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Summary

Chlorine and bromine are key building blocks for the production of indispensable

commodities including bulk chemicals, polymers, and pharmaceuticals. During the production,

a large portion of the halogens is converted into undesirable hydrogen halide by-products.

Consequently, efficient processes are sought after that recycle HCl and HBr back into high-

purity chlorine and bromine.

An attractive approach to valorize the aforementioned by-products is the energy-efficient

heterogeneously catalyzed gas-phase oxidation of hydrogen halides to the corresponding

halogen. The first successful industrial-scale recovery of chlorine, implemented in the

manufacturing of polyurethanes and polycarbonates, was realized through the development

of the highly stable and active RuO2/TiO2 and RuO2/SnO2 catalysts. However, the relatively

high price of ruthenium prompted the search for more cost-effective alternatives, leading to

the discovery of CuCrO2, U3O8, and CeO2. In particular, CeO2 has received growing attention,

because it is inexpensive and environmentally friendly. Still, these alternatives had not been

developed into technical catalysts. Apart from HCl oxidation, cerium-based catalysts have also

been reported active for the oxidation of HBr to Br2. This recovery is crucial for the bromine-

mediated functionalization of alkanes; an emerging technology to convert natural gas into fuels

and chemicals. However, the commercialization of HBr oxidation has been hampered by the

high exothermicity of the reaction as well as the lack of a systematic evaluation of the catalysts

and a fundamental understanding of the reaction mechanism.

This thesis comprises a detailed study on the hydrogen halide oxidation over heterogeneous

catalysts from fundamental aspects to scale up. Structure-performance relationships are

presented that rationalize the design of new technical catalysts for HCl oxidation. The activity

and stability of novel catalysts for HBr oxidation is evaluated. A comparative investigation

of HCl and HBr oxidation is undertaken by applying advanced experimental techniques in

combination with molecular modeling in order to complete the mechanistic understanding

of halogen chemistry over rutile-type and CeO2-based catalysts. The technical feasibility of

operating hydrogen halide oxidations in fixed-bed reactors is assessed by means of simulations.
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CeO2 is considered as a potential HCl oxidation catalyst for large-scale application, but it

may suffer for bulk chlorination, which is detrimental to its activity. IrO2 is a more expensive

catalyst, but it does not exhibit bulk chlorination as CeO2, and it is more stable than RuO2

against high-temperature volatilization. In order to evaluate the potential of IrO2 and CeO2,

studies were conducted to develop catalysts in technical form that led to an optimization of

the iridium content and an improvement of the stability of CeO2, respectively. IrO2 exhibits

a rutile-type structure like RuO2, and is a high-temperature active catalyst like CeO2. The

investigation of bulk, supported, and technical IrO2-based catalysts indicated that IrO2 nano

structures are stabilized on rutile TiO2. These results complemented the understanding on

the performance of rutile-type materials in HCl oxidation. For CeO2, a detailed analysis of

the interaction between active phase and support showed that the ZrO2 support stabilizes

both nanostructures of CeO2 and Ce-Zr mixed oxide phases, which improved the oxidation

properties and reduced the chlorine uptake. Herein, CeO2/ZrO2 extrudates evidenced high

stability for 700 h in pilot-scale testing. Moreover, unlike the RuO2- and IrO2-based systems, the

performance of CeO2/ZrO2 is unaffected by CO impurities, present in the technical HCl feeds.

In its chlorinated state, CeO2/ZrO2 is inactive for CO oxidation rendering it an outstanding

HCl oxidation catalyst.

The search for new HBr oxidation catalysts was undertaken within a comparative study

between HCl and HBr oxidation. The investigation of both reactions over various systems

indicated that HBr oxidation is more favorable than HCl oxidation, due to the absence of

thermodynamic limitations and the ease of bromine evolution from the surface of the catalyst.

The catalytic activity of TiO2 in HBr oxidation was a key discovery. TiO2-rutile, which

is inactive in HCl oxidation, catalyzed the oxidation of HBr to Br2 through a self-doping

mechanism with bromine. An in-depth study of the reaction mechanisms and surface chemistry

was achieved through a combination of Density Functional Theory (DFT), Temporal Analysis

of Products (TAP), and operando Prompt Gamma Activation Analysis (PGAA). The surface

of the rutile-type catalysts (RuO2, IrO2, and TiO2) underwent structural changes. The uptake

of bromine was larger compared to that of chlorine due to the higher exothermicity of the HBr

adsorption. RuO2 experienced extensive subsurface bromination, which was detrimental to its
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activity and stability. TiO2 exhibited intrinsically low and stable bromine coverage and retained

its structural stability and activity. CeO2-based catalysts were also more prone to bromination

than chlorination under reaction conditions. Their stability was increased by homogeneously

mixing CeO2 and ZrO2, which indicated the superior performance of the mixed Ce-Zr oxides over

the supported CeO2 nanostructures. The significant activity of TiO2 and the more problematic

stability of RuO2- and CeO2-based catalysts in HBr oxidation are in stark contrast to their

performance in HCl oxidation, thus individual catalyst design concepts are required for both

reactions. The different catalytic properties of these materials can be utilized by combining

them in a staged catalyst bed. Reactor simulations highlighted the benefits of this strategy

in cooled multi-tubular or adiabatic cascade reactor configurations enabling stable, safe, and

cost-efficient operation of HCl and HBr oxidation.

Overall, this thesis contributes to the general understanding of the catalyzed hydrogen

halide oxidation, discusses strategies to optimize the technical catalyst design, and bridges

the gap between HCl and HBr oxidation. The findings constitute an important milestone in

order to establish the catalytic oxidation as the key process for large-scale halogen production

and provide fundamental knowledge for the on-going work that targets the oxyhalogenation of

hydrocarbons.





Zusammenfassung

Chlor und Brom sind wichtige Schlüsselprodukte für die Produktion von unentbehrlichen

Gütern unter anderem von Chemikalien, Polymeren und Arzneimitteln. Während der

Herstellung wird ein großer Teil der Halogene in unerwünschte Halogenwasserstoffe umgesetzt.

Folglich werden effiziente Prozesse benötigt, die HCl und HBr wieder in hochreines Chlor und

Brom umwandeln.

Ein attraktiver Ansatz zur Wiederverwertung der genannten Nebenprodukte ist die

energieeffiziente heterogen katalysierte Gasphasenoxidation von Halogenwasserstoffen zu

Halogenen. Die erste erfolgreiche industriele Rückgewinnung von Chlor, wie sie in der

Herstellung von Polyurethan und Polycarbonat eingesetzt wird, wurde durch die Entwicklung

von hoch stabilen und aktiven RuO2/TiO2- und RuO2/SnO2-Katalysatoren ermöglicht.

Allerdings ist der Preis von Ruthenium relativ hoch, was den Anstoß gab kostengünstigere

Alternativen zu suchen, dies führte zur Entdeckung von CuCrO2, U3O8 und CeO2. Insbesondere

CeO2 galt wegen seiner relativen Wirtschaftlichkeit und Umweltfreundlichkeit wachsende

Aufmerksamkeit. Diese Alternativen wurden bislang jedoch nicht zu technischen Katalysatoren

weiterentwickelt. Für Ce-basierte Katalysatoren wurde neben der HCl-Oxidation auch über

die Aktivität für die Oxidation von HBr zu Br2 berichtet. Dieser Rückgewinnungsprozess

ist ein wichtiger Schritt für die Funktionalisierung von Alkanen mit Brom. Letzteres ist

eine vielversprechende Technologie um Erdgas in Treibstoffe und Chemikalien umzuwandeln.

Die Kommerzialisierung der HBr-Oxidation ist hingegen bisher nicht gelungen, da die hohe

Exothermie der Reaktion sowie die mangelnde systematische Analyse der Katalysatoren und

das fehlende Verständnis für den Reaktionsmechanismus ihre Entwicklung beeinträchtigten.

Diese Dissertation umfasst eine detailierte Studie über die Halogenwasserstoffoxidation

an heterogenen Katalysatoren, welche sich von fundametalen Aspekten bis zum Scale-up

erstreckt. Das Verhältnis zwischen Katalysator, Struktur und Leistung wird untersucht,

um die Herstellung neuer technischer Katalysatoren zur HCl-Oxidation zu rationalisieren.

Ebenfalls wird die Aktivität und Stabilität von neuen Katalysatoren für die HBr-

Oxidation eingehend untersucht. Eine komparative Analyse von HCl- und HBr-Oxidation
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wird mittels fortgeschrittenen experimentellen Techniken in Kombination mit theoretischem

Molekulardesign vorgenommen, um das mechanistische Verständnis der Halogenchemie

auf Rutil-Typ und CeO2-basierten Katalysatoren zu vervollständigen. Zusätzlich wird die

technische Machbarkeit der Halogenwasserstoff Oxidation in Festbettreaktoren simuliert.

Bei CeO2 handelt es sich um einen potenziellen Kandidaten für die großtechnische Chlor

Produktion mittles HCl-Oxidation. CeO2 tendiert allerdings zur Bulk-Chlorierung, was sich

nachteilig auf seine Aktivität auswirkt. IrO2 ist ein teure Alternative, aber es findet im

Gegensatz zu CeO2 keine Bulk-Chlorierung statt. Zudem ist es auch stabiler als RuO2 gegenüber

Verdampfung bei hohen Temperaturen. Um das Potenzial von IrO2 und CeO2 zu bewerten,

wurden Studien durchgeführt, um technische Katalysatoren zu entwickeln, welche letztendlich

einen optmireten Iridium Gehalt als auch eine verbesstere Stabilität des CeO2 erzielten. IrO2

ist ein Hoch-Temperatur-Katalysator wie CeO2 und besitzt eine rutile Kristallstruktur wie

RuO2. Die Untersuchung von IrO2-basierten Katalysatoren zeigten, dass IrO2-Nanostrukturen

auf der TiO2-rutil Oberfläche stabilisiert werden. Die Ergebnisse vervollständigt darüberhinaus

das Verständnis über das Verhalten von rutilen Materialien in der HCl-Oxidation. Für CeO2

wurde eine detaillierte Analyse der Wechselwirkungen zwischen der aktiven Phase und dem

Träger unternommen, die zeigt, dass ZrO2 Träger sowohl durch die Stabilisierung von CeO2-

Nanostrukturen als auch von Ce-Zr-Mischoxid-Phasen die Beständigkeit des Systems verbessert

und die Chloraufnahme verringert. Dementsprechend verfügten die CeO2/ZrO2 Pellets über eine

hohe Stabilität während eines 700 h Pilotversuchs. Ferner ist, anders als bei RuO2- oder IrO2-

basierten Systemen, die Leistung des so hergestellten CeO2/ZrO2-Katalysators unabhängig von

CO-Verunreinigungen, wie sie in technischen HCl-Gasströmen zu finden sind. Im chlorierten

Zustand ist dieser inaktiv für die CO-Oxidation, was ihn somit zu einem hervorragenden

Katalysator für die HCl-Oxidation macht.

Die Suche nach neuen HBr-Oxidationskatalysatoren wurde in einer Vergleichsstudie

zwischen HCl- und HBr-Oxidation durchgeführt. Die Untersuchung beider Reaktionen auf

verschiedenen Katalysatoren ergab, dass die HBr-Oxidation leichter abläuft als die HCl-

Oxidation, da erstere nicht thermodynamisch beschränkt ist und die Brom-Desoprtion von

der Katalysatoroberfläche weniger Energie kostet. Die katalytische Aktivität von TiO2 in
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HBr-Oxidation war hierbei die Schlüsselentdeckung. TiO2, welches inaktiv in der HCl-

Oxidation ist, katalysiert die Oxidation von HBr durch eine Selbstdotierungsmechanismus mit

Br2. Eine ausführliche Studie der Mechanismen und Oberflächenchemie wurde mittels eines

innovativen Ansatzes durchgeführt, welcher unter anderem Dichtefunktionaltheorie (DFT),

zeitliche Produktanalyse (TAP) und operando Prompte-Gamma-Aktivierungs-Analyse (PGAA)

umfasst. Die Oberflächen der Rutil-Typ Katalysatoren (RuO2, IrO2 und TiO2) unterziehen

sich unter Reaktionsbedingungen, strukturellen Veränderungen. Die Aufnahme von Brom

ist größer im Vergleich zu der von Chlor auf Grund der höheren Exothermie der HBr

Adsorption. Die Bromierung von RuO2 durchdringt die obersten Schichten der Oberfläche,

was sich nachteilig auf die Aktivität und Stabilität auswirkt. TiO2 verfügt über eine intrinsisch

niedrige und stabile Oberflächenbedeckung mit Brom, wobei es seine strukturelle Stabilität

und Aktivität beibehält. Auch, CeO2-basierte Katalysatoren sind anfälliger für Bromierung

als für Chlorierung während der Reaktionen. Ihre Stabilität kann durch die homogene

Vermischung zwischen der CeO2- und ZrO2-Phasen erhöht werden, was die überlegene

Leistung des Ce-Zr-Mischoxids gegenüber geträgerten CerO2-Nanostrukturen andeutet. Die

signifikante Aktivität des TiO2 und die weitaus probelmatischere Stabilität der RuO2-

und CeO2-basierten Katalysatoren in der HBr-Oxidation stehen im völligem Kontrast zur

HCl-Oxidation, weshalb ein individuelles Katalysatordesign für beide Reaktionen benötigt

wird. Die verschiedenen Katalysatoren lassen sich dank ihrer individuellen Eigenschaften in

gestuften Katalysatorbetten kombinieren. Die Vorzüge dieser Strategie wurden mit Hilfe von

Reaktorsimulationen von gekühlten Rohrbündelreaktoren und adiabatischen Reaktorkaskaden

hervorgehoben, welche einen konstanten, sicheren und kosteneffizienten Betrieb der HCl- und

HBr-Oxidation ermöglichen.

Insgesamt trägt diese Arbeit zum allgemeinen Verständnis der katalysierten

Halogenwasserstoffoxidation bei. Strategien für ein optimiertes Katalysatordesign werden

diskutiert und die Entwicklungslücke zwischen der HCl- und der HBr-Oxidation überbrückt. Die

Ergebnisse sind ein wichtiger Meilenstein, um die katalytische Oxidation als Schlüsselprozess

für die großtechnische Halogen Produktion zu etablieren und bereiten die Grundlage für

laufende Arbeiten im Bereich der Oxyhalogenierung von Kohlenwasserstoffen.





Chapter 1

Introduction

1.1. Chlorine and Bromine

Chlorine and bromine are listed in group 17 of the periodic table of elements, which is also

referred to as the group of halogens (Greek: salt-producing) due to their natural occurrence

in minerals and salts in the earth’s lithosphere and hydrosphere.[1,2] Chlorine is the 11th most

abundant element on the planet and can be found mainly in sea water (19 g l−1) or rock, in

the form of (earth) alkali metal chlorides, such as sodium chloride, i.e., common table salt.[3]

Bromine occurs in the form of sodium bromide in much lower quantity in sea water (0.065 g l−1)

and in the form of silver bromides in silver ores.[4] Higher concentrations of bromides are found,

for example, in brine wells in South Arkansas (USA) and in the Dead Sea (Jordan/Israel),

where the local concentration of bromides reaches up to 6 g l−1.

Due to their reactivity, halogens do not occur naturally in their molecular form.[3,4] Pure

halogens were first synthesized and classified at the dawn of modern chemistry, in the 18th and

19th century. In 1774, Carl Wilhelm Scheele was the first to describe an unknown gas, which he

called “dephlogisticated muriatic acid” evolving from the reaction of MgO2 with HCl.[5] Later,

in 1807, Humphry Davy recognized it as an element and named it chlorine (Greek: yellowish-

green).[6] In 1824/25, Antoine-Jérôme Balard and Carl Löwig, independently from each other,

isolated bromine by passing chlorine through a sample of seaweed ash and mineral salt solution,

respectively. In 1826, Barald presented his findings to the French Academy of Sciences, which

proposed the name bromine (Greek: stink) for the new element due to its aggressive odor.[7,8]

Since their discovery, halogens had a decisive impact on the industrial sector as they are key

building blocks for the production of fuels, chemicals, pharmaceuticals, as well as agricultural

products (Figure 1.1a,b).[3,4] The production of polyvinyl chloride (PVC) utilizes 35% of the

world’s chlorine capacity, while 27% is used to produce phosgene and isocyanates, key building

blocks in the production of polyurethanes (PU) and polycarbonates (PC). Bromine is used
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Figure 1.1. The use of chlorine (a) and bromine (b) in 2014,[3,9] and the world production of chlorine
(c) and bromine (d) over the last decades.[13,14]

for the production of flame retardants (56%) and drilling fluids (12%).[9] However, several

governments banned flame retardants such as poly brominated diphenyl ethers (PBDE) due to

health and environmental concerns. Therefore, manufacturers try to develop and market less

harmful brominated or bromine-free flame retardants.[10,11]. Still, the demand for brominated

products in the emerging markets, such as China, rose significantly over the last decades. In

fact, China increased the production of bromine, which renders it the third biggest bromine

producer behind the USA and Israel today.[11,12] In general, the global economic growth drove

the overall demand of chlorine and bromine over the last 45 years to 75 million and 800 thousand

tons, respectively (Figure 1.1c,d).[13,14]

The increasing need for chlorine is met by the chlor-alkali electrolysis of salt water and

brines. The fundamental process was invented by Cruickshank in 1800 and was commercialized

in the 1890s, due to the availability of large-scale electric power.[3,15] The process consumes

3300 kWh per ton of chlorine,[3] placing it among the most energy-intensive industries along

with steel, aluminum, and cement production. The high energy demand of the electrolysis

was reduced by the introduction of membrane process that use oxygen depolarized cathodes
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(ODC).[3,15] Bromine is extracted from brines or sea water by oxidation of bromides.[4] Since

the production of chlorine and bromine is linked, manufacturers use the available chlorine to

oxidize bromides, due to the difference in the reduction potential of the two halogens. Bromine is

produced by either the steaming-out or the blowing-out process.[4] In the steaming-out process,

developed by Kubierschky in 1906, steam mixed with chlorine is passed through a bed of heated

bromide-containing brines.[16] The blowing-out process, developed by Dow in 1899, is used

to extract bromine from sea water using a chlorine-air mixture.[4,17] However, the recovery of

chlorine by electrolysis drives the power consumption of one tone of bromine to 1500-2000 kWh.

