al2O3 is as an efficient low-temperature 

catalyst, which has been successfully piloted and is ready for installation in large-scale chlorine 

recycling facilities. CeO2, U3O8, and CuCrO2-based materials are found as cost-effective high-

temperature catalyst, which can be either applied as full alternative or as high-temperature 

complementary catalysts to RuO2-based systems. To make the latter possible, the design of a 

suitable hybrid fixed-bed reactor will be required which combines different catalyst families in 

defined reactor zones according to their stability and activity levels. These new generation 

catalysts are anticipated to be the flagship of the Deacon process in industry in the coming 

years.  

Based on the knowledge gained, general strategies to develop durable and highly active 

Deacon catalysts can be extracted. Overall, the suitable approach is based on the gathering of 

a solid understanding of the Deacon chemistry of the catalytic systems and on the uncovering 

of their realistic potential in long catalytic runs. This includes identification of the features that 

make a catalyst stable or unstable and more or less active and of the appropriate carrier which 

enables the highest degree of metal utilization and/or improves activity through geometric and 

electronic effects as well as understanding on the roles of additives on stability and activity of 

the technical catalyst. Design rules for an apposite active phase, a suitable support, and 

ultimately a technical catalyst with an appropriate stabilizer are discussed in the following. 

Identification of a suitable active phase. Catalyst stability has been the major obstacle for 

the establishment of catalytic technologies for chlorine recycling since the conception of the 

Deacon process in 1870. In this respect, it is found that preservation of the bulk structure is a 
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necessary condition for a stable Deacon catalyst. This is exemplified with the cases of RuO2, 

CeO2, U3O8, and CuCrO2 catalysts (Chapters 4-8), which exhibit stable performance in HCl 

oxidation. On the contrary, bulk chlorination and/or oxidation typically lead to volatile 

species, such as the CuCl2 and CuCl in case of CuO (Chapter 2) or  the CrO2Cl2 and 

CrO2(OH)2 from Cr2O3 (Chapter 3), and ultimately to fast deactivation. Secondly, Cl2 

evolution is the most energy-demanding step of the Deacon reaction, which is therefore favored 

at high temperature. However, owing to the equilibrium limitations (Figure 1.4.), a lower 

reaction temperature is beneficial to reach a high degree of single-pass HCl conversion. This 

implies that a highly active catalyst should possess high ease of Cl2 evolution, i.e. less energy 

demanding Cl recombination and thus faster reoxidation. RuO2 meets this requirement and is, 

therefore, active at lower temperature compared to other Deacon catalysts. Thus, a suitable 

active phase for Deacon catalyst should possess two essential features, namely: 1) preservation 

of bulk structure, conferring stability and 2) easier Cl2 evolution, allowing low-temperature 

operation. 

Identification of a suitable support. The choice of an appropriate carrier is of equal 

importance as that of the active phase, since the former can strongly affect the morphology, 

degree of dispersion, and electronic and/or redox properties of the deposited species, eventually 

influencing the performance of the catalyst. Structural matching with the support is 

demonstrated as a key feature to maximize metal dispersion and structural stability. This is 

exemplified with the most active catalysts, the RuO2-based systems, in which the active phase 

is deposited as an epitaxial extension of the rutile-type support (TiO2 or SnO2). The high-

temperature U3O8-based catalysts also evidenced a strong dependence of their performance on 

the nature of the support, where the monoclinic ZrO2 carrier leads to a superior dispersion of 

oxidic uranium phase. Since both SnO2 or TiO2 and ZrO2 are of redox nature and are found, 

respectively, as the best supports for RuO2 and U3O8-based active phases, an appropriate 

carrier for a stable Deacon catalyst seems to consist of a redox type oxide. Besides, the same 

crystalline structure as that of the active phase could be of paramount importance, like in the 

case of RuO2/SnO2.  

Identification of a suitable strategy to produce a technical catalyst. The production of a 

catalyst in technical shape consists of several steps and often requires the addition of a binder 
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material to provide the obtained shaped bodies with a reasonable mechanical strength. To 

attain shaped RuO2/SnO2-Al2O3, it is found that deposition of the ruthenium precursor after 

shaping is beneficial to avoid RuO2 sintering and ruthenium loss as RuO4 that would occur 

during hardening at high temperatures. Furthermore, nanocrystalline alumina is identified as a 

suitable binder, additionally stabilizing the catalyst through electronic and geometric 

interactions. Thus, the right strategy to produce a technical Deacon catalyst includes the 

shaping of a carrier using an adequate binder, followed by incorporation of active metal 

precursor. 

The attractive feature of the catalytic HCl oxidation technology is indeed its unbeatably 

low power consumption, which results in relatively low operating costs. However, owing to the 

equilibrium limitations (Figure 1.4), full chlorine recovery in single pass is not possible. A 

feasible option is to combine the catalytic HCl oxidation with an optimized ODC-based HCl 

electrolysis, as illustrated in Figure 9.1. Most of the HCl by-product of phosgenation processes 

will be converted into Cl2 first by a catalytic process. The unreacted HCl will be separated as 

aqueous hydrochloric acid, which will be subjected to electrolysis to recover further Cl2. This 

HCl recovery train leads to full HCl recycling in single pass and forms a closed chlorine cycle 

for the production of polyurethanes and polycarbonates (see Figures 1.3, in Chapter 1). 