1.2. Halogen Recovery from Hydrogen Halide By-Products

About 50% of the chlorine or bromine, used in the production of various commodities, does not

end up in the final product, but is instead separated in the form of undesired HCl and HBr by-

products.[3,4,13,18] The formation of copious amounts of hydrogen halides imposes a significant

problem to the manufacturer since marketing or neutralization is unprofitable.[13] The on-site

recycling of HCl and HBr to Cl2 and Br2 has been recognized as the most attractive route

in order to maintain an economically feasible and environmentally friendly process design,

while simultaneously reducing the need for halogen supplies. The development of HCl and HBr

recycling processes has taken different paths due to their diverse applications. Therefore, they

are introduced here in two separate case studies.

1.2.1. Catalyzed HCl Oxidation

Chlorine plays a key role in the production of PU. It reacts with carbon monoxide to form

phosgene, which is used, for example, in the synthesis of toluene diisocyanate (TDI), a monomer

needed for the polymerization of PU. The TDI synthesis produces HCl as a by-product, which

was largely consumed by the PVC industry in the oxychlorination of ethylene to ethylene

dichloride, a precursor for the vinyl chloride monomer. The high demand for PU led to a

subsequent increase of the HCl production, which could no longer be absorbed by the PVC

industry. Hence, the excess HCl had to be recycled to Cl2. Bayer AG together with Uhde

GmbH and Hoechst AG, had already developed HCl electrolysis as a viable technology in the

1960s, and continued to improve it in order to reduce the energy consumption.[13] Still, in
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order to significantly enhance the profitability, manufacturers investigated the catalytic HCl

oxidation, which requires much less energy than HCl electrolysis.[13,19]

The heterogeneously catalyzed gas-phase oxidation of HCl (Deacon process) was first patent

by Henry Deacon in 1868, to reduce the negative impact of the HCl by-product from the Leblanc

process.[20,21] However, the Deacon process is equilibrium limited, very exothermic, corrosive,

and suffers from the volatilization of the active copper chloride phase, which leads to fast

deactivation of the catalyst. The Deacon process was eventually abandoned, when the Leblanc

process was substituted by the Solvay process in the 1890s.[13] Throughout the 20th century

multiple companies, for example, IG Farben AG and Royal Dutch Shell, tried to implement

the Deacon process, but they were unable to stabilize the copper phase or to identify robust

alternative catalytic systems.[22–25] Mitsui Chemicals introduced the chromium-based MT-Chlor

process that exhibited a higher stability compared to the copper-based systems. Still, the success

of the MT-Chlor process was limited, and only a single medium-sized plant was built that

produces 60 ktons of chlorine per year.[24–26]

In the late 1990s, Sumitomo Chemicals and Bayer MaterialScience, now Covestro,

developed the RuO2/TiO2-rutile and RuO2/SnO2-cassiterite catalysts, respectively, which

were successfully implemented for large-scale chlorine recovery.[13,19] RuO2 is very robust

against chlorination and active at much lower temperature than copper-based catalysts. The

combination of HCl electrolysis with HCl oxidation significantly reduces the energy consumption

while attaining 100% chlorine recovery.[13] Sumitomo Chemicals operates the HCl oxidation in

fixed-bed multi-tubular reactors, which are cooled with molten salt to control the exothermicity

of the reaction.[19] Bayer MaterialScience developed a fixed-bed adiabatic reactor cascade with

intermediate HCl feeding and heat exchange.[13]

These innovations further revitalized the interest in Deacon chemistry. Academic and

industrial researchers targeted the optimization of the RuO2-based catalysts, to reduce the

amount of the expensive ruthenium that is incorporated into the technical catalyst, and tried

to understand how RuO2 catalyzes the reaction under the harsh conditions.[13] In contrast to

the original copper-based system, the chlorination of RuO2 was confined to its surface, because

its dense rutile-type structure exhibits a high energy barrier for a chlorine atom to penetrate



Introduction 5

Bridge Cl atom
1f-cus Ru atom

Lattice O atom
Lattice Ru atom

a)

θClcus / -

0

4

2

3

1

5

6

7
1.60 1.64 1.68 1.72

Cl:Ru / 10−2

R
at

e 
/ 1

0
−5

m
ol

C
l 2

m
in

−1
g c

at
−1

0.88 0.92 0.96 1.00

HCl-rich feed

O2-rich feed

b)

time-on-stream / h

0

100

20

60

80

40

0 40002000

H
C

l c
on

ve
rs

io
n 

/ %

c)

e)

HCl

HCl

Catalyst bed

HCl + O2

Cl2 + H2O

Reactors

Heat exchangers

d) Adiabatic reactor cascade

Reactor

Heat exchanger
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chlorine coverage measured by operando Prompt Gamma Activation Analysis connects the reaction
rate over RuO2 with the chlorine coverage (b). Results adopted from ref. [27]. Pilot plant testing
of RuO2/SnO2-Al2O3 at the facilities of Bayer MaterialScience (c). Results adopted from ref. [28].
Photography of the adiabatic reactor cascade at the Bayer MaterialScience pilot plant (d). Illustration
of the cascade configuration depicting three reactors with two heat exchangers and two inter-stage
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into the bulk lattice.[29,30] The rutile structure terminates at the surface with oxygen located

at the bridge positions and coordinatively unsaturated ruthenium sites (Rucus).[31] Density

Functional Theory (DFT) calculations and High-Resolution Core-Level Shift (HRCLS) on the

RuO2 surface suggested that during the reaction the bridge oxygen is replaced by chlorine

atoms and that the reaction takes place along on the 1f-cus Ru sites (Figure 1.2a).[31,32] The

reaction follows a Langmuir-Hinshelwood Hougen-Watson (LHHW) type mechanism, where

oxygen adsorption and dissociation, HCl adsorption, water recombination and desorption, and

chlorine evolution are the elementary steps. Among these, the most energy demanding step

is the evolution of chlorine.[27] Transient kinetic studies using Temporal Analysis of Products

(TAP) on RuO2 verified the proposed LHHW type mechanism and identified chlorine evolution
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as the slowest step.[29] Quantification of the chlorine coverage using operando Prompt Gamma

Activation Analysis (PGAA) showed that chlorine reached between 80 and 100% surface

coverage depending on the reaction conditions (Figure 1.2b). Chlorine removal from the surface

is enhanced through the increase of the temperature and oxygen partial pressure.[27,33]

The successful scale up of the catalysts was due to the structural matching of RuO2 films

on SnO2-cassiterite or TiO2-rutile supports, which stabilized RuO2 against thermal sintering

and significantly reduced the amount of Ru required in the catalyst compared to Al2O3 and

TiO2-anatase supports.[19,27,29] However, SnO2 forms volatile SnCl4, which leeches out of the

catalyst bed. The addition of Al2O3 into the catalytic system reduced the leeching through an

electronic and geometric interaction with the SnO2 phase. The RuO2/SnO2-Al2O3 exhibited

an astonishing stability, as observed during a 4000 h test, qualifying it for the application in

large-scale chlorine recovery (Figure 1.2c-e).[28]

In 2000, the high and fluctuating price of Ru triggered the search for more cost-effective

alternatives, which led to the discovery of CeO2, U3O8, and CuCrO2. CeO2 exhibited a

significant HCl conversion at 723 K with the reaction taking place on the oxygen surface

vacancies.[34] Ex situ X-ray Diffraction (XRD) and operando PGAA studies showed that

the temperature and oxygen partial pressure controlled the degree of surface and subsurface

chlorination of CeO2 (Figure 1.3).[34,35] In particular, under HCl-rich conditions, CeO2 forms

stable surface and subsurface chlorides, which are inactive. However, the catalyst can be
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reoxidized by increasing the temperature or the oxygen content in the feed. Depleted uranium-

based catalyst are the most stable HCl oxidation catalyst.[36] U3O8 was able to withstand

harsh reaction conditions without experiencing chlorination or volatilization of its active

phase. Supported U3O8/ZrO2 displays a stable performance during 100 h test. The microscopic

analysis of the supported system showed clusters of a few uranium atoms and even single atom

sites, which indicated that U3O8 is highly dispersed on the ZrO2 surface. CuCrO2 was the

first stable copper-based catalysts in HCl oxidation.[37] Copper delafossites such as CuCrO2 or

CuAlO2, exhibit a mixed oxide bulk structure that remains stable under the conditions of HCl

oxidation.[37,38] The synergistic combination of CuCrO2 with CeO2 led to a 400% increase in

activity and demonstrated a stable performance for 200 h. Most of these recent findings have

been summarized in the dissertation: “Deacon Chemistry Revisited: New Catalysts for Chlorine

Recycling”, written and defended by Dr. A. P. Amrute.[26]

Still, the commercialization of CeO2 remains uncertain, since its dynamic behavior

under reaction conditions could impose operational problems. Thus, an investigation of the

ceria–support interactions is necessary. The application of uranium- or copper-chromium-based

materials is doubtful due to environmental issues and reluctant public attitude towards these

notoriously toxic materials. Therefore, novel stable catalytic systems are desired that can

be commercially applied. Moreover, the scale up of these new systems has to be addressed

to provide tangible alternatives to the commercial RuO2-based catalysts, which includes the

evaluation of the catalysts under the influence of gas feed impurities that are present in large-

scale processes.

1.2.2. Catalyzed HBr Oxidation

In recent years, the bromination of alkanes for the production of chemicals and fuels has received

increasing attention due to the growing availability of unconventional natural gas.[39] The direct

activation of alkanes (i.e., methane, ethane, and propane) is strongly inhibited by their strong

C-H bonds. The most common technology to activate methane is the energy-intensive steam

reforming into syngas, CO+H2, followed by Fischer-Tropsch or methanol synthesis.[40,41]

Halogen-mediated functionalization of methane to the corresponding methyl halides is

far more selective and takes place under significantly milder conditions than methane steam
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Figure 1.4. The upgrading of natural gas to chemicals and fuels by bromine-mediated alkane
functionalization requires the development of a sustainable bromine recovery process.

reforming (e.g.,T < 525 K and P = 2-4 bar gauge). Pioneering work by Olah et al.[42] and more

recently by McFarland, Stucky, and co-workers.[39,43–47] showed that the bromination of light

alkanes to their corresponding mono bromides is the most promising route, due to weaker C-X

bonds, higher selectivity to the mono halide, and milder exothermicity than chlorination.[48]

The intermediate alkyl bromide is directly converted into valuable products such as higher

alkanes[49,50] and olefins[45] by C-C coupling and dehydrobromination, as well as methanol by

hydrolysis.[51] Hence, bromination is an attractive route to obtain a broad spectrum of desirable

products. However, in this two-step process, two mole of HBr by-product are generated for every

mole of alkane converted (Figure 1.4). Accordingly, the commercialization of bromine-mediated

alkane functionalization requires the development of a robust and economic process to recover

Br2 from HBr.

Throughout the literature on bromine-mediated alkane functionalization, no particular

bromine recovery process has surfaced as the most attractive solution. In fact, existing

publications often propose several different technologies indicating the lack of understanding

with respect to this step.[52–54] The available recycling methods are: the modified Kubierschky

process,[4] the zone reactor process,[39] the oxidation of HBr by H2O2,[55] the liquid-phase HBr

electrolysis,[53] and the catalytic gas-phase oxidation of HBr (Figure 1.4).[18] In the modified

Kubierschky process, aqueous HBr is mixed with brine and oxidized with chlorine, similar to

the process used to extract bromine from salt water.[4] However, this method is very wasteful

and energy-intensive, because it produces 2 kg of sodium chloride per kg of bromine. The

zone reactor process uses two beds that contain so-called cataloreactant before and after the

bromination reactor. These beds release and store bromine for the reaction by reversibly
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converting themselves into metal bromides and oxides.[44] The process control of such a

configuration is difficult, because it requires perfect synchronization of the oxidation and the

bromination of the cataloreactant during the cycling. Moreover, large reactors are needed to

host enough material in order to maintain a stable evolution of bromine. The reaction of HBr

with H2O2 in liquid phase is a clean way to recover bromine, which forms only water as by-

product.[55,56] Unfortunately, to push the recovery efficiency from 80 to the desirable 99.5 wt.%

of bromine, a NaBrO3 solution has to be added to the reaction leading to the formation of

an undesirable salt by-product. The electrolysis of HBr, originally developed by Wunsche and

Kossuth for bromide brines, can attain full bromine recovery without formation of waste.[4,53]

However, the energy consumption of electrolysis is the largest among the available processes.

The catalytic oxidation of HBr is an energy- and waste-efficient route for full bromine

recovery. In late 1930s, Hooker was inspired by the Deacon process and filed a patent in which

he proposes the reaction of HBr with air over a catalyst to form bromine and water with the

potential to reach full conversion of HBr.[57] Hooker suggested the use of several metals as

catalysts including copper and cerium (Table 1.1). In fact, his patent is the first account for

the use of Ce-based materials in hydrogen halide oxidation. Cu-based systems proved later

to be very unstable during the reaction, which is in agreement with their performance in

HCl oxidation.[63,66] In 1951, the high-temperature HBr oxidation over CeO2 was patented by

Mugdan.[58] During the 1960s, multiple patents were issued that addressed the oxidation of

HBr over a variety of catalytic systems (Table 1.1). The use of cerium-containing catalysts,

i.e., oxides, halides, or mixtures thereof, remained in the focus of industrial investigators until

today due to their stability and activity.[66,67] Nevertheless, the extremely high exothermicity

of the oxidation is difficult to control at large-scale. Thus, investigators recommended the

addition of steam to the HBr-containing gas feed in order to increase the heat capacity and

thus reduce the temperature rise in the reactors.[18] However, this increases the risk of corrosion

dramatically. Furthermore, there is no fundamental understanding about the catalytic reaction

mechanism on any catalyst and no information about the active species, due to the absence

of systematic evaluation and characterization of the catalysts. To-date, no successful industrial

implementation is reported.
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Like HCl oxidation, the catalytic oxidation of HBr is the most attractive route to recover

its corresponding halogen. In spite of the chemical similarity of HCl and HBr, the knowledge

on HBr oxidation is very limited compared to HCl oxidation. In order to develop a technically

feasible HBr oxidation process, a comparative study between HCl and HBr oxidation is required,

which will provide a comprehensive understanding on the catalytic hydrogen halide oxidation.

This can be achieved through an integrated approach that combines catalyst preparation,

characterization, and testing using advanced methods in order to obtain valuable information

about the reaction kinetics and surface chemistry under the corrosive reaction conditions.

1.3. Aim of the Thesis

The aim of this thesis is to gain a generalized understanding of the catalytic hydrogen halide

oxidation and to discover new catalysts for halogen recovery. Herein, the design of technical

catalysts for HCl oxidation is undertaken to provide alternatives for the established RuO2-based

catalysts. The further investigation targets the identification of novel catalytic systems for

HBr oxidation. An in-depth study of HCl and HBr oxidation focuses on structure-performance

relationships, as well as reaction mechanisms and the technical feasibility, in order to eliminate

the differences in the current scientific knowledge between HCl and HBr oxidation. Ultimately,

the results of these studies should promote the development of new catalytic processes for

large-scale halogen production.

1.4. Outline of the Thesis

Apart from the Introduction (Chapter 1) and the Conclusions and Outlook (Chapter 9),

this thesis comprises seven chapters, which are divided into the design and evaluation of

technical HCl oxidation catalysts (Chapters 2-4), and the comparative study of HCl and HBr

oxidation, which includes catalyst screening (Chapter 5), detailed mechanistic and structural

investigations (Chapters 6 and 7), and strategies for optimal catalyst distribution in fixed-bed

reactors (Chapter 8).

Chapter 2 studies IrO2 as an alternative to the established RuO2-based systems in HCl

oxidation due to its high-temperature stability. Furthermore, the comparison of IrO2 and RuO2
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complements the knowledge on rutile-type catalysts in HCl oxidation. The activity and stability

of the bulk, supported, and technical rutile IrO2 catalysts are assessed using a set of methods,

from molecular modeling to catalyst shaping.

Chapter 3 focuses on the interaction of ceria with different support materials to enable the

scale up of CeO2-based systems into a commercial catalyst. The impact of the different supports

on the catalytic performance was described by an in-depth characterization based on ex situ

and operando methods. The stability of the most optimal systems is further substantiated by

a long-term test at pilot scale.

Chapter 4 describes the influence of feed impurities on the catalytic performance in HCl

oxidation, specifically, the occurrence of side-reactions (CO oxidation) and the sulfur-poisoning

(COS and SO2) of the surface of the catalyst. The catalytic evaluation highlights the different

performance of the catalysts, which, in addition, allows to propose an optimized HCl feed

purification process.

Chapter 5 compares the oxidation of HCl and HBr over different heterogeneous catalysts

including established HCl oxidation catalysts, as well as other potentially active metal oxides.

The activity and the stability of those catalysts were evaluated by catalytic testing and

characterization, which highlight the apparent similarities and differences between the two

oxidation reactions.

Chapter 6 emphasizes on the intrinsic mechanistic aspects of HCl and HBr oxidation

on rutile-type catalysts (RuO2, IrO2, and TiO2), using a set of advanced characterization

techniques. The integrated approach investigates the stability of the rutile surface under HCl

and HBr treatment, the reaction kinetics and mechanism, as well as the impact of the halogen

coverage on the catalytic performance.

Chapter 7 investigates how the interaction of CeO2 and ZrO2 enhances the stability and

activity of CeO2-based catalysts in HCl and HBr oxidation. Mixed Ce-Zr oxides with different

structural properties were prepared and characterized. Structure-performance relationships are

derived from the analysis of the halogen uptake of the samples under working conditions.

Chapter 8 discusses strategies to combine catalyst beds of variable activity in fixed-bed

reactors. The study indicates the advantages of staging different types of HX oxidation catalysts
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based on their activity and stability inside of cooled multi-tubular and adiabatic reactor cascade

configurations to reduce hot spot formation and to optimize the cost-effectiveness.

Chapter 9 presents a general conclusion of the research introduced throughout this thesis,

which includes design criteria for HCl and HBr oxidation catalysts and future challenges in

halogen chemistry.

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.





Chapter 2

HCl Oxidation on IrO2-Based Catalysts:
from Fundamentals to Scale Up

2.1. Introduction

After a long history of vain attempts to develop active and stable catalysts for gas-phase

HCl oxidation, the last two decades have witnessed the crystallization of research efforts into

robust RuO2-based catalytic technologies.[13,69] These have been successfully applied at the large

scale for the recycling of chlorine from byproduct HCl streams of phosgenation processes, i.e.,

polyurethane and polycarbonate manufacturing.[13] The superiority of RuO2-based materials is

related to the outstanding low-temperature activity of RuO2 and its resistance against bulk

chlorination.[31,32] Rutile-type TiO2 and SnO2 oxides have been identified as the best supports

because RuO2 is deposited in the form of epitaxially grown structures as a result of lattice

matching, leading to enhanced dispersion and stabilization of the active phase.[19,28] However,

due to the temperature rise associated with the exothermicity of the reaction, RuO2 sintering

may occur after long-term use. This can be minimized by incorporation of additives to the

catalysts.[19,38] Still, if the temperature exceeds ca. 673 K, volatilization of RuO2 in form of

RuO4 becomes possible.[36] This phenomenon has been reported as the cause of notable activity

deterioration during long-term operation at 773 K.[70] Therefore, the current HCl oxidation

processes could be further improved, if alternative high-temperature catalysts were available.

IrO2 attracted our attention mainly because of its structural similarity to RuO2. From a

fundamental viewpoint, it would be interesting to assess whether rutile-type oxides exhibit

similar Deacon chemistry. Furthermore, from the perspective of developing a catalyst for

practical use, this would also enable an evaluation of whether the main catalyst design strategy

at the basis of the superior performance of technical RuO2-based catalysts, namely, the lattice

matching with the carrier, can be transferred to other active rutile phases. A theoretical study
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by Studt et al.[71] simulated the oxidation of HCl on IrO2(110), predicting a significantly inferior

activity compared with RuO2(110) due to a highly endergonic atomic chlorine recombination

over the former oxide. These results were based on the typical operating temperature of RuO2

(573 K) and have not been verified experimentally to date. Promising indications arise from

the field of electrocatalytic oxidation of HCl to Cl2, where IrO2 has been identified as the

only electronically conducting material under oxygen and chlorine evolution reaction conditions

besides RuO2.[72] Dimensionally stable anodes (DSAs) constructed with IrO2 exhibit a slightly

inferior activity compared with RuO2-based DSAs but a much greater resistance to dissolution

in the highly acidic environment. Accordingly, IrO2 is commonly added to the RuO2 anode

coating, mostly in a molar 1:1 ratio of the oxides, to improve the service lifetime in the chlor-

alkali industry.[72] Herein, we elucidate the HCl oxidation properties of bulk IrO2 in terms

of activity, stability, kinetics, and mechanism. Subsequently, it is shown that a much better

performing catalyst is obtained when supporting IrO2 on TiO2-rutile rather than on TiO2-

anatase, confirming the crucial role of the lattice matching between active phase and support to

attain a superior dispersion. Finally, our optimal supported catalyst is scaled up into extrudate

form. We demonstrate that the technical IrO2/TiO2-rutile catalyst represents a suitable high-

temperature HCl oxidation technology complementary to that of low-temperature RuO2-based

catalysts.

2.2. Experimental

2.2.1. Catalysts

Bulk IrO2 and RuO2 catalysts were obtained by static air calcination of anhydrous IrCl3

(ABCR, 99.9%) and RuCl3 (Alfa Aesar, 99.99%), respectively, at 823 K for 5 h using a

heating rate of 5 K min−1. Supported IrO2 catalysts (nominal 1–10 wt.% Ir) were prepared by

dry impregnation of rutile (TiO2-r, Aldrich, nanopowder, 99.5%), anatase (TiO2-a, Aldrich,

nanopowder, 99.7%), and γ-Al2O3 (Alfa Aesar) with an aqueous solution of IrCl3·xH2O

(ABCR, 99.9%) followed by drying at 393 K for 2 h and calcination as described above. Prior

to the impregnation step, the carriers were calcined at 823 K for 5 h. Technical IrO2 catalysts

were obtained by extrusion of the support materials followed by incorporation of the active
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phase by wet impregnation. First, water (0.45 cm3 g−1) was added to pure TiO2-r or TiO2-

a powder or to a mechanical mixture with 80 wt.% TiO2-r and 20 wt.% TiO2-a (denoted as

TiO2-ra) in a Caleva Mixer Torque Rheometer 3 to obtain a paste, which was then extruded

into 2 mm diameter strands using a Caleva Mini Screw Extruder. The strands were cut into

4 mm long extrudates, which were dried at 333 K for 1 h and calcined at 823 K (for TiO2-r and

TiO2-ra) or 1073 K (for TiO2-a) in static air for 5 h using a heating rate of 5 K min−1. Wet

impregnation of the shaped carriers was performed using an aqueous solution of IrCl3·xH2O

(2 wt.% Ir) for 20 h under ambient conditions. After removal of the excess water in a Büchi

R-215 rotary evaporator at 308 K and 80 mbar, the obtained solids were freeze-dried at 190 K

and 0.006 mbar for 24 h (Labconco FreeZone Plus 2.5 L) and then calcined at 823 K for 5 h.

The labels of the shaped supports and catalysts contain the letter “e” for “extrudate”.

2.2.2. Characterization

The iridium content of the supported IrO2 catalysts prior to and after HCl oxidation was

determined by wavelength-dispersive X-ray fluorescence (WDXRF) using a Bruker S4 Pioneer

spectrometer. A 0.5 g sample was deposited into a polystyrene holder (34 mm diameter) and

covered with a 4 µm thick polypropylene foil. Standardless measurements were performed in

He using the MultiRes-He34 acquisition program delivered with the SPECTRA Plus software

from Bruker. N2 sorption at 77 K was measured using a Quantachrome Quadrasorb-SI analyzer.

Prior to the measurement, the samples were degassed in vacuum at 473 K for 10 h. The

Brunauer–Emmett–Teller (BET) method was applied to calculate the total surface area.

Mercury porosimetry (MP) was carried out in a Micromeritics Autopore IV 9510 porosimeter.

After the sample was degassed, mercury was intruded in the pressure range from vacuum

to 418 MPa. The Washburn equation was applied to calculate the pore size distribution.

Powder X-ray diffraction (XRD) data were measured using a PANalytical X’Pert PRO-MPD

diffractometer. Data were recorded in the 10–70° 2θ range with a step size of 0.017° and

a counting time of 2.1 s per step. Temperature-programmed reduction with hydrogen (H2-

TPR) was measured in a Thermo TPDRO 1100 unit. The samples were loaded in a quartz

microreactor (11 mm i.d.), pretreated in He (20 cm3 STP min−1) at 393 K for 60 min, and

cooled to 323 K in He. The analysis was carried out in 5 vol.% H2/N2 (20 cm3 STP min−1),
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ramping the temperature from 323 to 750 K at 2 K min−1. Thermogravimetric analysis (TGA)

was performed using a Mettler Toledo TGA/DSC 1 Star system analyzer. Measurements were

conducted in N2 or air (40 cm3 STP min−1), ramping the temperature from 298 to 1173 K

at 10 K min−1. X-ray photoelectron spectroscopy (XPS) experiments were carried out at the

ISISS beamline of the BESSY II synchrotron facility of the Helmholtz Zentrum Berlin. Ir 4f and

Cl 2p spectra were recorded under UHV with an electron kinetic energy of 700 eV. According to

the TPP-2M formula of Tanuma, Powell, and Penn[73] for calculating inelastic mean free paths

(IMFPs), the IMFP and information depth (3 × IMFP) are 11.0 and 33.0 Å, respectively,

for 700 eV photoelectrons. Quantification was based on photoionization cross sections taken

from Yeh and Lindau.[74] Digital reflected light microscopy images were obtained using a Leica

DVM 5000 microscope equipped with a 2.11 megapixel charge-coupled device (CCD) camera

and a tungsten halogen lamp. Scanning electron microscopy (SEM) was performed using a Zeiss

Gemini 1530 FEG microscope operated at 5 kV after application of a thin platinum coating over

the samples. High-resolution transmission electron microscopy (HRTEM) and high-resolution

scanning transmission electron microscopy (HRSTEM) analyses were performed using an FEI

Titan 80-300 microscope equipped with an image Cs corrector. The preparation of the samples

comprised dry deposition of the powders on copper grids. Energy-filtered TEM (EFTEM)

and electron energy loss spectroscopy (EELS) maps were acquired in the FEI microscope

with a postcolumn Gatan Tridiem filter. For phase distribution analyses in the extrudates,

ca. 80 nm thick cross sections were obtained by means of a microtome after the samples were

embedded in a resin.[75] Elemental analysis and high-magnification high-angle annular dark-

field (HAADF) STEM investigations were performed using an aberration-corrected Hitachi

HD-2700CS microscope operated at 200 kV and equipped with an energy-dispersive X-ray

spectrometer (EDXS). The particle size distribution of the TiO2 powders was determined in

an aqueous suspension by laser diffraction using a Malvern Mastersizer MS3000 instrument

equipped with a wet dispersion unit and an ultrasonic device. The mechanical strength of the

extrudates was assessed by a standardized crush test in a Tablet Tester 8 M (Dr. Schleuniger

Pharmatron). The average crush strength was derived from measurements on 20 individual

extrudates.
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2.2.3. Catalyst Testing

The gas-phase oxidation of HCl was studied at ambient pressure described elsewhere.[76] The

bulk and supported catalysts (0.4–0.6 mm particle size) were loaded in a continuous-flow fixed-

bed quartz microreactor (8 mm i.d.) and pretreated in N2 (Pan Gas, purity 5.0) at 573 K for

30 min. Thereafter, a total volumetric flow (FT) of 166 cm3 STP min−1 containing 10 vol.%

HCl (Messer, purity 2.8, anhydrous) and 0–70 vol.% O2 (Pan Gas, purity 5.0), balanced in N2,

was fed to the reactor at bed temperatures (T bed) in the range of 703–773 K. The steady-state

activity during 5 h on stream at T bed = 723 K and a feed O2:HCl ratio of 2 was measured using

a catalyst weight (W cat) of 0.25 g, while the dependences of HCl conversion on temperature

(at O2:HCl = 2) and on the feed O2:HCl ratio (at T bed = 723 K) were determined using

W cat = 0.1 g (0.25 g for supported catalysts). In the latter tests, data were collected after

1 h on stream under each set of conditions. Bulk catalysts (W cat = 0.25 g) were also tested

at T bed = 723 K and O2:HCl = 0 (i.e., without O2 in the feed) for 5 h to evaluate their

stability against chlorination and at T bed = 823 K and O2:HCl = 0.5 for 2 h to determine

their stability against overoxidation. The metal loss from the materials was derived from the

difference in weight of the loaded reactors prior to and after testing. Catalysts in technical

form, comprising extrudates with a diameter of 2 mm and a length of 4 mm were screened

in a 17 mm i.d. quartz reactor using W cat = 1.25 g, FT = 250 cm3 STP min−1, O2:HCl = 2,

and t = 1 h. The most promising sample was assessed in kinetic tests using W cat = 0.75 g

and FT = 500 cm3 STP min−1−1 with varying temperature (703–773 K) and feed O2:HCl ratio

(0–7). A 50 h catalytic run was conducted with W cat = 0.75 g, FT = 166 cm3 STP min−1,

T bed = 723 K, and feed O2:HCl = 2. The Carberry, Weisz–Prater, and non-isothermal transport

criteria were fulfilled in all of our catalytic tests, indicating the absence of extra- and

intraparticle mass and heat transfer limitations. Temperature gradients along the catalyst bed

could not be experimentally assessed, but their presence cannot be excluded because of the

exothermic nature of the reaction. Quantification of Cl2 at the reactor outlet was performed by

iodometric titration in a Mettler Toledo G20 titrator. The percentage of HCl conversion was

determined as XHCl = (2 × moles of Cl2 at the reactor outlet/moles of HCl at the reactor inlet)

× 100%. The reaction rate was expressed as moles of Cl2 produced per minute per mol of Ir
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in the sample, and the space-time yield was determined as the mass of Cl2 produced per hour

per gram of catalyst. The used catalysts were collected for ex situ characterization after the

reactor was rapidly cooled to room temperature in a N2 flow.

2.3. Computational Details

Density functional theory (DFT) as implemented in the Vienna Ab initio Simulation Package

(VASP) code [77,78] was applied to slabs representing the (110) and (101) low-surface-energy

facets of IrO2. The exchange–correlation functional was RPBE.[79] The inner electrons were

replaced by projected augmented wave (PAW) frozen core potentials,[80] and monoelectronic

valence states were expanded in plane waves with a cut-off energy of 450 eV. Each of the slabs

contained five trilayers and a p(4×1) reconstruction to investigate possible lateral interactions.

The Monhkorst–Pack scheme was employed to generate the k points, which were 2×4×1 for the

(110) surfaces.[81] Transition states were identified through the climbing image version of the

nudged elastic band.[82] On the (110) and (101) surfaces, oxygen atoms show either threefold

coordination (equivalent to the bulk, O3c) or twofold coordination (known as bridge oxygen

atoms, Ob). Coordinatively unsaturated Ir cations (Ircus) with a coordination number of 5 are

also present at the surface. To describe the different positions at the surfaces, we employed the

subindex “b” if a given atom or fragment is adsorbed at a formerly Ob) position and the subindex

“cus” if it is adsorbed at a formerly open Ircus site. To represent the RuO2/TiO2 catalyst,

one [model RuO2/TiO2(1 ML)] or two [model RuO2/TiO2(2 ML)] epilayers of RuO2 were

accommodated on top of TiO2(110) (Figure A.1). The total thickness of these slabs corresponds

to five layers, where the upper three layers were relaxed in all directions. The Wulff structure
[83] of IrO2 presents about a 1:1 ratio of the (110) and (101) surfaces. The TiO2-rutile employed

as a support shows a different proportion, i.e., 84% corresponding to the (110) surface and

the rest to the (101) surface.[84] In order to analyze the complete Deacon reaction on IrO2

nanoparticles, we considered the reaction paths on the two main IrO2 surfaces and on an IrO2

mono- and bilayer epitaxially grown over TiO2.
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2.4. Results and Discussion

2.4.1. Catalytic Performance and Characterization of Bulk IrO2

IrO2 exhibited high and stable HCl conversion (60%) over 5 h at 723 K and O2:HCl = 2

(Table 2.1). This activity level is similar to that exhibited by RuO2 at a ca. 170 K lower

temperature (Figure 2.1a). As the difference in temperature (ca. 170 K) for the oxidative

decomposition of IrCl3 and RuCl3 (Figure A.2) is similar to that for their Deacon activity, the

higher operating temperature required by IrO2 should be related to the more difficult evolution

of chlorine. From the Arrhenius plot, the apparent activation energy for IrO2 was estimated at

82 kJ mol−1 (Table 2.1 and Figure A.3a). The HCl conversion over IrO2 decreased as the feed

O2:HCl ratio was lowered.

Table 2.1.Characterization and activity data for IrO2 catalysts.

Sample Ir (wt.%)a SBET (m2g−1)
fresh after Deacon freshb after Deacon XHCl

c (%) Ea (kJ mol−1)

IrO2 85 8 8 63 82
IrO2/TiO2-r 2.0 2.0 24 (24) 23 28 58
IrO2/TiO2-a 2.0 2.0 48 (47) 37 5 78

a Determined by XRF. b Surface areas of the pure carriers are given in parentheses.
c Conditions: W cat = 0.25 g, Tbed = 723 K, O2:HCl = 2, FT = 166 cm3 STP min−1, and
t = 5 h.

The reaction order with respect to O2 was calculated to be 0.4, suggesting that catalyst

reoxidation is the rate-determining step (Figure A.3b), which is common to the majority of

Deacon catalysts reported to date and indeed is tightly linked to chlorine desorption [27,36,76,84].

When an upward cycle going from more reducing to more oxidizing conditions (feed O2:HCl

from 0 to 7) was performed directly after the downward cycle, similar HCl conversion levels were

obtained (Figure A.3b), indicating the remarkable stability of IrO2 under Deacon conditions.

To further assess its resistance against chlorination, IrO2 was exposed to an HCl-only feed

for 5 h at 723 K to produce samples for characterization. Moreover, in view of the exothermic

character of the Deacon reaction, its stability was also evaluated under harsher conditions where

formation of the volatile IrO3 species may occur. At 823 K and O2:HCl = 0.5, IrO2 lost ca. 2.5%

of its initial weight in the course of 2 h. Considering that the loss for RuO2 was 18% under the

same conditions, IrO2 is more stable than RuO2 against oxidation.
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Figure 2.1. HCl conversion versus bed temperature at O2:HCl = 2 over bulk IrO2 and RuO2 (a).
Arrhenius plots for IrO2/TiO2-r, IrO2/TiO2-ra-e, and crushed IrO2/TiO2-ra-e at O2:HCl = 2 (b).
HCl conversion and Ir-specific reaction rate over IrO2/TiO2-r versus iridium loading at 723 K and
O2:HCl = 2 (c).

The surface area of IrO2 (SBET = 8 m2g−1) remained unchanged after exposure to Deacon

conditions (Table 2.1), which suggests resistance against sintering. This result contrasts with

previous evidence for RuO2.[32] The diffractogram of IrO2 after HCl oxidation coincides with

that of the fresh sample, showing only the characteristic reflections of IrO2 (ICDD PDF-2 00-

04301019), demonstrating that the catalyst did not undergo bulk chlorination (Figure 2.2a). A

similar result was obtained for RuO2 upon testing under the same conditions (Figure A.4a).