 

Figure 9.1. A proposed option to achieve full chlorine recovery in single pass. Adapted from Pérez-
Ramírez et al., Energy Environ. Sci. 2011, 4, 4786. 

Although outstandingly durable Deacon catalysts are developed herein through rational 

approaches based on understanding and realistic potential assessments, some aspects need 

further investigation. For example, the unprecedented stability of CuCrO2 in HCl oxidation 

with respect to other cuprous delafossites is not fully understood and therefore density 

functional theory would help to gain molecular level insights. Besides, very little is known on 
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the synthesis and properties of delafossite-type materials and, thus, it would also be interesting 

to thoroughly investigate the formation mechanism of delafossites by using in situ methods and 

to study the influence of the mechanochemical activation of the constituting oxides mixture 

prior to calcination on the formation of delafossite phase. Furthermore, owing to their 

robustness, these new generation Deacon catalysts could be conveniently applied to other 

reactions involving aggressive reaction mixture. A representative reaction in this category is 

the oxychlorination of ethylene to ethylene dichloride (EDC), in which CuCl2/-Al2O3 catalyst 

has been exclusively studied. Catalyst deactivation by volatilization of active phase and 

stickiness of the catalyst particles, leading to disruption of the fluidization, has been and still is 

an issue. Besides stability, the poor selectivity of copper catalysts is another main problem 

needs to be addressed. The new generation Deacon catalysts may demonstrate a stable 

behavior in oxychlorination, but extensive studies are required to assess their performance in 

terms of selectivity. Another interesting reaction, which is driven by catalyst stability in the 

corrosive reaction medium, is the gas-phase oxidation of HBr to Br2. This reaction is known 

since 1937 and has been studied over copper and cerium-based catalysts, but it received less 

industrial and academic attention compared to the Deacon reaction. Nonetheless, owing to the 

recent conceptualization of the possibility of functionalizing alkanes under mild conditions 

using bromine-based chemistry, this process is highly demanded to valorize the HBr byproduct 

of this novel alkane functionalization route. The catalysts presented in this study may 

represent suitable materials to recycle HBr byproduct to Br2. Although, the basic principle in 

HCl and HBr oxidation is apparently similar, the different reactivity of chloride and bromide 

species may lead to a different surface chemistry of these catalysts and, thus, to the different 

reactivity and stability orders in HBr oxidation compared to HCl oxidation. Studies on 

oxychlorination and HBr oxidation are currently undertaken as separate research topics for two 

theses in the research group of Prof. Dr. J. Pérez-Ramírez at the Institute for Chemical and 

Bioengineering, ETH Zurich.     
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Annexes 

 
Chapter 2 

 

 

Figure A2.1. Identification of crystalline phases in the XRD patterns of fresh (as received) CuO, CuCl2, 
and CuCl and after Deacon tests in flow and TAP conditions. The broad reflection marked with 
asterisk is due to the quartz particles used to confine the catalyst in the TAP reactor that is 
unavoidably mixed with the sample (having the same sieve fraction as quartz) during the unloading 
procedure. 
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Chapter 4 

Experimental Section  

Standard characterization. The chemical composition of the supported catalyst was 

determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis in a Perkin 

Elmer Elan 6000 instrument equipped with a collision cell. Prior to the measurements, the 

samples were digested in acid solutions and the solid residues treated by alkaline fusion 

followed by dissolution. Nitrogen isotherms at 77 K were measured in a Quantachrome 

Autosorb 1-MP gas adsorption analyzer. Prior to the measurement, the samples were degassed 

in vacuum at 473 K for 10 h. The Brunauer-Emmett-Teller (BET) method (Brunauer et al., J. 

Am. Chem. Soc. 1938, 60, 309) was applied to calculate the total surface area, which was used 

for comparative purposes. Powder XRD was measured in a Bruker AXS D8 Advanced 

diffractometer. Data was recorded in the range 10-70 2 with an angular step size of 0.02° and 

a counting time of 4 s per step. H2-TPR was measured in a Thermo TPDRO 1100 set-up 

equipped with a thermal conductivity detector. The samples were loaded in a quartz micro-

reactor (11 mm i.d.), pre-treated in He (20 cm3 STP min−1) at 393 K for 1 h, and cooled to 

323 K in He. The analysis was carried out in a mixture of 5 vol.% H2 in N2 

(20 cm3 STP min−1), ramping the temperature from 323 to 1173 K at 10 K min−1. Micro-

structural and chemical characterizations of the RuO2/SnO2 catalyst were recorded on a Titan 

80-300 kV Transmission Electron Microscope (TEM) with Cs corrector. All specimens were 

prepared by ultrasonically suspending in chloroform for 10-15 s. For each specimen, a drop of 

the suspension was deposited on a circular copper grid covered by a thin holey carbon film. 