Interestingly, a tiny amount of metallic iridium was detected in the XRD pattern of an IrO2

sample treated in HCl-only. This might be explained by the formation of some chlorinated

phases in the absence of gas-phase O2, which produce Ir upon decomposition during the cooling

of the sample in N2. TGA analysis of IrO2 after HCl oxidation exhibited negligible weight

loss with respect to the fresh material (Figure A.4b), corroborating the absence of chlorinated

phases, as for RuO2 (Figure A.4c). Nonetheless, the sample treated in HCl-only produced a

slightly more pronounced weight loss above 700 K, thus confirming a little degree of chlorination

(Figure A.4b). H2-TPR analysis of IrO2 in fresh form, after HCl oxidation (Deacon), and after

HCl treatment produced comparable reduction profiles, supporting the absence of significant

changes in particle size or chemical state by chlorination (Figure A.5).

HRTEM of fresh IrO2 revealed the presence of big rod-like rutile crystals (Figure 2.3a).

Exposure to Deacon conditions led to their partial transformation into nano-sized crystallites

(Figure 2.3b) while still preserving their rutile structure. In view of the N2 sorption and XRD
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Figure 2.2. XRD patterns (a) and Ir 4f core-level XPS spectra (b) of bulk IrO2 in fresh form, after
Deacon reaction at 723 K and O2:HCl = 2, and after HCl treatment at 723 K. Unmarked reflections
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Figure 2.3. HRTEM of bulk IrO2 in fresh form (a), after Deacon reaction (b), and after HCl treatment
(c,d). The inset in (a) displays the electron diffraction pattern of IrO2, while those in (d) show the
EELS mapping of Ir and Cl.

results described above, the extent of this crystal modification is supposed to be moderate to

minor. After HCl treatment, smaller particles were detected along with particles preserving

their original dimensions. Crystals with sizes of 2 nm constitute the majority of these smaller

particles, as after the Deacon reaction, but some crystals with sizes of ca. 10 nm are also present,

whose nature is mostly metallic according to HRTEM analysis. The latter correspond to the

metallic Ir phase evidenced by XRD. A distinct IrCl3 phase was not detected, but EFTEM

maps suggested the presence of Cl on the surface of the IrO2 particles (Figure 2.3b,d).

XPS analyses were performed to characterize the surface chlorination of IrO2 after Deacon

and HCl treatment. The corresponding Ir 4f spectra of fresh and used samples are depicted

in Figure 2.2b. Ir 4f appears as a doublet (as all of the core levels except for the s states),

whose shape is strongly asymmetric in all of the cases. This is due to the high density of
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states at the Fermi level and the high degree of core hole screening.[85] The observed binding

energy of 61.8 eV (7/2) for the fresh sample fits well to an earlier report on IrO2.[86] The

Ir 4f spectrum did not change upon HCl oxidation (the difference spectrum is a flat line), and

thus, no new surface phases arose as a result of the catalytic process. In contrast, after HCl

treatment, two new doublets appeared (see the difference spectrum). The low binding energy

component (ca. 60.9 eV) is associated with metallic Ir, which has an asymmetric line shape.

The higher binding energy component (62.2 to 62.3 eV) is not asymmetric and is assigned

to IrCl3, in reasonable agreement with the literature value (62.7 eV).[87] Concerning the Cl

content, the fresh sample already contained some Cl (Cl/Ir = 0.18), suggesting that not all

of the Cl was removed during calcination. Nevertheless, its amount was small since it did

not influence the Ir 4f spectrum. Surface chlorination occurred upon HCl oxidation under

the examined conditions (Cl/Ir = 0.47). However, neither subsurface chlorination nor bulk

chloride phase formation was found. The Cl 2p spectra of the samples contain at least three

components (Figure A.6), probably related to Cl sitting on Ircus sites and bridge sites and

some more oxidized Cl species.[88] After HCl treatment, the chlorine content further increased

(Cl/Ir = 0.8), in line with the formation of IrCl3. The IrCl3 signal in Cl 2p probably strongly

overlaps with that of bridge Cl, disabling differentiation of these species (Figure A.6).

2.4.2. Reaction Mechanism and Modeling of Bulk Rutile Structures

HCl oxidation on IrO2 takes place following the mechanism described previously

by some of us and others, [32,71,88] which comprises the following steps: Oxygen

adsorption with subsequent dissociation (Equations 2.1, 2.2), HCl adsorption by proton

stripping (Equation 2.3), recombination of hydroxyls on the surface (Equation 2.4), water

desorption (Equation 2.5), chlorine desorption (Equation 2.6). The corresponding reaction

profile is shown in Figure 2.4. Both the adsorption of oxygen and chlorine over IrO2 turned

out to be much more exothermic than over RuO2. This has two important consequences: (i)

no barrier is observed for the dissociation of oxygen on the surface and (ii) the energy required

for chlorine evolution to the gas phase is very high. As for RuO2
[32] lateral interactions reduce

the chlorine desorption barrier to a certain extent. This was confirmed for IrO2 by performing

calculations with a large p(4×1) supercell at full Cl coverage, which indicated that the energy
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associated with this step is reduced by 0.4 eV. Still, the barrier is far too large to enable

chlorine evolution under the conditions where RuO2 is active. This explains the higher operating

temperature required by IrO2. The energy for Cl2 evolution obtained in our study corresponds

to ca. 3 eV. This value is similar to the estimation by Studt et al.[71] as elimination of the

gas-phase entropy contribution from their energy data leads to 2.7 eV.

O2 + ∗ → O∗
2 (2.1)

O∗
2 + ∗ → 2O∗ (2.2)

HCl + O∗ + ∗ → OH∗ + Cl∗ (2.3)

2OH∗ → H2O∗ + O∗ (2.4)

H2O∗ → H2O + ∗ (2.5)

2Cl∗ → Cl2 + 2∗ (2.6)

Oxidation leading to the formation of volatile species and bulk chlorination has been mentioned

above as collateral processes during HCl oxidation. For RuO2, the former is known to happen

by the following reaction:

RuO2 + O2 → RuO4 (2.7)

According to the calculations, the oxidation is mildly endothermic (0.83 eV). Experimentally,

RuO4 is volatile at 673 K (vide supra). The IrO2 case is somewhat different, as IrO3 is formed

instead:

IrO2 + 0.5O2 → IrO3 (2.8)

There is a clear indication in the literature that the formation of IrO3 is less likely than that of

RuO4
[1] explaining the higher stability of IrO2 against oxidation under the conditions applied

in the experiments. With regard to bulk chlorination, two different analyses were performed

to assess the penetration of chlorine into the lattice and to account for the Cl coverage. The

former was based on the replacement energy calculated according to the reaction:

MO2 + 0.5Cl2 → MOCl + 0.5O2 (2.9)
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where M = Ir or Ru and the Cl atom either replaces a bridge position on the (110) facet or

a bulk O atom in the lattice. The corresponding plot is presented in Figure A.7a. While the

energy demand for bridge substitution is minor and similar for both oxides, incorporation in

the plane induces a large distortion that requires about 1.7 eV for RuO2 and 2 eV for IrO2.

Therefore, an even slightly higher stability against bulk chlorination is found for IrO2.

Concerning the Cl coverage, we analyzed the different configurations that might appear

on the surface by allowing both bridge and cus positions to be occupied by O or Cl and then

determining the energies for a p(2×1) supercell using a methodology previously formulated

for RuO2.[31] The energies corresponding to the different configurations are presented in

Figure A.7b. The larger binding energies found for both O and Cl in the case of IrO2 compared

with RuO2 clearly relate to the large stabilization obtained for densely populated surfaces. The

average coverage at the same temperature should be higher for IrO2 than for RuO2, although it is

already very high for RuO2, as shown in our previous experiments and microkinetic modeling.[27]

Further inspection of the diagrams indicates that a configuration with all of the cus positions

occupied and about 50% of the bridge oxygen sites replaced by Cl would be most likely under

the experimental reaction conditions for IrO2.
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Figure 2.4. Reaction profile of HCl oxidation on different bulk catalysts (a) and supported IrO2

model catalysts (b). The numbering follows the final states in Equations 2.1-2.6. For instance,
“(1)” is adsorbed molecular O2 and “(2)” stands for the dissociated state. The transition states
for O2 dissociation between (1) and (2) and OH recombination to give water (5) are marked
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(O2 + 2HCl → O* + H2O + Cl2), step (3) occurs twice and in the final state an oxygen atom is
left on the surface.



HCl Oxidation on IrO2-Based Catalysts: from Fundamentals to Scale Up 27

2.4.3. Catalytic Performance and Characterization of Supported IrO2

On the basis of the outstanding performance of bulk IrO2 in HCl oxidation, we focused on

optimizing its utilization by deposition onto a suitable carrier. TiO2-rutile was selected in view of

the expected positive influence of the structural and lattice matching with the active phase.[19,89]

The anatase polymorph was used for comparative purposes. Supported catalysts (2 wt.% Ir)

were prepared by dry impregnation and tested in HCl oxidation at O2:HCl = 2 and 723 K

for 5 h on stream (Table 2.1). The HCl conversion over IrO2/TiO2-r was stable and 6 times

higher than that over IrO2/TiO2-a (28% vs. 5%, respectively). Normalization of the chlorine

production rates over these catalysts to the total amount of iridium clearly shows that the

metal is best utilized in the TiO2-r supported material (Figure A.3c). The apparent activation

energy over IrO2/TiO2-r was estimated to be only 58 kJ mol−1 (Figure 2.1b), while that of

IrO2/TiO2-a was 78 kJ mol−1 (Figure A.3a), which is comparable to the value determined

on bulk IrO2 (Table 2.1). The reaction order in O2 over IrO2/TiO2-r was 0.5 (Figure A.3b),

which is also similar to that obtained over bulk IrO2. These results extend the remarkable

effect of the TiO2-r carrier also to other rutile-type active phases besides RuO2. This is further

substantiated by the poor activity (HCl conversion = 8%) of an IrO2 catalyst prepared in

an identical manner using another structurally different support such as γ-Al2O3. In view of

a possible technical application, the metal content in the catalyst should be kept as low as

possible to minimize its cost, particularly in the case of expensive metals such as iridium. Thus,

IrO2/TiO2-r catalysts with a nominal Ir loading between 1 and 10 wt.% were prepared and

tested. Figure A.1c shows the HCl conversion and Cl2 production rates per mole of iridium as

a function of the loading. The HCl conversion increased with the iridium content, while the Ir-

specific reaction rate decreased. A compromise between activity and Ir-specific Cl2 production

was identified between 2 and 4 wt.% Ir.

Both the TiO2-r and TiO2-a-supported catalysts contained 2.0 wt.% Ir, as determined by

XRF (Table 2.1). The metal content was unaltered after 5 h on stream, underlining the stability

of IrO2 against oxidation and volatilization. The surface area of IrO2/TiO2-a was almost twice

as large as that for IrO2/TiO2-r (Table 2.1). After reaction, the SBET of IrO2/TiO2-r was

unaltered, while a moderate loss in surface area was found for IrO2/TiO2-a that could be
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Figure 2.5. XRD patterns of IrO2/TiO2-r and IrO2/TiO2-a in fresh form and after Deacon reaction
at 723 K and O2:HCl = 2 (a). Unmarked reflections belong to the rutile and anatase carriers. H2-TPR
profiles of IrO2/TiO2 and IrO2/TiO2 in fresh form (b).

related to sintering. As the HCl conversion over IrO2/TiO2-a was constant during the 5 h test,

the catalyst modification should have occurred within the first few minutes on stream. The

diffractogram of fresh IrO2/TiO2-a evidences the presence of the IrO2 phase (ICDD PDF-2

00-04301019) in addition to that for titania-anatase (ICDD PDF-2 01-071-1168), which points

to the presence of rather large IrO2 aggregates on this carrier (Figure 2.5a). In contrast, the

XRD pattern of IrO2/TiO2-r exhibits only the reflections of titania-rutile (ICDD PDF-2 01-076-

0325), pointing to the existence of very small IrO2 nanostructures. XRD analysis of the used

catalysts did not indicate major variations for the active and support phases or the formation

of chlorinated species. The fresh catalysts were further analyzed by H2-TPR (Figure 2.5b). For

IrO2/TiO2-a, a single reduction peak was observed between 475 and 575 K with a maximum at

500 K, pointing toward the presence of particles with a rather homogeneous size distribution.

In contrast, the reduction profile of IrO2/TiO2-r shows a distinct peak at 397 K and a broad

reduction signal with a maximum at 606 K and a shoulder at 570 K (Figure 2.5b). The low-

temperature peak likely refers to highly dispersed IrO2, while the complex, high-temperature

signal may indicate the presence of IrO2 species that more strongly interact with the TiO2-r

support, possibly as a result of the lattice matching, as already observed for RuO2 on TiO2-

r.[29,89] Overall, these characterization results suggest differences in morphology and dispersion

of the IrO2 phase induced by the support characteristics. Thus, the catalysts were further

investigated by means of electron microscopy techniques.

As IrO2 and TiO2-r cannot be distinguished by HRTEM because of their identical crystalline
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Figure 2.6. HRSTEM of IrO2/TiO2-r (a,b) and HRTEM of IrO2/TiO2-a (c,d) in fresh form (a,c) and
after Deacon reaction (b,d). The red ovals in (a) and (b) encircle IrO2 clusters, while IrO2 particles
in (c) and (d) are highlighted by red contrast. The insets in (c) and (d) show the electron diffraction
patterns of IrO2.

structures and similar unit cells, HRSTEM was applied to identify different phases arising from

the variation in Z contrast. Accordingly, atomically dispersed IrO2 clusters were visualized

to decorate the TiO2-r particles (Figure 2.6a). After reaction, the clusterlike distribution of

IrO2 on TiO2-r was preserved, but fewer clusters were identified (Figure 2.6b). Since the Ir

content in the catalysts was unchanged (vide supra), a certain degree of agglomeration of the

clusters could be likely, although no defined IrO2 particles could be identified. HRTEM analysis

of the fresh TiO2-a-supported samples revealed the presence of crystalline IrO2 nanoparticles

(Figure 2.6c,d), which underwent partial roughening during the HCl oxidation (Figure 2.6d).

These results strongly point to an enhanced dispersion as the main reason for the higher activity

of IrO2/TiO2-r, in line with the improved metal utilization highlighted above (Figure A.3c).

Nonetheless, because of the cluster-like structure of the active phase in IrO2/TiO2-r, additional

favorable effects of an electronic nature exclusive of the titania-rutile support cannot be ruled

out. Such effects have recently been uncovered for small, thin, and well-dispersed RuO2 particles

on TiO2-r.[89] The lower activation energy for the rutile-supported system compared with the

anatase-supported system (vide supra) could also relate to a modification of the electronic

properties that might influence the binding energies of the reactants and products and therefore

the energetics of the rate-limiting step.

2.4.4. Modeling of the Support Effect

The support effect was further investigated theoretically with respect to both geometric and

electronic aspects. In the case of anatase, IrO2 overlayers are clearly not stable, and the active
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phase should be in the form of particles. For rutile, the growth of IrO2 epilayers implies a

geometric distortion of 7 and 2% in the surface planes of the (110) surface. This strain might

lead to Stranski–Krastanov growth. Accordingly, the first (or few) IrO2 layers would be in

registry with the support and the rest would build up tridimensional oxide islands, in agreement

with the electron microscopy results. The islands would behave similarly to bulk IrO2, while the

activity of the epitaxial overlayers would be affected by the presence of the support. Oxygen and

chlorine adsorption are indeed modified with respect to the native material, as clearly seen in the

reaction profiles (Figure 2.4). For a single monolayer, mainly electronic contributions arise. As

a result, the binding energy of oxygen is reduced by about 0.1 eV and that of Cl remains almost

constant. As IrO2-based catalysts are severely poisoned by Cl adsorption, the decrease in oxygen

binding energy will not have a positive effect on the activity. Similar results were found for a

single monolayer of RuO2 on SnO2, which was predicted to be less active than bulk RuO2.[27] or

on TiO2-r, for which higher binding energies have also been retrieved.[90] For two monolayers,

as a result of geometric constrictions induced by the support, the adsorption energies of both

O and Cl are larger than for bulk IrO2, leading to less active catalysts. Therefore, the activity

largely originates from the IrO2 islands on top of the possibly formed epilayers. The material gap

between the perfect lattice and the modified lattice introduced by the clustering of the active

phase on TiO2-r should explain the modification in electronic properties and the lowering of

the apparent activation energy over this catalyst.

2.4.5. Design of Technical IrO2-based Catalysts

Herein, we demonstrate a rational pathway for the design of a technical TiO2-r-supported

IrO2 catalyst based on the preparation of a suitably shaped carrier followed by deposition of

the active phase. Three protocols were followed, as schematically summarized in Figure 2.7.

At first, we attempted to directly extrude TiO2-r. As its particle size distribution is very

homogeneous and the particles are smaller than 50 µm (Figure 2.8a), no pretreatment (e.g., wet

milling) of the powder was undertaken. Analysis of the produced TiO2-r-e by optical microscopy

evidenced many radial cracks (Figure 2.7), indicating that rutile possesses insufficient self-

binding properties. Ultrasonication of the nanopowder in the particle analyzer indeed led to

breakage of the particles into several smaller fractions with sizes of 0.15–20 µm, indicating
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Figure 2.7. Preparation routes for technical carriers by extrusion and calcination from pure TiO2-
r (TiO2-r-e), TiO2-a (TiO2-a-e), or a mechanical mixture of 80 wt.% TiO2-r and 20 wt.% TiO2-a
(TiO2-ra-e). The obtained extrudates (right) were visualized by optical microscopy.

weak interparticle forces (Figure 2.8a). SEM images of the extrudates also highlighted that

TiO2-rutile agglomerates are made of large particles organized in clusters that are separated by

substantial voids, which strongly reduce the contact area between the clusters (Figure A.8a).

An often-reported strategy to aid the shaping process of TiO2 is the facilitative addition of

organics to the powder.[91,92]

However, the subsequent removal of the organics from the shaped bodies may impose

difficulties and ultimately affect the catalyst properties. Thus, our attention was directed

toward inorganic extrusion aids, and TiO2-a seemed suitable to the purpose. In contrast to

TiO2-r, its particle size distribution did not change upon ultrasonication, suggesting rather

strong interparticle forces (Figure 2.8a). Furthermore, its larger surface area (Table 2.1) and

its dense particle packing, as visualized by SEM (Figure A.8a), should favor the formation

of liquid bridges between the particles and thus improve the extrusion quality.[93] Besides

its use as additive, since TiO2-a can be transformed into the rutile polymorph, we also

conceived a procedure involving extrusion of TiO2-a only and exposure of the shaped bodies

to a temperature treatment to induce the phase change. Thus, extrudates were generated by

adding 20 wt.% TiO2-a as shaping aid in a mechanical mixture with the main TiO2-r phase

(TiO2-ra-e) as well as by shaping pure TiO2-a and applying a calcination step at 1073 K
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Figure 2.8. Particle size analysis of the TiO2-a and TiO2-r carriers (a). Solid lines correspond to
as-received oxides in suspension and dashed lines to materials after ultrasonication for 1 min. HAADF-
STEM images of a microtome-cut cross section of an IrO2/TiO2-ra-e extrudate (b,c) showing TiO2-
r-rich (b) and TiO2-a-rich zones (c). The inset in (b) depicts a section of a TiO2-r crystal supporting
IrO2, which is visible along the edges of the carrier grain.

(TiO2-a-e). The so-prepared bodies did not exhibit any cracks or other optically detectable

defects (Figure 2.7). XRD analysis confirmed the coexistence of the TiO2-a and TiO2-r phases

in TiO2-ra-e in the expected proportion and the complete phase transformation from anatase

to rutile for TiO2-a-e (Figure A.9a). The mechanical side-crush strengths for both types of

extrudates were high enough to ensure sufficient mechanical stability (Table 2.2). With respect

to the textural properties, while the surface area of TiO2-a-e drastically dropped because of

sintering, the original SBET of the powder was retained in TiO2-ra-e (Table 2.2). Furthermore,

the pore size distribution of TiO2-r was preserved in TiO2-ra-e, although the pore volume

determined by mercury intrusion decreased (Figure A.9b), whereas TiO2-a-e featured almost

no porous structure and less pore volume than TiO2-ra-e (Table 2.2). SEM imaging evidenced

the presence of large rutile particles with diameters of 200 nm, confirming sintering during the

preparation of TiO2-a-e (Figure A.8c). This was also clearly detected at a macroscopic level by

the noticeable decrease in the diameter of the extrudates (Figure A.10). For TiO2-ra-e, small

anatase particles were observed to fill the voids between TiO2-r clusters of substantially smaller

size (Figure A.8d). Two technical catalysts were prepared by wet impregnation with a loading of

2.0 wt.% Ir on TiO2-ra-e and TiO2-a-e (Table 2.2). On the basis of optical microscopy imaging,

the IrO2 phase appeared to be distributed uniformly in TiO2-ra-e, almost reaching the core of

the extrudates (Figure A.10a). In contrast, IrO2 deposited exclusively at the external surface
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of TiO2-a-e in a kind of eggshell configuration (Figure A.10b). This disadvantageous result is

related to the poor textural properties of the shaped carrier.

2.4.6. Performance and Characterization of Technical IrO2-Based Catalysts

Testing of the two materials in HCl oxidation indicated that IrO2/TiO2-ra-e is 2.5 times more

active than IrO2/TiO2-a-e (Table 2.2). As HCl oxidation is not diffusion limited, it is expected

that a better metal distribution and utilization is achieved with a close to uniform rather than

an eggshell-type configuration. Analysis of a microtome-cut cross section of an IrO2/TiO2-ra-e

extrudate by electron microscopy techniques showed that IrO2 was preferentially deposited on

TiO2-r. In regions rich in rutile particles, IrO2 was indeed detected along the edges of the TiO2-r

particles (Figure 2.8b), while no IrO2 was found in sections with mainly TiO2-a (Figure 2.8c).

This is most likely due to the dense packing of the anatase phase, which might have hampered

the impregnation of its surface (Figure A.8b). Furthermore, it cannot be discarded that Ir

species initially deposited on anatase migrated to the rutile phase during calcination. This

process could be facilitated by lattice matching of IrO2 on TiO2-r, which is in line with previous

evidence for RuO2/SnO2–Al2O3.[38]

Kinetic tests on IrO2/TiO2-ra-e indicated that the activation energy (Figure 2.1b) and

reaction order in O2 (Figure A.3b) were similar to those for IrO2/TiO2-r, evidencing that the

apparent kinetic behavior of supported IrO2 was preserved upon scale up. These results further

support the conclusion that no significant internal diffusion limitation exists within the technical

catalyst. In order to compare the performance of the technical and supported materials under

identical reaction conditions, a sample was prepared by crushing IrO2TiO2-ra-e. The chlorine

production rates were similar (Figure 2.1b), indicating no detrimental effect due to the presence

of anatase and supporting the preferential deposition of IrO2 on rutile. The IrO2/TiO2-ra-e

Table 2.2.Characterization and activity data of the IrO2 catalysts in extrudate form.

Sample Ir (wt.%)a Side-crush-strength (N)b V pore (cm3g−1) SBET (m2g−1)c XHCl (%)d

IrO2/TiO2-ra-e 2.1 33 0.36 25 (28) 43
IrO2/TiO2-a-e 2.1 120 0.12 1 (3) 18

a Determined by XRF. b Identical to the corresponding technical carriers. c BET Surface areas of the
shaped carriers are given in parentheses. d Conditions: W cat= 1.25 g, Tbed = 723 K, O2:HCl = 2,
FT = 250 cm3 STP min−1, and t = 1 h.
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Figure 2.9. Space-time yield (STY) versus time-on-stream over IrO2/TiO2-ra-e. The inset shows a
photograph of the extrudates.

catalyst was subjected to a 50 h catalytic run to assess its stability in a more extended time

frame (Figure 2.9). The HCl conversion level (ca. 28.%) dropped only slightly during the test.

Thus, the IrO2/TiO2-ra-e catalyst appears to be stable enough for further consideration as

a high-temperature Deacon catalyst. The activity loss might relate to agglomeration of the

supported IrO2 clusters, as hinted in Section 2.4.3. To minimize this phenomenon in long-term

use, the incorporation of additives (e.g., SiO2 or Al2 O3) would be expected to be effective in

stabilizing the active phase, in similarity with RuO2-based industrial catalysts. [19] In view of a

technical application, it is worth noting that the price of iridium has reached new record levels

in the past 2 years, making it significantly more expensive than ruthenium and thus rendering

the implementation of an Ir-based industrial process unattractive at present (Figure A.11).

However, the prices of iridium and ruthenium are very volatile and independent from each

other, so no speculations can be put forward for the near future. Indeed, it already happened

in the years 2007 and 2008 that iridium was remarkably cheaper than ruthenium.[94]

2.5. Conclusions

This study has confirmed the potential of IrO2 as a suitable catalyst for chlorine recycling

via HCl oxidation, complementing the currently applied RuO2-based systems. Activity and

stability evaluation on bulk IrO2, combined with in-depth characterization and DFT modeling,

demonstrated that this material is active at a ca. 170 K higher temperature than RuO2 and that

its stability is outstanding with respect to both chlorination and oxidation to volatile species.
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The higher operating temperature of IrO2 is due to the higher computed energy barrier for

chlorine evolution in comparison with RuO2. TiO2-rutile was identified as a superior carrier for

IrO2, verifying the importance of the lattice matching between the active phase and the support

to guarantee outstanding metal dispersion. Interestingly, the thin layer structure typical of RuO2

supported on rutile carriers was not observed here, as IrO2 rather formed well-distributed

clusters. Using TiO-anatase as an extrusion aid enabled the manufacture of a mechanically

robust technical IrO2/TiO2-rutile catalyst in extrudate form. The technical catalyst exhibits a

high and stable space-time yield, making feasible its industrial utilization. This will be tightly

related to the price evolution of noble metals.





Chapter 3

Technical CeO2-Based Catalysts
for Chlorine Production

3.1. Introduction

The rapidly increasing production of polyurethanes and polycarbonates determines a rising

excess of by-product HCl. The polyvinyl chloride manufacture cannot absorb the HCl surplus

anymore, as the demand for this polymer grows at a slower pace than that of the above-

mentioned plastics. In this scenario, as HCl neutralization is an environmentally unattractive

option and marketing as hydrochloric acid is not always feasible, recycling represents a

sustainable strategy to valorize the HCl excess. To this end, the heterogeneously catalyzed

oxidation of HCl to Cl2 (Deacon reaction) comprises a preferential route with respect to

the conventional HCl electrolysis in view of the unbeatably lower energy demand.[13] At

present, the state-of-the-art industrial catalysts for this reaction are based on RuO2, featuring

remarkable low-temperature activity and lifetime.[70,95] Nevertheless, as ruthenium is a pricey

metal, research efforts have been oriented towards the identification of cost-effective but equally

stable alternatives. Ceria (CeO2) has been found significantly active in HCl oxidation owing

to the presence of oxygen vacancies in the material.[34] Bulk chlorination only occurred at feed

O2:HCl < 0.75, leading to the formation of CeCl3 and to activity loss, although exposure to

O2-rich conditions enabled to rapidly and fully restore the active oxide phase. Recent studies

have revealed that rejuvenation of chlorinated ceria limitedly to the outermost surface layers

is sufficient to recover the original activity level and that even bulk CeCl3 can be completely

transformed into CeO2 at O2:HCl > 4 and 703 K.[35] The negative impact of high Cl coverages

on the activity was attributed to the more difficult vacancy formation.[35] These results with

bulk CeO2 triggered further work regarding the selection of a suitable support for this active

phase. The morphological and electronic properties of ceria and, thus, its performance, can
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be tuned using carriers of different textural, structural, and chemical nature.[96] This would

enable the establishment of property–function relationships and the attainment of an optimized

material. In fact, this is the logical step towards the scale up of a technical catalyst. Although

CeO2 has been commonly applied as a support or cocatalyst,[97–109] a few supported ceria

catalysts have been reported in the literature. For instance, CeO2/γ-Al2O3 has been used for

SOx removal,[110] VOC oxidation,[111] and, in combination with noble metals, for exhaust after-

treatment.[96] It has been found that, at low loadings, ceria is stabilized on alumina in form

of well-distributed nanostructures,[112] and that a high ceria dispersion can be attained even

upon high-temperature calcination, as Ce incorporation prevents the alumina transformation

from the γ- into the α-form and thus surface area loss.[113] In view of these results and of its

resistance against chlorination, γ-alumina was selected as a potential carrier. Zirconia has been

widely applied in exhaust after-treatment catalysts, too, though usually in the form of solid

solutions with ceria rather than as a conventional support.[96,114] Mixed Cr-Zr oxidic phases

possess superior thermal stability, and, more interestingly, improved oxygen storage capacity

compared to pure ceria.[114–117] Due to these features, zirconia stands as a likely suitable carrier

for ceria. Titania was also selected in view of its high surface area and wide availability. Herein,

supported CeO2 catalysts, synthesized by dry impregnation of cerium nitrate on the above-

mentioned carriers, have been evaluated in HCl oxidation at the laboratory scale. Structure,

dispersion, and electronic properties of ceria were assessed by extensive characterization to

explain the observed influence of the carrier on the performance. Long-term pilot tests of

the most promising CeO2-based catalyst in technical form provide excellent perspectives to

supplement RuO2-based catalysts for HCl recycling.

3.2. Experimental

3.2.1. Catalysts

γ-Al2O3 (99.95%), TiO2-anatase (99.7%), as well as low- and high-surface area monoclinic ZrO2

(both 99.8%, denoted with the suffixes “1” and “2”, respectively), were provided by Saint-

Gobain NorPro in pelletized form (diameter = 3 mm, length = 4 mm). The shaped materials

were crushed, sieved, and dried in air at 433 K and 100 mbar for 2 h prior to their use. Supported
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CeO2 catalysts (3–20 wt.% Ce) were prepared by dry impregnation of these supports with an

aqueous solution of Ce(NO3)3·6H2O (Sigma–Aldrich, 99.99%), followed by drying in air at

353 K and 100 mbar for 5 h and calcination in static air at 1173 K (3 K min−1) for 5 h.

This calcination temperature was found optimal for bulk CeO2 in HCl oxidation.[76] The as-

prepared catalysts are referred to as fresh. For long-term testing at the pilot scale, CeO2/ZrO2-1

(9 wt.% Ce), prepared by dry impregnation of cylindrical ZrO2-1 pellets (diameter = 3 mm,

length = 4 mm), were used.

3.2.2. Characterization

The cerium loading was determined by inductively coupled plasma-optical emission

spectroscopy (ICP-OES) in a Horiba Jobin Yvon Ultima 2 instrument after dissolution of

the catalysts in a HF/HCl/HNO3 solution. Nitrogen sorption at 77 K was measured in a

Quantachrome Quadrasorb-SI analyzer. Prior to the analysis, the samples were evacuated at

473 K for 10 h. The Brunauer–Emmett–Teller (BET) method was applied to calculate the

total surface area. Mercury porosimetry (MP) was carried out in a Micromeritics Autopore

IV 9510 analyzer. After degassing the samples, mercury was intruded in the pressure range

from vacuum to 418 MPa. Measurements were performed using a contact angle of 140◦ for

mercury and a pressure equilibration time of 10 s. The Washburn equation was applied to

calculate the pore size distribution. X-ray diffraction (XRD) was carried out in a Bruker AXS

D8 Advance theta/theta diffractometer equipped with a secondary graphite monochromator

(CuKα1+2 radiation) and a scintillation detector. Data were collected in the 5–70◦ 2θ range

with an angular step size of 0.02◦ and a counting time of 15 s per step. The full XRD patterns

were fitted to evaluate the contributions of the individual phases according to the Rietveld

method, in conjunction with the fundamental parameters approach for the instrumental and

double-Voigt approach.[118,119] The crystallite domain sizes of relevant phases, as obtained from

the double-Voigt model, were given as LVol - IB values (volume weighed mean column lengths

based on integral breadth), i.e., without further assumptions about crystallite size or shape

distribution. Temperature-programmed reduction with hydrogen (H2-TPR) was measured in

a Thermo TPDRO 1100 unit with a thermal conductivity detector. Samples were pre-treated

in He (20 cm3 STP min−1) at 473 K for 30 min. After cooling to 323 K in He, the analysis
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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. Raman spectroscopy was measured in a Renishaw inVia Raman

microscope equipped with a coherent argon-ion laser (20 mW, 514 nm) and a high sensitivity

ultra-low noise CCD detector. Spectra were collected between 1400 and 24 cm−1 accumulating

10 scans with a resolution of 1 cm−1. The total exposure time of each sample was 8 s. The

spectra were fitted in the 520–420 cm−1 range by means of Gauss–Lorentz functions. Bright-

field and dark-field transmission electron microscopy (BF/DFTEM) studies were carried out

in a Philips CM 200 FEG and a FEI Titan Cs 80–300 microscope, equipped with a FEG, a

Gatan Tridiem Filter, and an energy-dispersive X-ray (EDX) analyzer, and operated at 200 and

300 keV, respectively. In the case of the Titan microscope, spherical aberrations were corrected

by the CEOS Cs-corrector, thus reaching an information limit of 0.8 Å. High-resolution TEM

(HRTEM) images were processed to obtain the power spectra which were used to measure

interplanar distances and angles for phase identification. Energy-filtered TEM (EFTEM) and

Electron Energy-Loss Spectroscopy (EELS) maps were acquired in the FEI microscope with

the post-column Gatan Tridiem Filter. Scanning TEM images were obtained with a high-angle

annular dark field detector (HAADF STEM).

3.2.3. Operando Prompt Gamma Activation Analysis

Prompt gamma activation analysis (PGAA) was used to assess the Cl uptake of selected

supported ceria samples during HCl oxidation and its effect on the reactivity. The method,

successfully used to study the surface chlorination of Deacon catalysts,[27,35] is based on the

neutron caption of the sample and the subsequent detection of element-specific gamma rays

during de-excitation of the nuclei. PGAA was carried out under atmospheric pressure 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. Cl and Ce were quantified in the

investigated volume, i.e., a tubular micro-reactor. 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 correspond only to the solid catalyst. The quartz reactor (8 mm i.d.) was loaded with

0.5–0.7 g of catalyst (W cat) of particle size = 0.1–0.25 mm, placed into the neutron beam,



Technical CeO2-Based Catalysts for Chlorine Production 41

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

to minimize heat losses. The reaction feed was supplied by mass flow controllers at a constant

total volumetric flow (FT) of 166.6 cm3 STP min−1, and was composed by 10 vol.% HCl (Linde,

purity 4.5) and variable amounts of O2 (Linde, purity 5.0), balanced with N2 (Linde, purity 5.0).

The Cl uptake was monitored at 703 K and variable O2:HCl ratio (0.5 to 9) or at O2:HCl = 9

and variable temperature (643 to 703 K).

3.2.4. Catalyst Testing in Lab and Pilot Reactors

The gas-phase oxidation of hydrogen chloride was studied in a quartz fixed-bed micro-reactor

(8 mm i.d.) at ambient pressure. 0.25–0.7 g of catalyst (particle size = 0.1–0.25 mm), diluted

with 1 g of glass spheres (>400 µm), were loaded in the reactor and pre-treated in flowing

N2 at 703 K for 30 min. Thereafter, the reaction mixture, 10 vol.% HCl (Linde, purity 4.5),

40 vol.% O2 (Linde, purity 4.5), and 50 vol.% N2 (Linde, purity 5.0), was continuously fed.