Energy Dispersive X-ray (EDX) elemental mappings were collected on Titan TEM, as well. 

Theoretical simulations and micro-kinetic modeling. Density Functional Theory applied to 

slabs representing the lowest-index facets of RuO2 was employed to determine the 

thermodynamic and kinetic parameters for HCl oxidation. The VASP code was employed in 

the calculations (Kresse and Hafner, Phys. Rev. B 1993, 47, 558.; Kresse and Furthmüller, 

Phys. Rev. B 1996, 54, 11169). The functional of choice was RPBE (Hammer et al., Phys. Rev. 

B 1999, 59, 7413) and the inner electrons were replaced by PAW pseudopotentials (Kresse and 

Joubert, Phys. Rev. B 1999, 59, 1758), while monoelectronic valence states were expanded in 
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plane waves with a cutoff energy of 400 eV. Transition state searching was performed through 

the CI-NEB method (H. Jónsson et al., Classical and Quantum Dynamics in Condensed Phase 

Simulations, Ed. World Scientific, Singapore, 1998, pp. 385-404) and the potential transition 

state structures were proven to be true transition states (i.e. single imaginary frequency). The 

slabs representing the surfaces were taken as follows: a 2 × 1 slab for (110), 1 × 2 for (101) 

and 2 × 2 for (100), in all cases three layers were considered, see Figure A4.1a-c. The 

corresponding k-point samplings were set to 4 × 4 × 1, 3 × 6 × 1, and 3 × 4 × 1, respectively 

(Monkhorst and Pack, Phys. Rev. B 1976, 13, 5188). Adsorption was performed only on one 

side of the slabs and the upper of three layers were allowed to relax. To represent the 

RuO2/SnO2 catalyst only the (110) surface was considered. On top of SnO2(110) either one 

(model RuO2/SnO2(1ML)) or two (model RuO2/SnO2(2ML)) epilayers of RuO2 were 

accommodated (Figure A4.1d,e). For density of states calculations we employed additionally a 

model of 3ML RuO2/SnO2, and showed that the DOS is similar to the 2ML case. The total 

thickness of these slabs corresponds to five layers where the upper three layers were relaxed in 

all directions. 

Ab initio simulations have shown that the coverage at the bridge sites of the RuO2(110) 

surface is close to 0.5ML and penetration of Cl towards the bulk is found to be unlikely (López 

et al., J. Catal. 2008, 255, 29). The same happens for the (101) and (100)  surfaces.  With  the  

 

Figure A4.1. Schematic representation of the models showing the different RuO2 surfaces: 
(a) RuO2(110), (b) RuO2(101), (c) RuO2(100), (d) RuO2/SnO2(110) (1ML), and (e) RuO2/SnO2(110) 
(2ML). Light gray spheres represent Ru, dark gray Sn, and red O. 
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surface energies of the low-index facets the structure of equilibrium nanoparticles can be 

calculated through the Wulff construction (Wulff, Z. Krystal. Min. 1901, 34, 449). In the 

present case, calculations for the pure RuO2 sample have shown a good agreement with the 

XRD estimates. The Wulff structure provides about 43% of RuO2(110), 42% of RuO2(101), and 

15% of RuO2(100). The contribution of other facets, i.e. RuO2(001), seems unlikely under the 

experimental preparation conditions described above. Therefore, in order to analyze the 

complete Deacon reaction on RuO2 nanoparticles we have considered the individual reaction 

paths on the most representative structures: RuO2(110), RuO2(101). The total rate for the 

nanoparticle was then calculated as the sum over all the facets of their individual rates: 

r =  si ri               (1) 

where the sum runs over all the relevant facets and si is the fraction of surface ‘I’ presenting 

rate ‘ri’. 

Rate coefficients for the elementary steps were determined using the thermodynamic and 

kinetic determination obtained from DFT and from the partition functions for each species 

(Chorkendorff and Niemantsverdriet, Concepts of Modern Catalysis And Kinetics, Wiley-VCH, 

Weinheim, 2003). The rates (r) for the elementary steps in the mechanism (see equations 2-7 

in Chapter 4) were determined by multiplying the coverage of reactants by the corresponding 

rate coefficient (k). Rate coefficients were computed through the transition state theory, where 

k0 is the preexponential factor, Ea is the ZPVE corrected energy, qIS and qTS are the vibrational 

partition functions of transition states and reactants at a given temperature.  

K = k0 exp(−Ea/kB T) = kB T/h qTS/qIS exp(−Ea/kBT)      (2) 

The adsorption steps were calculated by the Hertz-Knudsen equation: 

rads = pi(2mi kB T)−1/2 Acat *          (3) 

where pi is the partial pressure of i, kB is the Boltzmann constant and Acat is the area of a free 

site. In addition, the site balance equation: 

1 = *+ O+ Cl+ 2O2
+ OH+ H2O         (4) 

was employed for the cus sites on the surface. In order to compare the experimental values and 

the simulated ones a factor that takes into account the number of species exerting the 
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equivalent pressure on the surface was employed. This parameter, V = 10 cm3, through the 

ideal gas equation gives rise to a number of particles similar to those in the experiments and 

thus was fixed for all the simulations. In addition, the total catalyst surface is 5 m2. The set of 

equations above constitutes a group of differential algebraic equations (DAE) that can be 

solved numerically by employing the Maple software. Then micro-kinetic (MK) simulations 

were performed through a batch-model reactor with the set-up employed previously for 

ammonia oxidation (Novell-Leruth et al., J. Phys. Chem. C. 2008, 112, 13554). In the MK 

simulations the initial relative pressures and temperatures correspond to those employed 

experimentally and the initial conditions are described in Chapter 4. From the MK models 

several parameters have been obtained like the apparent activation energy, the inhibition effect 

by the products and the correlation between the species on the surface and the reaction rate. 

Moreover, tests on the self-consistency of the equations representing the reaction path were 

performed. In particular, different configurations for the proton transport on the surface and 

several degrees of complexity in the reoxidation steps were considered. However, no significant 

differences were obtained with respect to the most compact equation set reported in 

Chapter 4. 

As for the rates in Figure 4.9, initial velocities were taken into account, whereas for 

Figures 4.10 and 4.11 the reaction rates were evaluated at 0.1 s for all the panels in the figure. 

To determine the apparent activation energies (Ea
app), different runs of the MK model with 

different temperatures were accumulated (400-673K) and then the TOF was determined at the 

initial conditions for the NP model.  

 

Results 

The XRD analysis of RuO2/SnO2 (Figure A4.2) provides evidence of the SnO2 crystalline phase 

only. The H2-TPR profile obtained for the catalyst (Figure A4.3) evidences that reduction of 

the ruthenium phase occurs in a single step (peak maximum at 467 K). Bulk reduction of SnO2 

occurs at high temperatures producing an intense signal with maximum at 922 K, whereas 

reduction of surface SnO2 assisted by the ruthenium phase occurs at lower temperatures 

(687 K).  
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Figure A4.2.  Selected area XRD pattern of RuO2/SnO2 with an enlarged zoom on the bottom of the 
main (110) and (101) reflections. The patterns of SnO2 (JCPDS 77-0447, Cassiterite, tetragonal) and 
pure RuO2 (JCPDS 40-1290, tetragonal) are shown for comparison.  

 

Figure A4.3.  H2-TPR profiles of RuO2, SnO2, and RuO2/SnO2.  
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Figure A4.4. EDX mapping of the elemental distribution of O, Sn and Ru in the RuO2/SnO2 catalyst, 
indicating a RuO2 layer around the SnO2 support. 
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Figure A4.5. Complete reaction energy profile for the oxidation of HCl by oxygen on the RuO2 surfaces. 



Appendix A 
 

- 180 - 
 

RuO2(110) RuO2(101) 

IS TS FS IS TS FS

   

HCl + O* + * ↔ OH* + Cl*

  

   

OH* + OH* ↔ O* + H2O* 

 

   

H2O* ↔ H2O + * 

 

   

Cl* + Cl* ↔ Cl2 + 2* 

 

   

O2 + 2* ↔ O2
** 

 

   

O2
** ↔ 2O* 

 

Figure A4.6. Schematic representation of the initial (IS), transition (TS), and final (FS) steps for all of 
the reaction steps considered in the present study for both RuO2(110) and (101) surfaces. Blue spheres 
represent Ru, red O, white H, and green Cl. 
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Figure A4.7. Projected Density of States for RuO2 and 1-3 ML of RuO2 on SnO2(110). The 
corresponding Fermi energies are: 1.25, 2.03, 1.35, and 1.00 eV for RuO2, 1, 2, and 3 ML of RuO2 on 
SnO2(110), respectively, and 1.79 eV for SnO2(110) itself.  
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1ML              2ML              3ML 

Figure A4.8. Density difference for 1-3 ML monolayers of RuO2 on SnO2(110). Red areas indicate 
accumulation while blue ones show depletion of the electronic density upon the formation of the 
interface. Red spheres stand for O atoms, blue for Sn, and green for Ru.  
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Figure A4.9. Influence of pO2

 on the normalized reaction rate (ri/r0) over the binder-free RuO2/SnO2 
catalyst during an in situ PGAA experiment carried out at atmospheric pressure. pO2

 is expressed in pHCl 
units. The HCl flow was constant at 33.3 cm3 STP min−1 and the total flow was kept constant at 
166.6 cm3 STP min−1 with the addition of inert N2. The rate is normalized to the activity at 
O2/HCl/N2 = 1:1:3. 
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Figure A4.10. Influence of pO2

 (a) and the chlorine uptake (Cl/Ru ratio) (b) on the normalized reaction 
rate (ri/r0) over the RuO2/SnO2-Al2O3 catalyst during an in situ PGAA experiment carried out at 
atmospheric pressure. pO2

 is expressed in pHCl units. The HCl flow was constant at 33.3 cm3 STP min−1 
and the total flow was kept constant at 166.6 cm3 min−1 with the addition of inert N2. The rate is 
normalized to the activity at O2/HCl/N2 = 1:1:3. 
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Figure A4.11. Apparent activation energy for the “nanoparticle” model at initial velocities and with the 
following initial conditions: p0

O2 = 0.2 bar, p0
HCl = 0.2 bar, * = 1, T = 400-673 K.  