The steady-state activity of the catalysts was measured isothermally using a bed temperature

(T bed) of 703 K and a total volumetric flow of 166 cm3 STP min−1 for 23 h on stream. Kinetic

data were obtained upon variation of the O2:HCl ratio in the range of 0.5–9 at 703 K and

of the temperature in the range of 643–703 K at O2:HCl = 9. Long-term stability tests were

conducted over CeO2 (9 wt.% Ce)/ZrO2 pellets (diameter = 3 mm, length = 4 mm) in a pilot

plant consisting of an adiabatic reactor (T inlet = 633 K) at Bayer MaterialScience. The feed

O2:HCl ratio was kept constant at 4.15. In all the operando PGAA and the catalytic tests, Cl2

quantification was carried out by iodometric titration.[30] The catalytic activity was assessed by

determining the HCl conversion, defined as XHCl = (2 × mole Cl2 at the reactor outlet/mole

HCl at the reactor inlet) × 100%, and the space time yield (STY), defined as the gram of

Cl2 produced per gram of catalyst and per hour. For the pilot test, the HCl conversion was

additionally measured at 10% of the total catalyst bed length. The Weisz–Prater criterion was

largely fulfilled in all our lab-catalytic tests, indicating the absence of intra-particle diffusion

limitations.
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3.3. Results and Discussion

3.3.1. Catalysis

Alumina-, titania-, and zirconia-supported CeO2 catalysts (nominal 7 wt.% Ce) were tested in

HCl oxidation for 23 h on stream. The Cl2 production of all catalysts was essentially constant

in the evaluated time frame (Table 3.1). The catalysts were ranked according to their activity

as follows: CeO2/ZrO2-1 > CeO2/ZrO2-2 » CeO2/Al2O3 ≥ CeO2/TiO2. Due to the structural

collapse of TiO2 upon calcination of the impregnated catalyst (vide infra), only ZrO2-1, ZrO2-2,

and Al2O3 were considered for the optimization of the cerium content. Catalysts with loadings

between 3 and 20 wt.% Ce were prepared and tested for 5 h on stream (Figure 3.1).

Table 3.1.Characterization and activity of selected supported CeO2

catalysts with 7 wt.% Ce.

Sample SBET
a(m2 g−1) Ce (wt.%) STYb (g Cl2 h−1 gcat

−1)
after 5 h after 23 h

CeO2/Al2O3 165(242) 6.0 0.48 0.45
CeO2/TiO2 8(111) 6.3 0.40 0.38
CeO2/ZrO2-1 42(47) 6.8 1.23 1.19
CeO2/ZrO2-2 29(89) 6.3 0.80 0.76

a Surface area of the as-received carriers in brackets. b Conditions:
W cat = 0.25 g, O2:HCl = 4, and T = 703 K.

The optimal Ce loading on ZrO2-1 and ZrO2-2 was reached between 7 and 10 wt.%, as a

further increase in metal content did not lead to an enhanced space time yield. Within this

loading range, CeO2/ZrO2-1 exhibited a better performance than CeO2/ZrO2-2. In the case

of CeO2/Al2O3, the activity increased linearly with the Ce loading up to 17 wt.% Ce. Only

at this loading, the alumina-supported catalyst exhibited comparable activity to the zirconia-

supported samples. Zirconia appears as the preferred carrier not only in view of the beneficial

effect on the specific catalytic activity but also due to the high density of the material. With an

equal cerium loading, CeO2/ZrO2 requires a three times smaller bed volume than CeO2/Al2O3.

This enables the use of a smaller reactor and thus reduction of capital investment costs,

which represent one major challenge of the catalytic chlorine recovery technology.[13] Kinetic

investigations were performed on CeO2/ZrO2-1 (7 wt.% Ce) and CeO2/Al2O3 (12.2 wt.% Ce).

For the zirconia-supported catalyst, the feed O2:HCl ratio was varied from 0.5 to 9 at 703 K
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Figure 3.1. Space time yield after 5 h on stream versus Ce loading over CeO2/ZrO2-1 (solid circles),
CeO2/ZrO2-2 (open circles), and CeO2/Al2O3 (solid triangles). Conditions: W cat = 0.25 g, O2:HCl = 4,
and T = 703 K.

(Figure 3.2a). According to power equation fitting of the data, the reaction order on oxygen

is 0.4, resembling previous findings on bulk CeO2.[76] The dependence of the HCl conversion

on the bed temperature was explored at 643–703 K keeping a O2:HCl = 9 (Figure 3.2b). The

apparent activation energy was estimated at 60 kJ mol−1. This value is significantly lower than

the 90 kJ mol−1 originally reported for bulk CeO2
[76] and the 70–75 kJ mol−1 more recently

obtained for the pure oxide through refined experiments.[35] This is later explained based on

a reduced Cl coverage in the supported catalyst. The effect of varying the partial pressure of

O2 was evaluated for CeO2/Al2O3 using two protocols: starting with a high oxygen excess and

step-wise decreasing the oxygen content, and vice versa (Figure 3.2). The downward series gave

rise to a power law dependence, which rendered a reaction order of 0.6, whereas the upward
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Figure 3.2. HCl conversion versus O2:HCl ratio (a) over CeO2/ZrO2-1 (downwards, solid circles)
and CeO2/Al2O3 (upwards, open triangles; downwards, solid triangles). Conditions: W cat = 0.5 g,
T = 703 K. Arrhenius plot for CeO2/ZrO2-1 (b). Conditions: W cat = 0.7 g and O2:HCl = 4.
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outlet (solid circles) over CeO2/ZrO2-1 (9 wt.% Ce) pellets during a long-term test in a pilot plant.
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a schematic representation of the fixed-bed reactor and the sampling points (right) and a photograph
of the technical CeO2/ZrO2-1 catalyst(left).

series resulted in an essentially linear correlation with a lower activity. This discrepancy will be

rationalized on the basis of different chlorination degrees (vide infra). The most active catalyst,

CeO2/ZrO2-1 (9 wt.% Ce), was tested in technical form in a pilot plant to assess its long-term

stability. Figure 3.3 shows that the HCl conversion levels measured using a probe at 10% of

the bed length and at the reactor outlet were constant for over 700 h on stream. Monitoring

the activity along the bed helps to assess the catalyst robustness. In fact, common causes of

deactivation for Deacon catalysts are chlorination by HCl, inhibition by Cl2, and sintering.

The latter two might affect the catalyst to larger extent close to the outlet of the adiabatic

reactor, where the concentration of Cl2 is the highest and the temperature normally reaches its

maximum, but chlorination by HCl is expected to be predominant at the reactor inlet where the

O2/HCl ratio is the lowest. On the basis of its remarkable activity and lifetime, CeO2/ZrO2-1

comprises a realistic alternative to RuO2-based catalysts for large-scale chlorine recycling.

3.3.2. Characterization

The carriers and the supported catalysts have been characterized in fresh form by means of

various techniques in order to rationalize the differences in catalytic performance. The actual

loading of Ce was determined by elemental analysis and found to be slightly lower than the

nominal 7 wt.% for all of the catalysts (Table 3.1). The total surface area (SBET) of the as-

received supports was 47, 89, 111, and 242 m2 g−1 for ZrO2-1, ZrO2-2, TiO2, and Al2O3,
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respectively (Table 3.1). The original SBET of ZrO2-1 was retained upon CeO2 deposition. On

the contrary, it decreased to a significant extent for Al2O3 and ZrO2-2, and dramatically for

TiO2, suggesting particle sintering and/or pore blockage upon catalyst preparation. The pore

size distributions of the carriers and supported CeO2 catalysts are reported in Figure 3.4. Al2O3

possessed mesopores of 4–15 nm size and macropores in the range of 300–900 nm (Figure 3.4a).

The CeO2/Al2O3 profile evidences a nearly complete loss of the original support mesopores,

the appearance of mesoporosity at 10–20 nm, and the partial depletion of the macropores. As

CeO2 is mainly present in form of small nanoparticles (vide infra) and SBET drops, the change

in porous structure is supposed to be related to pore blockage by the active phase as well as

to thermal ageing induced by the high-temperature calcination after the impregnation step.

Titania featured pores in the range of 4–200 nm, where mesopores of 5–10 nm and macropores

of 70–110 nm size are most abundant. These mesopores were completely lost upon catalyst

preparation, whereas porosity developed to some extent in the 60–200 nm range (Figure 3.4b).

In line with the almost complete depletion of the SBET, these observations are later explained

on the basis of pronounced structural alterations occurring during the thermal activation. In

the case of ZrO2-1, the pores between 10 and 20 nm partially vanished after impregnation of

the Ce precursor and calcination, but the larger pores (up to 100 nm) were mostly retained

(Figure 3.4c). ZrO2-2 presented pores in the range of 4–40 nm with a predominance of pores of

4–10 nm. The deposition of the active phase led to the loss of the pores <10 nm, an increment

of the larger ones, and the formation of even bigger pores (up to 100 nm) (Figure 3.4d). Similar

porosity changes were reported for mixed ceria-zirconia materials upon thermal treatments

under reducing or oxidative atmospheres.[120] The availability of a large support surface is

usually favorable to attain a high dispersion of the supported active phase, which typically

leads to enhanced activity. However, this is not the case here, as the catalysts’ activity trend

does not correlate to that of the SBET data. Thus, the carrier nature seems to play a strong role

in defining the specific character of the active ceria phase. Furthermore, as hinted by the changes

in the porosity during catalyst preparation, their structural stability may be also relevant. The

XRD patterns of the fresh catalysts are shown in Figure 3.5.

For the alumina-supported system, diffraction lines specific to cubic CeO2 and γ-Al2O3 are
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Figure 3.4. Pore size distributions obtained from Hg porosimetry of the carriers (open squares) and
the supported CeO2 catalysts with 7 wt.% Ce (solid circles): Al2O3 (a), TiO2 (b), ZrO2-1 (c), and
ZrO2-2 (d).

visible. Comparison with the XRD pattern of the pure support indicates that the structure of γ-

alumina was retained upon deposition of the Ce, in line with the studies by Damyanova et al.[113]

Indications on changes of crystallinity cannot be easily extracted, as the alumina peaks are

rather broad and weak, due to the pseudo-amorphous nature of the small alumina crystallites.

Ceria is also clearly identified in the diffractogram of CeO2/TiO2, along with the TiO2-anatase

phase. The clearly sharper support reflections in the catalyst pattern with respect to that of

pure TiO2 indicate a largely increased crystallinity, explained by sintering, as anticipated above.

The absence of additional peaks related to TiO2-rutile allows excluding that this structural

alteration was provoked by an incipient phase transition, which is thermodynamically feasible

at the temperature applied for the calcination but can be hindered by the presence of Ce,[121,122]

thus pointing to a thermal effect. For the ZrO2-1- and ZrO2-2-supported catalysts, the ceria

phase was visualized only upon Rietveld fitting of the patterns and evaluated to represent about

3–5 wt.% of the samples (Figure 3.6).

This suggests that the ceria phase might be present in form of smaller nanostructures on

the zirconia carriers with respect to alumina and titania. The fitting procedure also indicated

that the original supports were almost entirely constituted by monoclinic zirconia with minor

contributions from tetragonal zirconia (ca. 2 and 6 wt.% for ZrO2-1 and ZrO2-2, respectively).
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Figure 3.5. XRD patterns of the supported CeO2 catalysts. The following phases were detected: γ-
Al2O3 (ICDD PDF-2 00-56-0457), TiO2-anatase (ICDD PDF-2 01-71-1166), monoclinic ZrO2 (ICDD
PDF-2 01-078-0047), tetragonal ZrO2 (ICDD PDF-201-072-7115), and cubic CeO2 (ICDD PDF-201-
73-6328). The reflections marked with solid triangles belong to CeO2.

The deposition of ceria provoked a 5-fold increase of the amount of tetragonal zirconia in both

cases. The tetragonal zirconia phase of ZrO2-2 (equal to ca. 30 wt.% in CeO2/ZrO2-2) is clearly

discernible in the XRD pattern of the fresh catalyst. The lattice parameters of both monoclinic

and tetragonal zirconia show no clear indication of cerium doping in the catalysts. Still, the

insertion of low Ce amounts into the zirconia lattice would produce a hardly discernible change.

The ceria lattice parameters, on the other hand, seem to be somewhat smaller than expected

for pure CeO2, suggesting some zirconium incorporation into the CeO2 lattice. However, due

to the strong peaks overlapping and the weak intensity of the ceria signal, the XRD data

cannot undoubtedly indicate, if any zirconium was incorporated and to what extent. The

XRD observations show a substantial stability of the ZrO2-1 support, but significant structural

changes for ZrO2-2, which relate well to the modifications in the total surface area (Table 3.1)

and pore size distribution (Figure 3.4). As the neat ZrO2 supports, i.e., not impregnated,

preserved their structural properties under the same conditions as applied for the calcination

of the as-prepared catalysts, the change from the monoclinic to the tetragonal phase was likely

triggered by the presence of CeO2 or its precursor. Further considerations on this intriguing but

complex phenomenon are proposed in the next paragraph. Overall, the XRD results are in line

with the porosity results and indicate that the size of the ceria nanostructures varies depending

on the carrier. The reducibility of the catalysts was investigated by H2-TPR (Figure 3.7a). The

reduction curve of bulk CeO2 calcined at 1173 K (low surface area) is shown for comparative
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Figure 3.6. Enlarged view of the 20–40◦ 2θ range of the XRD pattern of ZrO2-1 (a), CeO2/ZrO2-1
(b), ZrO2-2 (c), and CeO2/ZrO2-2 (d) depicted as solid black lines and fitting curves for monoclinic
and tetragonal ZrO2 (blue and red lines, respectively), and cubic CeO2 phases (green lines), calculated
by the Rietveld method. Weight fractions of the phases detected are indicated.

purposes. As the supports are hardly reducible in the explored temperature range, the features

distinguishable in the profiles are related to the reduction of the Ce-containing species. For

CeO2/Al2O3, weak peaks at 730, 965, and 1066 K and a more intense peak starting at 1203 K

are detected. The signals below 1000 K refer to the reduction of small and well-dispersed CeO2

crystallites and to CeO2 particles strongly interacting with Al2O3, while those above 1000 K are

attributed to the reduction to CeAlO3, which is formed during the H2-TPR analysis.[113,123] For

the titania-supported catalyst, the reduction profile is dominated by a narrow and very intense

signal at 1140 K accompanied by a weak and broad feature centered at 865 K. These peaks

likely originate from the surface and bulk reduction of large CeO2 particles. In fact, (i) the

reduction pattern resembles that of bulk ceria, (ii) the diffractogram of this catalyst exhibits

sharp CeO2 reflections, (iii) and large CeO2 particles have been visualized by TEM (vide infra).

The profile of the ZrO2-1-supported material exhibits two distinct peaks of similar intensity

at 674 and 830 K. The former can be related to surface reduction of Ce–Zr mixed oxides or

CeO2 nanostructures, while the latter falls in the reduction range of bulk Ce–Zr mixed oxides

nanostructures.[120,124] CeO2/ZrO2-2 renders similar features. Still, the low-temperature signal

is much weaker and the high-temperature peak more pronounced and slightly shifted to higher

temperature (860 K) (Figure 3.7a). Thus, CeO2/ZrO2-1 seems to contain both Ce–Zr mixed

phases and pure ceria, while CeO2/ZrO2-2 predominantly possesses Ce–Zr mixed phases. In
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view of these findings, it is speculated that ZrO2-2, due to the originally higher surface area,

interacts more extensively with ceria than ZrO2-1, which determines a larger degree of Zr

incorporation in the CeO2 lattice, and, possibly, a higher instability towards a phase change.

Based on the H2-TPR results, the different HCl oxidation activity of the catalysts can be

preliminary understood based on the size, chemical nature, and dispersion of the Ce-based

structures stabilized by the supports. The superiority of the zirconia-supported samples seems

to originate from the presence of small nanostructures of CeO2, ensuring high dispersion, and,

possibly, of mixed Ce-Zr phases, which are known to possess a higher oxygen storage capacity

than pure CeO2.[96] The improved performance of CeO2/ZrO2-1 compared to CeO2/ZrO2-2

is tentatively rationalized considering that (i) surface Ce atoms are needed for the reaction

besides oxygen vacancies[76] and their binding properties might be negatively impacted to some

extent when it is incorporated in a solid solution with ZrO2 and (ii) that the mixed phase is

more abundant in CeO2/ZrO2-2. As the alumina-supported ceria phase appear to have a high

dispersion, the inferior performance of the CeO2/Al2O3 catalyst might relate to the absence of

electronic effects induced by the support, as suggested by the kinetic analyses (Section 3.3.1).

The limited activity of CeO2/TiO2 can be traced back to the presence of CeO2 as particles

of considerably large size, i.e., to a low dispersion of ceria. As a well-established technique

for the characterization of CeZrOx solid solutions, Raman spectroscopy was applied to further

study CeO2/ZrO2-1 and CeO2/ZrO2-2 in order to support the presence of intermixed ceria-

zirconia phases. It is worth mentioning that the characterization of our systems is particularly

challenging as the extent of formation of intermixed phases is limited by the low overall Ce

content (7 wt.%) and the intermixing might only occur at the interface between ceria and

zirconia, i.e., with only part of the ceria phase.

Figure 3.7b displays the Raman spectra of these catalysts, as well as of bulk ceria calcined

at 1173 K and ZrO2-1, as references. For sake of clarity, the spectrum of the ZrO2-2 carrier

was not included as perfectly superimposable to that of ZrO2-1 in the spectral range reported.