 

 

Table A4.1. Equilibrium constants for each of the steps and comparison to the experimental value 
(2HCl + 1/2O2 ↔ Cl2 + H2O) together with the calculated thermodynamic values. NIST 
H = −57.2 kJ mol−1, G = −20.3 kJ mol−1, and derived equilibrium constant Keq = 70.2 at 573.15 K 
(http://webbook.nist.gov/chemistry/, Retrieved Dec. 2010). 

 RuO2(110) RuO2(101) 
O2 + 2*  O2** 3.96 × 10−9 1.55E−10 
O2**    2O 1.50 × 105 3.36E+05 
HCl + O*    Cl* + OH* 5.31 × 10−1 1.13E−02 
2OH*    O* + H2O* 5.46 × 10−3 4.14E−02 
H2O*    H2O + * 6.93 × 105 3.98E+07 
2Cl*    Cl2 + 2* 2.54 4.32E+01 
Keq  65.9 6.59E+01 
H −54.3 −54.3 
G(573.15 K) −17.3 −17.3 
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Table A4.2. Core level shifts, in eV, of the O 1s species for the clean RuO2(110) surface and the 
corresponding overlayers on SnO2(110): RuO2/SnO2(110) 1ML/4ML and RuO2/SnO2(110) 2ML/3ML. 
The experimental value reported by Over and coworkers for the Ob position on the clean surface is 
−0.8 eV (Knapp et al., J. Phys. Chem. B 2006, 110, 14007). 

System Ob 1s O3c 1s 
RuO2(110) −0.6 −0.1  
RuO2/SnO2(1ML) −0.8 −0.3 
RuO2/SnO2(2ML) −0.8 −0.3 

 

Table A4.3. Vibrational frequencies, 1 in cm−1, for some adsorbed species on RuO2(110). The first three 
columns 1-3 correspond to the vibrations of the adsorbed atom directly in contact to the surface (1 z-
direction, 2 and 3 x-y associated modes). For complex fragments, the remaining frequencies 4-9 

correspond to the remaining modes of the OH or water groups. 

System 1 2 3 4 5 6 7 8 9 
Clcus 336 122 91  
Clb 301 208 131  
Ob 455 434 207  
Ocus 874 228 175  
OcusH 580 211 149 3681 864 267  
ObH 411 351 212 3709 823 572  
H2Ocus 313 170 162 3736 2899 1590 650 663 462

  

Table A4.4. Energy (∆E) and Gibbs (∆G0) free energy in kJ mol–1 M (M = Sn, Ru) atom for the 
complete chlorination of SnO2 and RuO2 by Cl2 or HCl.a 

Chlorination equation 
 ∆G0 

∆E 573.15 K 703.15 K

SnO2 + 2 Cl2  SnCl4 + O2 -41.46 147.43 182.96 

SnO2 + 4 HCl  SnCl4 + 2 H2O -149.98 115.10 168.72 

RuO2 + 3/2 Cl2  RuCl3 + O2 101.73 223.42 252.66 

RuO2 + 4 HCl  RuCl3 + 2 H2O + 1/2 Cl2 -6.80 201.09 238.42 
a All the chemical potential of the gases has been calculated through statistical thermodynamics
(McQuarrie et al., Molecular Thermodynamics, University Science Books, Sausalito California, 1999).
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Chapter 5 

 
Figure A5.1. XRD patterns of SnO2, SnO2-Al2O3 and SnO2-SiO2-n composites, and Al-doped SnO2 
samples. 
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Chapter 6 

Description of characterization techniques. Powder X-ray diffraction (XRD) was measured 

using a PANalytical X’Pert PRO-MPD diffractometer. Data was recorded in the 10-70 2 

range with an angular step size of 0.017 and a counting time of 0.26 s per step. Nitrogen 

sorption at 77 K was measured using a Quantachrome Quadrasorb-SI gas adsorption analyzer. 

Prior to the measurement, the samples were degassed in vacuum at 473 K for 10 h. 

Temperature-programmed reduction with hydrogen (H2-TPR) was measured using a 

Thermo TPDRO 1100 unit equipped with a thermal conductivity detector. The samples were 

loaded in the quartz micro-reactor (11 mm i.d.), pre-treated in He (20 cm3 STP min−1) at 

473 K for 30 min, and cooled to 323 K in He. The analysis was carried out in 5 vol.% H2/N2 

(20 cm3 STP min−1), ramping the temperature from 323 to 1173 K at 10 K min−1. Oxygen 

storage capacity (OSC) measurements were also conducted using a Thermo TPDRO 1100 unit. 

The samples (20 mg) were pre-treated in He (20 cm3 STP min−1) at 773 K (10 K min−1) for 

30 min and then exposed to 5 vol.% H2 in N2 (20 cm3 STP min−1) at 573 K and until no H2 

consumption was observed anymore. The obtained OSC values are expressed in micrograms of 

O per gram of catalyst. Thermogravimetric analysis was performed using a Mettler Toledo 

TGA/DSC 1 Star system analyzer connected to a Pfeiffer Vacuum ThermoStar GSD 320 T1 

Gas Analysis System. Analyses were performed in N2 (40 cm3 STP min−1), ramping the 

temperature from 298 to 1173 K at 10 K min−1. AMU 32 (O2), 35 (Cl), 18 (H2O), and 71 (Cl2) 

were continuously monitored. High-resolution transmission electron microscopy (HRTEM) 

investigations were undertaken using a Titan 80-300 Cs-corrected microscope equipped with a 

Gatan Tridiem Image Filter. Prior to the measurement, selected samples were deposited on a 

Cu-TEM grid via dry preparation. Crystalline phases were assigned according to ICSD 

database using the following structures: JCPDS 73-6328 for CeO2, JCPDS 75-1891 for CeCl3, 

JCPDS 52-1843 for CeOCl, and JCPDS 01-0149 for CeCl3 6H2O. X-ray photoelectron 

spectroscopy (XPS) was performed at room temperature using non-monochromatized Al K 

(1486.6 eV) excitation and a hemispherical analyzer (Phoibos 150, SPECS). Samples were 

transferred to the spectrometer chamber under regular air exposure. The binding energy scale 

was calibrated by internally referencing to the Ce 3d U’’’ (916.7 eV) hybridization state of Ce4+ 
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to correct for charging effects. The chlorine content of the samples was calculated from the 

Cl 2p and Ce 4d states after Shirley background subtraction. The values are thus related to a 

situation in which chlorine is homogeneously distributed in the information depth. Since this is 

unlikely, 3 different layer models were employed to calculate the number of layers in CeO2 that 

experienced chlorination, assuming that Cl atoms are either adsorbed on the surface or 

substituting lattice O atoms. For layer thickness, 3.12 Å was considered, which is the lattice 

parameter of the most prominent [111] surface facet. First, the inelastic mean free path (IMFP) 

value was estimated for ceria using the Tanuma, Powell, and Penn algorithm (Tanuma et al., 

Surf. Interface Anal. 1994, 21, 165), and used this in the first model. For the Cl 2p and Ce 4d 

electrons used for the quantification, the IMFP was calculated as 21.1 and 22.0 Å, respectively. 

Elastic scattering causes the attenuation length to be typically between 10% and 25% shorter 

than IMFPs, depending on the type of material and the kinetic energy of the electrons 

(Cumpson and Seah, Surf. Interface Anal. 25 (1997) 430). Therefore, in our second model, 80% 

of IMFP for practical effective attenuation length (EAL) at normal electron emission was 

assumed. Based on DFT simulations (section 2.5 of the Chapter 6), only 3/4 Cl occupation 

was considered in the third model. Calculation of the layer thickness was in all three cases 

based on the equation: 

d = EAL cos ln(1 + ICl-Ce / (R (ICe4d−ICl-Ce)))                  

This equation is equivalent to that used to calculate the layer thickness of SiO2 over Si 

(Seah et al., Surf. Interface Anal. 2009, 41, 430).  is the electron emission angle (zero in our 

case), ICl-Ce is the Ce 4d intensity equivalent to the recorded Cl 2p signal, and R is the relative 

intensity of Ce 4d of pure materials (overlayer: ceria with incorporated Cl; substrate: CeO2). R 

was assumed equal to 1, as we considered that Cl atoms replaced lattice O atoms (if not 

adsorbed on the surface). ICe4d is the recorded Ce 4d signal. Note that in the model of only 

inelastic events, model 1, IMFP substitutes EAL.  
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Figure A6.1. (a) H2-TPR profiles of CeO2 catalysts. All profiles are characterized by a main peak of 
hydrogen consumption centered at 1073-1150 K, due to the reduction of bulk CeO2. Less intense peaks 
around 723-773 K are assigned to reduction of labile surface and near-surface oxygen species (Yao et al., 
J. Catal. 1984, 86, 254; Trovarelli, Catal. Rev. -Sci. Eng. 1996, 38, 439). The profiles indicate that 
reduction of surface CeO2 starts at ca. 573 K. (b) Oxygen storage capacity (OSC) of CeO2-773-F 
measured at different temperatures. As HCl oxidation involves participation of the CeO2 outermost 
surface layers, the temperature of the OSC measurement has to be selected so that reduction would be 
mostly limited to the (near-)surface region. The H2-TPR results in (a) gave preliminary indication of a 
suitable temperature (573 K). OSC measurements carried out on CeO2-773-F at temperatures between 
573 and 873 K evidenced substantially similar OSC values in the temperature range of 523-773 K, 
suggesting reduction at the surface level only. However, a further temperature increase by 100 K 
enabled reduction of the bulk to some extent. This result is in line with literature reports (Trovarelli, 
Catal. Rev. -Sci. Eng. 1996, 38, 439, Fornasiero et al., Appl. Catal., B 1999, 22, L11, Aneggi, et al., J. 
Alloys Compd. 2006, 408-412, 1096). On the basis of these data, the OSC of the catalysts was measured 
at 573 K. 
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Figure A6.2. Diagnostic to verify the absence of extra-particle and intra-particle diffusion limitations in 
the catalytic tests. HCl conversion versus volumetric flow rate (a) and particle size (b) over CeO2-1173-
F. Conditions: inlet mixture of 10 vol.% HCl and 20 vol.% O2 balanced in N2, Tbed = 703 K, 
W/F0(HCl) = 11.2 g h mol−1, P = 1 bar, and time-on-stream = 3 h. 
 