The slight shift of the zirconia signal at 476–474 cm−1 and its pronounced tailing towards

lower wavenumbers might indeed point to the presence of ceria and Ce–Zr mixed oxides.[125,126]

In fact, the spectrum of pure ceria is dominated by a sharp signal at 465 cm−1 and ceria-
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Figure 3.7. H2-TPR profiles of bulk ceria and supported CeO2 catalysts, normalized by the Ce
content (a). Raman spectra of CeO2, ZrO2-1, CeO2/ZrO2-1, and CeO2/ZrO2-2 depicted as solid black
lines (b). For the two supported catalysts, fitting curves of ZrO2 (blue lines), CeO2 (red lines), and
Ce–Zr mixed phases (green lines) are displayed.

zirconia solutions render a strong peak between ca. 467 and 452 cm−1, the more shifted to lower

frequencies within this range the more abundant the amount of Zr.[125,126] At a closer look, the

patterns of the two catalysts appear slightly different. Only for CeO2/ZrO2-1, a more defined

shoulder at 464 cm−1 seems to stand out. Furthermore, the tailing for CeO2/ZrO2-2 is stronger

at smaller wavenumbers. Upon fitting of the signals, it appears that the contributions due to

ceria and mixed Ce–Zr phases are indeed different. For CeO2/ZrO2-1, pure ceria dominates over

the mixed Ce–Zr phase, while the Ce–Zr mixed phase seem to be more abundant in CeO2/ZrO2-

2. According to the maxima of their fitted curves (450 and 454 cm−1 for CeO2/ZrO2-1 and

CeO2/ZrO2-1, respectively), the Ce–Zr mixed phases seem to be rich in Zr, especially in the

case of CeO2/ZrO2-1.[126] Overall, these results are in line with the H2-TPR data. Further

studies were undertaken by transmission electron microscopy. For this purpose, CeO2/Al2O3

with 12.2 wt.% Ce was investigated, since its activity is more relevant and the linearity obtained

between the HCl conversion and the Ce loading let us suppose that the morphology of the

supported phase does not remarkably change with the loading. For the fresh CeO2/ZrO2-1

sample, the mean particle size of ZrO2-1 was about 20 nm, which was not significantly altered
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Figure 3.8. HRTEM images of fresh (a) and used (b) CeO2/ZrO2-1, EFTEM (c) and EELS (inset
in c) map of fresh CeO2/ZrO2-1; DFTEM of fresh CeO2/Al2O3 (d) as well as STEM (e) and TEM
(f) images of fresh CeO2/TiO2.

upon HCl oxidation. HRTEM was used to analyze the crystalline structure of the samples. In

agreement with XRD, monoclinic ZrO2 (ICSD 89426) was found as the dominant structure,

and the presence of tetragonal ZrO2 (ICSD 23928) and cubic CeO2 (ICSD 29046) was verified.

The amount of CeO2 particles found on the fresh and used samples was significantly

lower than expected from the relatively high metal loading. Lattice analysis from the high-

resolution micrographs was not able to confirm the presence of a solid solution of CeO2 and

ZrO2. This can be attributed to the fact that the lattice variations may occur in a range that

lies within the error bars of the TEM lattice analysis. Mixed Ce-Zr phases could be observed

for example by Yashima et al.[127] for well-crystallized materials prepared via ceramic route

only by use of neutron diffraction. A detailed investigation of the catalyst particles by HRTEM

revealed that the surface of the monoclinic ZrO2 particles shows a partial decoration with

atomic clusters, as indicated by the arrows in Figure 3.8a,b. The nature of the clusters was

addressed by energy filtered images. The EELS maps generated using the Zr M and Ce N

edges are shown in Figure 3.8c. EFTEM mappings performed at several positions within the
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fresh and spent catalyst reveals that the Ce surface coverage on Zr is made of particles with

various sizes (from clusters to nanoparticles), thus explaining the clusters observed in the

micrographs of the fresh and used CeO2/ZrO2 samples. As mapping suggests a higher Ce

content compared to that implied by the amount of CeO2 detected by HRTEM, this may

further hint to intermixing of the ceria phase with ZrO2 to a certain extent. With regards to

the fresh CeO2/Al2O3, BF/DFTEM analyses suggest a relatively narrow size distribution of the

CeO2 particles varying from clusters of about 3 to 8 nm Figure 3.8d, with few bigger particles

of up to 15 nm in diameter. No significant modifications were observed for the catalyst after use

in HCl oxidation. For the fresh CeO2/TiO2, HAADF-STEM shows, owing to its Z sensitivity,

bright CeO2 particles of 20–50 nm size on the darker TiO2 support grains (Figure 3.8e). The

result is confirmed by HRTEM (Figure 3.8f). The similar morphology of both CeO2/ZrO2-1

and CeO2/Al2O3 in fresh and used forms indicates high stability under reaction conditions,

thus strengthening the relevance of the structure-function relationships derived so far in this

work.

3.3.3. Operando Chlorine Uptake

PGAA was utilized to evaluate the effect of Cl uptake during HCl oxidation over CeO2/ZrO2-1

(7 wt.% Ce) and CeO2/Al2O3 (12.2 wt.% Ce) under working conditions (Figure 3.9). Both the

influence of temperature and partial pressure of oxygen were explored. According to recent

experiments with bulk ceria, a higher temperature and mixtures with higher O2:HCl ratios

gave rise to lower Cl uptake and, concomitantly, higher reactivity.[35] The results obtained with

the supported samples confirmed these trends. Measurements with CeO2/ZrO2-1 even suggest

that the Cl coverage is a key negative parameter governing the actual reactivity (Figure 3.9a).

Thus, higher temperature reduces site blocking by surface chlorine. Although this effect is

formally similar to that found with bulk ceria, the lower apparent activation energy observed

with CeO2/ZrO2-1 indicates that Cl blocking at lower temperature is somewhat less efficient,

likely due to electronic modification imparted by the strong interaction with zirconia. Bulk

chlorination, giving rise to unsteady Cl:Ce ratios at O2:HCl < 2,[35] was not investigated

directly here, but the results in Figure 3.9a suggest this not to be significant for CeO2/ZrO2-1.

Conversely, CeO2/Al2O3 evidently suffered from bulk chlorination (Figure 3.9b). In the O2:HCl
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Figure 3.9. HCl conversion versus molar Cl:Ce ratio over CeO2/ZrO2-1 (a), W cat = 0.7 g, at
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O2:HCl = 0.5–9 (upwards, open symbols; downwards, solid symbols).

variation experiments, when starting with oxidizing or with chlorinating conditions, both the

reactivity (Figure 3.2) and the chlorination degree (Figure 3.9) were affected and the catalyst

after bulk chlorination exhibited worse performance. This refers to the clear negative influence of

subsurface/bulk chlorination. The stronger positive reaction order for oxygen with CeO2/Al2O3

indicates an increased inhibition by adsorbed Cl as compared to CeO2/ZrO2-1. This was

most pronounced for the upward series of CeO2/Al2O3 (open symbols in Figures 3.2 and 3.9).

Therefore, we can conclude that CeO2/Al2O3 essentially functions as unsupported ceria, though

with small particles, and more severe Cl inhibition, whereas ZrO2-1 should have induced some

subtle modification in the reactants binding, resulting into a more efficient catalyst.

3.4. Conclusions

In this study, we have undertaken the search of an adequate support for ceria, recently indicated

as promising alternative active phase to RuO2 for the catalytic oxidation of HCl. Our work

included material preparation using three conventional types of support (ZrO2, Al2O3, and

TiO2), catalytic activity testing, and characterization. Zirconia-supported catalysts emerged

as the best performers. Kinetic investigations revealed comparable or improved features with

respect to bulk ceria and testing in a pilot reactor using pellets of a CeO2/ZrO2 catalyst with

optimized metal content proved its long-term stability. CeO2/Al2O3 was moderately active and

CeO2/TiO2 exhibited limited activity. The copresence of nanostructures of CeO2 and a mixed
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Ce-Zr oxide phase, which offer high dispersion, enhanced oxidation properties, and reduced

chlorination is the key for the superior performance of CeO2/ZrO2. In spite of the high dispersion

of ceria over alumina in form of nanoparticles, the inferior activity of this catalyst derives from

the likely stronger Cl binding to the nanoparticles and the absence of electronic effects associated

with the support. In the case of CeO2/TiO2, the dramatic sintering of the carrier during thermal

activation of the as-impregnated catalyst hinders an effective deposition of the active phase,

which appears in form of large particles. Based on these results, CeO2/ZrO2-1 stands as a cost-

effective, eco-friendly, and industrially relevant catalyst for chlorine recycling, challenging the

present dominance of RuO2-based catalysts. This catalyst can also be retrofitted in the few

existing plants.



Chapter 4

Impact of Feed Impurities on Catalysts
for Chlorine Recycling

4.1. Introduction

The assessment of catalytic performance in academic studies is generally conducted under ideal

conditions, that is, using model mixtures of the pure reactant(s). However, it is well known that

feed streams in industry often contain a wide spectrum of impurities, which can detrimentally

affect the catalytic performance.[128,129] For example, in the petroleum industry, hydrogenation

processes, and catalytic converters, sulfur, nitrogen, halogens, and metals are prominent

contaminants, inhibiting and/or poisoning catalysts.[129–134] Usually, these compounds have to

be removed prior to the catalytic step by cost-intensive purification processes. Alternatively,

the search for catalysts that tolerate impurities is highly attractive. An illustrative example of

how critical feed impurities are for catalyst and process design comprises iron-loaded zeolites

for N2O abatement. Compared to other metals, iron exhibits moderate-to-low activity for N2O

decomposition in a standard feed containing only nitrous oxide.[135] However, compounds such

as NO, CO, and SO2 present in industrial tail gases boost the N2O decomposition activity over

Fe-zeolites, a crucial result for its today’s wide industrial implementation.[136]

2HCl + 0.5O2 ↔ Cl2 + H2O, ∆H ◦
r = − 56.8 kJ mol−1 (4.1)

2CO + 0.5O2 → CO2, ∆H ◦
r = − 283 kJ mol−1 (4.2)

In the last decade, the gas-phase oxidation of HCl to Cl2 (Equation 4.1) has received

considerable attention as a sustainable process to recycle the growing excess of by-product

HCl generated in the phosgene-mediated manufacture of polyurethanes and polycarbonates,

due to its superior energy efficiency and environmental friendliness over alternative strategies

such as HCl electrolysis or neutralization.[13] Intense research efforts led to the development
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diisocyanate), the HCl by-product can be recycled to Cl2 via catalyzed oxidation (a). The gaseous HCl
stream, containing carbon monoxide and sulfur compounds, requires purification in order to prolong
the catalyst lifetime. The different strategies to remove these impurities are depicted in (b).

of active catalysts based on RuO2, [38] CeO2 (Chapter 3),[34] U3O8,[36] IrO2 (Chapter 2), and

CuCrO2,[37] which satisfy the stability requirements that rendered the original Deacon catalyst

based on CuCl2 and many other analogues impractical. However, the performance of these

catalytic systems may be affected by various contaminants that are present in industrial HCl-

containing streams, such as CO, COS, SO2, and H2S (Figure 4.1a).[137,138] The patent literature

discloses that CO can deactivate RuO2-based catalysts for HCl oxidation at high temperatures,

due to the formation of volatile metal carbonyls and/or carbonates.[137] Besides, the ability of

the catalysts to oxidize CO to CO2 under HCl oxidation conditions is critical, since the reaction

is highly exothermic (Equation 4.2) and thus can lead to uncontrolled local temperature rises

in the catalyst bed.[137] The resulting hot spots induce undesired sintering of the active RuO2

phase and over-oxidation to the volatile RuO4.[13] With respect to sulfur compounds, it is

known that RuO2-based materials are thiophilic, leading to the formation of stable bonds with

sulfur and thereby poisoning the active sites for HCl oxidation. Specifically, the presence of

COS (11 ppm) and SO2 (53 ppm) in the Deacon mixture (HCl + O2) reduced the activity of

RuO2/SnO2-Al2O3 by 20 and 32% within the first 10 h on stream, respectively.[138]

As a consequence, the HCl stream has to be duly purified to ensure catalyst and process

stability. Carbon monoxide can be removed by reaction with Cl2 over activated carbon to form

phosgene, which can be subsequently separated from HCl and fed to the diisocyanate synthesis

(Figure 4.1b, top).[137] Alternatively, HCl can be liquefied by compression at elevated pressure,

followed by the removal of the CO gas from the HCl liquid and the evaporation of the latter in

the Deacon reactor (Figure 4.1b, middle).[139] More conveniently, the catalyzed CO oxidation to
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CO2 can be conducted over a conventional noble metal-based catalyst prior to the HCl oxidation

reactor (Figure 4.1b, bottom).[25] The latter approach also removes sulfur compounds by their

oxidation and subsequent adsorption of the resulting sulfate on the same catalyst.

With the exception of some patents dealing with RuO2-based catalysts, the role of

impurities in HCl-containing streams on other relevant Deacon catalysts (possessing very

different intrinsic properties and operating temperatures) remains unexplored. We herein assess

the individual and combined impact of CO, SO2, and COS on the HCl oxidation performance

of RuO2/SnO2-Al2O3, IrO2/TiO2, CeO2/ZrO2, U3O8/ZrO2, and CuCrO2. The activity and

stability patterns of these catalytic materials in relation to these contaminants are quantified by

means of temperature-programmed and steady-state tests. This understanding is necessary to

evaluate the sensitivity of promising catalysts to technical process conditions, which ultimately

determines the extent of the feed purification and the design of suitable regeneration strategies.

4.2. Experimental

4.2.1. Catalysts

The preparation and characterization of the catalysts used in this study have been detailed in

recent publications as well as in Chapters 2 and 3.[36–38] Briefly, RuO2/SnO2-Al2O3 (2 wt.% Ru,

SBET = 29 m2 g−1), IrO2/TiO2 (2 wt.% Ir, SBET = 24 m2 g−1), CeO2/ZrO2 (7.7 wt.% Ce,

SBET = 48 m2 g−1), and U3O8/ZrO2 (9.8 wt.% U, SBET = 35 m2 g−1), were prepared by incipient

wetness impregnation of corresponding carriers with aqueous solutions of RuCl3·xH2O,

IrCl3·xH2O, Ce(NO3)3·6H2O, and UO2(NO3)2·6H2O, respectively, followed by drying and

calcination. Bulk CuCrO2 (1 m2 g−1) was synthesized by static-air calcination of a ball-milled

equimolar mixture of Cu2O and Cr2O3 at 1373 K for 30 h.

4.2.2. Characterization

The metal content in the fresh and used catalysts was determined by X-ray fluorescence (XRF)

using an Orbis Micro-EDXRF with a Rh source (50 kV) and a silicon drift detector. The amounts

of carbon and sulfur were measured by quantitative infrared spectroscopy performed using a

LECO CHN-900 combustion furnace. Powder X-ray diffraction (XRD) patterns were acquired
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in a PANalytical X’Pert PRO-MPD diffractometer. Data were recorded in the 10–70◦ 2θ 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

measured in a Quantachrome Quadrasorb-SI analyzer. Prior to the measurement, the samples

were evacuated at 473 K for 12 h. Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) was performed at 473 K under N2 atmosphere using a Bruker Vertex 70 spectrometer.

Prior to the measurement, the samples were dried at 573 K in N2 (100 cm3 STP min−1) for 1 h.

Spectra were recorded in the range of 700–1500 cm−1 with a nominal resolution of 4 cm−1 and

co-addition of 200 scans.

4.2.3. Catalyst Testing

Catalytic tests were performed in a home-made continuous-flow micro-reactor. The catalyst

(0.25 g, particle size = 0.4–0.6 mm) was loaded in a quartz tube (8 mm i.d.) between two

plugs of quartz wool. Temperature-programmed reactions (TPR) and steady-state experiments

were performed at ambient pressure using feed mixtures containing 10 vol.% HCl, 20 vol.%

O2, with or without addition of 1 vol.% CO, 0.03 vol.% COS, 0.03 vol.% SO2, and 2 vol.%

Ar, balanced in He, at a total volumetric flow of 166 cm3 STP min−1. TPR experiments in

HCl + O2, CO + O2, and HCl + CO + O2 were carried out by ramping the furnace temperature

in the range of 353–773 K at 5 K min−1 to derive the light-off temperatures of the catalysts

for Cl2 and CO2 production. Steady-state tests were performed at temperatures of 603 K

(RuO2/SnO2-Al2O3), 703 K (CeO2/ZrO2), and 723 K (IrO2/TiO2), to quantitatively determine

deactivation behaviors in different feed mixtures as well as to measure the bed temperature

rise caused by the presence of carbon monoxide. The apparent activation energies for HCl

and CO oxidation were measured between 543 and 660 K under steady-state conditions in a

mixture of HCl + CO + O2. Kinetic experiments of CO oxidation over RuO2/SnO2-Al2O3

were conducted at variable inlet CO concentration (0.5–3 vol.%) and 20 vol.% O2 at 603 K.

The sulfur-poisoned catalysts were regenerated in a feed containing 10 vol.% HCl in He at the

reaction temperature of the corresponding system. Selected samples were collected after the

catalytic tests for characterization by rapidly cooling down the reactor to room temperature in

a He flow.

Online analysis was carried out using an OmniStar mass spectrometer (MS) from Pfeiffer
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Vacuum equipped with an yttria-coated iridium cathode and connected to the reactor outlet

with a quartz capillary (length = 1.5 m, i.d. = 0.75 µm) heated at 413 K. The ion currents

of AMU (atomic mass units) 28 (CO), 44 (CO2), 64 (SO2), and 70 (Cl2) were normalized to

the internal standard (Ar, AMU 40). The CO signal was calibrated prior to the experiments

in order to quantify the CO conversion. The percentage of CO conversion was determined as

XCO = [(mol COinlet-mol COoutlet)/mol COinlet] × 100%. The amount of Cl2 was quantified by

means of iodometric titration using a Mettler Toledo G20 Compact Titrator. The percentage

of HCl conversion was determined as XHCl = [2 × mol Cl2inlet/mol HClinlet] × 100%.