 
Figure A6.3. HCl conversion and total surface area versus time-on-stream for CeO2-773-F. Conditions: 
inlet mixture of 10 vol.% HCl and 20 vol.% O2 balanced in N2, Tbed = 703 K, 
W/F0(HCl) = 11.2 g h mol−1, and P = 1 bar. The HCl conversion was practically constant at each 
measured point, whereas the SBET halved already after 15 min on stream and further decreased up to 
3 h, reaching a value that corresponds to about 25% of the original one (27 versus 106 m2 g−1). These 
results confirmed the observed independence of the activity on SBET for values of the latter greater 
than 25 m2 g−1 and additionally indicated that the restructuring of high-surface area catalysts upon 
contact with the reaction mixture occurs rapidly. 
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Figure A6.4. (a) Equilibrium HCl conversion versus reaction temperature at variable feed O2/HCl ratio 
and total pressure. (b) HCl conversion versus time-on-stream over CeO2-1173 using various residence 
times. Conditions: inlet mixture of O2/HCl = 5, Tbed = 673 K, and P = 1 bar. High operating 
temperatures (613-703 K range) are required for CeO2, and this implies not only a high energy input, 
but also thermodynamic restrictions to the attainable HCl conversion. Figure A6.4a shows that the 
equilibrium HCl conversion indeed decreases at higher temperatures, but that higher pressures and 
O2/HCl ratios largely overcome these limitations, so that the HCl conversion level achieved can still 
make the development of a technical process feasible (HCl conversion > 80%). For instance, by using a 
feed mixture with O2/HCl = 5 and by increasing the space time (at the limits of our current set-up), 
stable single-pass HCl conversion values of 40% were attained over CeO2-1173-F at 673 K and 1 bar 
(Figure A6.4b). 
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Figure A6.5. (a) HCl conversion versus space time over CeO2-1173-F at different feed O2/HCl ratios. 
Conditions: inlet mixture of 10 vol.% HCl and 5-70 vol.% O2 balanced in N2, Tbed = 703 K, and 
P = 1 bar. (b) Space time yield of Cl2 versus feed HCl concentration and feed HCl/O2 ratio over CeO2-
1173-F. Conditions: inlet mixture of 5-40 vol.% HCl and 10 vol.% O2 balanced in N2, Tbed = 703 K, and 
P = 1 bar. Upon raising the relative HCl content in the feed mixture, the Cl2 production slightly 
increased at first and then progressively diminished. This unexpected result is not due to intrinsic 
kinetics. Low HCl concentrations limit Cl2 production, while HCl excess causes a change in the catalyst 
composition at the surface and near-surface level (chlorination) that leads to activity loss. 
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Figure A6.6. XRD patterns of CeO2-1173 samples used at 703 K in the HCl-rich/O2-rich flow 
experiments (Figure 6.3 in Chapter 6). The O2/HCl ratios used in the two stages and the duration of 
each stage are reported on the right-hand side of the figure. The most intense reflections are specific to 
CeO2 (JCPDS 73-6328, black lines). Minor amounts of CeCl3 6H2O (JCPDS 01-0149, gray lines; the 
relative reflections are visualized in the black boxes) were present for the sample exposed to 
O2/HCl = 2 for the O2-rich stage. 
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Figure A6.7. Thermogravimetric profiles of fresh and Deacon-used CeO2 catalysts. Mass spectrometry 
profiles for H2O (AMU 18) and for Cl (AMU 35) coupled to the TGA analysis of CeO2-773-0 are shown 
in the secondary y-axis. The peaks result identical for all the samples in terms of number and position, 
while their intensity differs according to the extents of weight loss. The weight loss of chlorinated 
samples occurred in several steps. Up to 400 K, removal of surface impurities, such as physically 
adsorbed water (peak 1), took place. This loss was observed for the fresh sample too. From 360 K up to 
473 K, the water of crystallization of the CeCl3 6H2O phase was lost in three steps (peaks 2-4). Finally, 
chlorine removal took place between 473 and 700 K (peak 5). These assignments were made on the 
basis of literature reports (Wendlandt, J. Inorg. Nucl. Chem. 1957, 5, 118; Guo-Cai et al., Trans. 
Nonferrous Met. Soc. China 2003, 13, 1454). The quantification of the chlorination degree of the 
samples was performed taking into account only the relevant partial weight losses, i.e. relative to 
structural water and chlorine. 

 



Annexes   
 

- 197 - 
 

 
Figure A6.8. Ce 3d core level XPS spectra of CeO2-773 and CeO2-1173 samples in fresh form and after 
treatments under various reaction conditions. A difference spectrum (HCl treatment minus fresh 
sample) and a CeCl3·6H2O reference spectrum are included for comparison. 
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Figure A6.9. First principles thermodynamics for the CeO2(111) p(2  2) surface containing different 
amounts of chlorine. The plane showing the lowest energy G at a given set of pressures is the most 
likely equilibrium structure under reaction conditions. The employed temperature was set to 
T = 703.15 K. The code for the configurations is indicated in the lowest panel: black for pure 
CeO2(111); green for a single Cl occupying a vacancy on the surface; blue for a substituting Cl atom 
and a second Cl on top of a Ce site; and red for two Cl substituting two oxygen atoms on the surface. 
Gray spheres stand for Ce atoms, red for surface O atoms, scarlet for sub-surface O atoms, and green 
for Cl atoms. 
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Chapter 7 

 
Figure A7.1. XRD patterns of the uranium oxides in fresh form (gray lines) and after H2-TPR analysis 
in 5 vol.% H2/N2 up to 1173 K (black lines). 

 
Figure A7.2. XRD patterns of the uranium oxides in fresh form (gray lines) and after treatment in 
20 vol.% O2/N2 at 773 K for 3 h (black lines). Crystalline phases in the samples are indicated on the 
right panel, with the predominant phases in bold. 



Appendix A 
 

- 200 - 
 

 
Figure A7.3. (a) H2-TPR of -U3O8 in fresh form, after Deacon, and used -U3O8 after calcination at 
773 K in static air for 5 h. TEM of -U3O8 in (b) fresh form and (c) after Deacon. 
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Chapter 8 

Table A8.1. Synthesis conditions of the cuprous delafossites. 

Compound 
Heating rate 
(K min−1) 

Temperature
(K) 

Dwell time
(h) 

Heating 
atmosphere 

Cooling 
atmospherea 

CuCrO2 10 1373 30 static air static air
CuAlO2 10 1373 30 static air static air
CuFeO2 10 1373 30 static air N2 flow
CuMnO2 10 1273 30 static air N2 flow
CuGaO2 10 1423 30 static air N2 flow
a Cooling of CuFeO2, CuMnO2, and CuGaO2 in air leads to the oxidative decomposition of the 
delafossite phase into CuO and the CuM2O4 spinels. 

 

 
Figure A8.1. Ellingham diagram showing the thermodynamic stability regions for delafossite and spinel 
phases at various temperature and O2. 
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Figure A8.2. Space time yield versus time-on-stream over CuCrO2 and 30CuCrO2-70CeO2. Conditions: 
Tbed = 653 K, O2/HCl = 2, Wcat = 0.5 g, FT = 166.6 cm3 STP min−1, and P = 1 bar. 

 

Figure A8.3. XRD patterns of the 30CuCrO2-70CeO2 composite in as-prepared form and after HCl 
oxidation. 
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Based on the work described in this thesis, 3 covers were published in different journals. These 
are presented on the following pages, together with explanations to illustrate the scientific 
background. 
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Cover 1 

This cover picture, based on Chapters 2 and 4 and associated with an article published in 

ChemCatChem (2011, 3, 657), shows the prominent stages in the development of industrially 

viable RuO2-based catalyst for HCl oxidation (Deacon process), from fundamental studies on 

single crystal and powder samples to pilot-scale tests on shaped bodies. 
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Cover 2 

This cover picture, based on Chapter 5 and linked with a paper published in ChemCatChem 

(2013, 5, 748), represents the key role of (support’s) stability in the design of a low ruthenium 

content industrial RuO2/SnO2-Al2O3 catalyst in shaped (pellet) form for HCl oxidation. This 

catalyst with 0.5 wt.% Ru exhibited outstanding activity and lifetime, which aroused from the 

optimal nano-structuring of the active phase (RuO2) onto the support (SnO2) in combination 

with the stabilizing role of Al2O3. 
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Cover 3 

This cover picture, based on Chapter 8 and published with a communication in Angew. Chem. 

Int. Ed. (2013, 52, 9772), represents the ultimate success in achieving a stable copper-based 

catalyst for HCl oxidation. Although CuCl2-based catalyst was discovered by Henry Deacon as 

early as 1868, it is prone to volatilization and metal loss under reaction conditions. Our 

sustained research efforts since 2006 resulted in the discovery of CuCrO2 delafossite as a first 

material which preserved its bulk under Deacon conditions, leading to stable Cl2 production in 

long  catalytic  run.   The   idea  of  sand  watch,  displaying  the  above  findings,  is  of  

Prof. Dr. J. Pérez-Ramírez. 
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