4.2.4. Reactor Modeling

Reactor simulations were undertaken to assess the impact of CO oxidation on the operation

of an adiabatic reactor for HCl oxidation over RuO2/SnO2-Al2O3. The reactor model was

adopted from work on catalytic hydrogen halide oxidation in fixed-bed reactors (Chapter 8.),

using the design and operation parameters of a adiabatic pilot-plant unit.[140] The apparent

kinetic parameters of the catalyst were obtained from the linear fit of the data points in the

Arrhenius plot and implemented in Equation 4.3:

k(T ) = k0 exp
(
− EaRT

)
(4.3)

where k (mol h−1 kgcat
−1 bar) is the reaction rate constant, k0 (mol h−1 kgcat

−1 bar) is the

apparent pre-exponential factor, Ea (kJ mol−1) is the apparent activation energy, T (K) is the

temperature, and R (8.3145 J mol−1 K−1) is the universal gas constant. The specific reaction

rate r i (moli h−1 kgcat
−1) for HCl oxidation (Equation 4.4) and CO oxidation (Equation 4.5)

were modeled by implementing a power law rate expression:

rCl2(T ) = kCl2(T ) yHCl y0.5
O2 P

1.5 − kCl2(T )
Keq(T ) yCl2 yH2O P 2 (4.4)

rCO2(T ) = kCO2(T ) y−0.4
CO P−0.4 (4.5)

where K (eq) (bar0.5) is the equilibrium constant for HCl oxidation, yi (–) is the molar fraction

of component i, and P (bar) is the total pressure. The model assumed ideal gas behavior,

steady-state conditions, a plug-flow velocity profile, and a negligible pressure drop. Furthermore,

possible transport gradients in the catalyst bed or single catalyst particles were not accounted
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for (Chapter 8). The reactor design equations for all components (i = O2, H2O, HCl, Cl2, CO,

CO2) can be written as:

dFi
dWcat

= νi
νCl2

rCl2(T ) (4.6)

dFi
dWcat

= νi
νCO2

rCO2(T ) (4.7)

where F i (mol STP h−1) is the molar flow rate of component i, W cat(kg) is the catalyst weight,

and νi is the stoichiometric coefficient of component i. The energy balance for the adiabatic

reactor can be defined as:

dT
dWcat

= −∆Hr,COrCO(T )−∆Hr,Cl2rCl2(T )∑i=1
N Ficp,i

(4.8)

where ∆H r (kJ mol−1) is the reaction enthalpy and cp,i (J mol−1 K−1) is the specific heat

capacity of component i. Based on this model, we simulated the conversion of HCl an CO in

an adiabatic reactor filled with 2 kg of catalyst using a feed mixture containing 10 vol.% HCl,

30 vol.% O2, and 0–1 vol.% CO (balanced in N2), an inlet volumetric flow of 30 m3 STP h−1,

and a total pressure of 3.4 bar.

4.3. Results and Discussion

4.3.1. Influence of Carbon Monoxide

The CO impurity results from the phosgene synthesis step prior to the diisocyanate synthesis

and can reach up to 10 vol.% in the technical HCl stream.[25,137] Our investigation was

conducted using 1 vol% CO in the total flow in order to simulate the industrial conditions.

Temperature-programmed reactions coupled to online MS analysis in HCl + O2, CO + O2, and

HCl + CO + O2 mixtures were carried out to assess the influence of CO (HCl) on the activity

of the catalysts for HCl (CO) oxidation (Figure 4.2).

The suitability of this transient method has been previously demonstrated for HCl oxidation

over RuO2 and Cu-based catalysts using online UV/vis analysis.[30] The light-off temperatures

for Cl2 production in HCl + O2 (Figure 4.2, top, dotted lines) reveals the following activity

order: RuO2/SnO2-Al2O3 >> IrO2/TiO2 > CuCrO2 ∼ CeO2/ZrO2 > U3O8/ZrO2, which is in

agreement with the results of steady-state experiments in recent studies as well as Chapters 2
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Figure 4.2. Cl2 and CO2 signals versus bed temperature during TPR tests in HCl + O2

(HCl:O2 = 10:20, dotted line), CO + O2 (CO:O2 = 1:20, dashed line), and HCl + CO + O2

(HCl:CO:O2 = 10:1:20, solid lines) over RuO2/SnO2-Al2O3 (a), IrO2/TiO2 (b), CeO2/ZrO2 (c),
U3O8/ZrO2 (d), and CuCrO2 (e). The insets in the top graphs compare the light-off curves of the
catalysts for HCl oxidation (red line) and CO oxidation (blue line) in HCl + CO + O2. The inset
in the bottom of graph (a) illustrates the CO coverage on the oxidized (left) and chlorinated surface
(right) of RuO2. The adsorption of CO on chlorinated surfaces is hampered, which leads to the shift
of the CO2 evolution to higher temperatures (a–c) or even to the suppression of CO oxidation (d,e).

and 3.[36–38] The Cl2 profiles in HCl + CO + O2 and HCl + O2 were practically identical over

the catalysts (Figure 4.2, top). The invariable HCl oxidation activity in the presence of CO is a

key result, inferring that carbon monoxide does not block active sites for chlorine production.

The only exception was IrO2/TiO2, which experienced a shift in the light-off temperature for

Cl2 evolution by 70 K in the presence of CO and suggests competitive adsorption of HCl and

CO on the active coordinatively unsaturated iridium sites of the IrO2 surface. This result is

further substantiated by DFT calculations, indicating that the adsorption of CO (2.2 eV)[141] is

stronger on IrO2(110) surface than that of HCl (1.5 eV) (Chapter 2). Differently, on RuO2(110),

the adsorption energy of HCl (1.4 eV) (Chapter 2) is slightly larger than that of CO (1.2 eV).[142]

All of the catalysts evaluated were active for the oxidation of CO in CO + O2 and display

much lower light-off temperatures than for the oxidation of HCl in HCl + O2 (Figure 4.2,

bottom, dashed lines). The order of CO oxidation activity is RuO2/SnO2-Al2O3 ∼ IrO2/TiO2

∼ CuCrO2 > CeO2/ZrO2 > U3O8/ZrO2. However, the oxidation of CO is strongly inhibited

in the presence of HCl. The light-off temperature for CO2 evolution over RuO2/SnO2-Al2O3
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and IrO2/TiO2 in HCl + CO + O2 is shifted by ca. 70 K compared to CO + O2 and the

production of CO2 in the presence of HCl is suppressed over CeO2/ZrO2, U3O8/ZrO2, and

CuCrO2. This result indicates that the oxidation of CO is inhibited and even extinguished

over chlorinated surfaces, which agrees with the poisoning effect of chlorine reported over

Au/TiO2 and ceria-zirconia mixed oxides for CO and VOC oxidation, respectively.[143,144]

RuO2/SnO2-Al2O3 and IrO2/TiO2 catalyze the highly exothermic CO oxidation at Cl2 evolution

temperatures (Figure 4.2a,b, inset in top panel), which is disadvantageous for the technical

application of the catalytic HCl oxidation process due to the additional heat generated (vide

infra). Both comprise the most active Deacon catalysts, that is, they have a low energy demand

for atomic chlorine recombination to the gas-phase Cl2 (Chapter 2). Hence, at the Cl2 evolution

temperature, CO can be oxidized to CO2 (Figure 4.2a, top inset) over the free active sites

on the partially chlorinated surface, as exemplified for RuO2 (Figure 4.2a, inset in bottom

panel). It is plausible that the degree of surface chlorination over CeO2/ZrO2, U3O8/ZrO2, and

CuCrO2 is more pronounced, thereby preventing the adsorption of CO on catalytically active

centers within the observed temperature range (Figure 4.2c–e, top inset). In view of these

results, it is likely that a higher degree of surface chlorination could suppress the oxidation

of CO on RuO2/SnO2-Al2O3, which reduces the risk of hot spots and catalyst deactivation

by volatilization and/or sintering. Therefore, TPR experiments on RuO2/SnO2-Al2O3 were

performed in a mixture of HCl + CO + O2 applying a lower oxygen content (Figure A.12). The

light-off temperatures for CO and HCl oxidation are similarly shifted to higher temperatures.

The shift of the Cl2 production is related to the increased degree of surface chlorination as

previously demonstrated.[27] However, the oxidation of CO was not suppressed, thus a technical

process using RuO2-based catalysts could still suffer from the additional heat generated by the

CO conversion (Section 4.3.2).

Steady-state experiments at fixed furnace temperatures in HCl + O2 and HCl + CO + O2

were conducted to quantify the temperature rise due to the simultaneous CO and HCl

oxidation and to investigate the effect of CO on the steady-state HCl oxidation activity

(Figure 4.3). These tests were carried out over RuO2/SnO2-Al2O3 (603 K), IrO2/TiO2 (723 K),

and CeO2/ZrO2 (703 K). U3O8/ZrO2 and CuCrO2 were not assessed due to their comparable



Impact of Feed Impurities on Catalysts for Chlorine Recycling 63

0 1 2 3 4 5

625

600

575

650

550

100

80

60

20

0

T b
ed

/ K

X
/ %

40

a)
HCl:O2

10:20
He HCl:O2

10:20
HCl:CO:O2

10:1:20

0 1 2 3 4 5

T b
ed

/ K

X
/ %

100

80

60

20

0

40

750

700

650

800

600

HCl:O2

10:20
He HCl:O2

10:20

c) HCl:CO:O2

10:1:20

b) HCl:O2

10:20

0 1 2

100

80

60

20

0

He

T b
ed

/ K

40

HCl:O2

10:20
HCl:CO:O2

10:1:20
625

600

575

650

550

XHCl

XCO

Tbed

X
/ %

T b
ed

/ K

X
/ %

100

80

60

20

0

40

750

700

650

800

600

HCl:O2

10:20
He HCl:O2

10:20
HCl:CO:O2

10:1:20

d)

t / h
0 1 2 3 4 5

t / h

Figure 4.3. Bed temperature (solid line) and conversion of HCl (grey bars) and CO (open bars) versus
time-on-stream in steady-state tests over RuO2/SnO2-Al2O3 (a,b), IrO2/TiO2 (c), and CeO2/ZrO2

(d) using different feed compositions as specified in the figure. The steady-state test of RuO2/SnO2-
Al2O3 is displayed in two separate graphs. In (a) the temperature rise due to the presence of CO in
the feed is shown. In (b) the effect of CO addition on the HCl conversion under isothermal conditions
is displayed.

behavior to CeO2/ZrO2 in the temperature-programmed tests (Figure 4.2). The introduction

of the HCl + O2 feed to the reactor led to an increase in the bed temperature over all

of the three catalysts (Figure 4.3) by ca. 4 K due to the mild exothermic nature of HCl

oxidation. The conversion levels of HCl (XHCl = 24%, 30%, and 22%) and the bed temperature

(T bed = 607 K, 727 K, and 707 K) remained stable during 2 h on stream over RuO2, IrO2, and

CeO2-based samples, respectively. A further increase of the bed temperature over RuO2/SnO2-

Al2O3 and IrO2/TiO2 was observed upon adding CO to the HCl + O2 feed caused by the

high exothermicity of the CO oxidation. The RuO2-based system showed a lower exothermic

temperature rise (15 K) than the IrO2-based catalyst (25 K), which corresponds to the difference

in the CO conversion levels of 60 and 85%, respectively. RuO2/SnO2-Al2O3 exhibited a higher

HCl conversion in HCl + CO + O2 (XHCl = 30%) than in HCl + O2, which is not a result

of CO promotion but mainly caused by the higher temperature rise compared to the HCl

oxidation in HCl + O2. This is corroborated by an additional experiment confirming that the
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HCl conversion is similar in both HCl + O2 and HCl + CO + O2 feed mixtures at the same bed

temperature (Figure 4.3b). No such increase in the HCl conversion on IrO2/TiO2 was observed

despite the temperature rise of 25 K (i.e., T bed = 748 K) in HCl + CO + O2 (Figure 4.3c).

However, a comparison at the same elevated bed temperature (T bed = 748 K) revealed that

the HCl conversion is higher in HCl + O2 (XHCl ∼ 40%) than in HCl + CO + O2 (XHCl ∼

30%) (Figure 4.3c). This indicates that the CO coverage on IrO2/TiO2 in HCl + CO + O2

must be high, leading to a high CO conversion and thus inhibiting the HCl oxidation. This

observation coincides with the shift in the light off for Cl2 production to higher temperatures

in HCl + CO + O2 (Figure 4.2b). In contrast, CeO2/ZrO2 experienced an insignificant rise in

the bed temperature upon addition of CO to the HCl + O2 feed and the CO conversion was

below 3% (Figure 4.3d). Moreover, the HCl conversion was also unaltered in HCl + CO + O2.

The long-term performance of the technically most relevant technical catalysts, RuO2/SnO2-

Al2O3 and CeO2/ZrO2, was compared in HCl + CO + O2 (Figure 4.4a,b). The HCl conversion

over the ceria catalyst remained unaffected in the presence of CO during 50 h on stream.

The slight drop in HCl conversion over RuO2/SnO2-Al2O3 in the first 5 h (Figure 4.4a) is

likely due to the agglomeration of ruthenium species during the equilibration of the catalyst

under the reaction environment.[38] The CO conversion over RuO2/SnO2-Al2O3 (XCO = 60%)

experienced activation during the first 5 h and steadily dropped during the next 45 h on stream.

The latter could be related to the increase in the chlorine coverage with reaction time.[27]

The CO conversion over CeO2/ZrO2 was negligible throughout the duration of the experiment

(Figure 4.4b). This result highlights the tolerance of the CeO2-based system to CO impurities

in technical HCl-containing streams.

The fresh and used catalysts were characterized to analyze the structural alterations due to

the presence of CO. The X-ray diffractograms of the samples after the temperature-programmed

tests (Figure A.13a) and the long-term stability tests (Figure A.13b) in HCl + CO + O2 were

identical to those of the corresponding as-prepared samples indicating no bulk modification. The

compositional analysis was only performed for the samples of the long-term performance test,

because they were exposed to CO for a significant amount of time. The Ru and Ce contents in the

respective systems after 50 h steady-state test (2.3 and 7.7 wt.%, respectively) did not change
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Figure 4.4. Conversion of HCl and CO versus time-on-stream over RuO2/SnO2-Al2O3 at 623 K (a)
and CeO2/ZrO2 at 703 K (b) in HCl + CO + O2 (HCl:CO:O2 = 10:1:20).

with respect to their fresh analogues, indicating very slow or no volatilization of the active

metals through potential carbonylation. The carbon content after testing in HCl + CO + O2

on both RuO2- and CeO2-based samples was as low as 0.1 wt.%, which suggests that the CO

impurity did not form any stable species on the catalysts surface and the catalyst did not suffer

from any sort of coking.

4.3.2. Impact of CO Oxidation on the Cl2 Production in an Adiabatic Reactor

The simultaneous oxidation of CO and HCl in a HCl + CO + O2 gas feed was simulated to

exemplify the sensitivity of the temperature rise to different inlet CO concentrations (0–1 vol.%).

The process was modeled on a RuO2/SnO2-Al2O3 catalyst in a single-stage adiabatic fixed-bed

reactor. The kinetic parameters used in the simulation were determined experimentally over this

catalyst in the laboratory. The pre-exponential factor was 1.5 × 107 mol Cl2 h−1 kgcat
−1 bar−1.5

and 2.3 × 109 mol CO2 h−1 kgcat
−1 bar0.4 for HCl and CO oxidations, respectively. The apparent

activation energy for HCl oxidation was 68 kJ mol−1 and for CO oxidation it was 97 kJ mol−1.

The latter value for CO oxidation is higher in our case than that reported over the RuO2-

based catalyst,[145] which is likely due to the simultaneous HCl oxidation under our reaction

conditions. The CO partial pressure dependence was negative (−0.4) due to the low CO:O2

ratio of 0.5-3:20.[146]

The simulations indicate that the temperature rise is very sensitive to the variation in

CO concentration (Figure 4.5a). The stepwise increase of the CO content from 0.1 to 1 vol.%

led to steep temperature rises within the first 20% of the catalyst bed (Figure 4.5a). This is

obviously due to the exothermic nature and fast kinetics of the CO oxidation. The increased
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temperature also enhanced the HCl conversion (Figure 4.5b), which is in line with the steady-

state experiments over RuO2/SnO2-Al2O3 (Figure 4.3a). However, owing to the likeliness of the

formation of volatile RuO4 and RuO2 sintering, a RuO2-based catalytic process has stringent

limits regarding an upper limit in operating temperature.[13] Thus, in an adiabatic reactor, if the

temperature rise due to CO oxidation is higher, the operating temperature limit (i.e., 673 K)

will be reached faster and hence less HCl can be converted leading to the under-utilization of the

catalyst bed (Figure 4.5). Consequently, the CO content in the HCl stream must be constantly

monitored and kept very low (<0.5 vol% CO)[137] to avoid a temperature overshoot and to

improve the performance of the adiabatic HCl oxidation. These purification requirements of

the HCl stream are costly. In this respect, CeO2/ZrO2 does not catalyze the CO oxidation in

the presence of HCl and therefore offers clear advantages as it does not require the removal of

CO prior to HCl oxidation.

4.3.3. Influence of Sulfur Compounds

Sources of sulfur compounds (SO2/COS) in HCl stream, originating as by-product of the

diisocyanate production, include CO, Cl2, toluene diamine (TDA), or methylene diphenyl

diamine (MDA) (Figure 4.1). The concentration of the sulfur compounds in the HCl stream

depends mostly on the quality of the CO and its own original source, viz. gas or coal.

Furthermore, the efficiency of separation units and the quality of other feed components in

diisocyanate manufacture also influence the sulfur concentration in the HCl stream. The amount

of sulfur compounds after purification should be in the range of 1-100 ppm, as specified in the

patent literature.[138]
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Figure 4.6. Cl2 signal versus bed temperature during TPR tests in HCl + O2 (HCl:O2 = 10:20,
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Based on this range and the available experimental data disclosed in the patent application,

we selected a sulfur concentration of 300 ppm to simulate a technical HCl stream. The

impact of SO2 on the performance of RuO2/SnO2-Al2O3 and CeO2/ZrO2 was investigated

by temperature-programmed reactions. These experiments in HCl + SO2 + O2 feed clearly

demonstrated a shift of the light-off curves for Cl2 production to higher temperatures compared

to HCl + O2 for both the systems (Figure 4.6), indicating a deactivation of both catalysts

through SO2 poisoning. The influence of SO2 and COS is further addressed by steady-state

tests to quantify the activity loss (Figure 4.7). The HCl conversion in HCl + O2 amounted

to 60% and 22% for RuO2/SnO2-Al2O3 and CeO2/ZrO2, respectively. Upon co-feeding of

either COS or SO2, the HCl conversion over RuO2/SnO2-Al2O3 dropped to 14% after 5 h

on stream (Figure 4.7a), which is ca. 23% of its initial activity (Figure 4.7c B). In the case of

CeO2/ZrO2, the HCl conversion decreased to 2% and 8% for SO2 and COS poisoning after 15 h,

respectively (Figure 4.7b). The slower deactivation of CeO2/ZrO2 compared to RuO2/SnO2-

Al2O3 is likely caused by the higher surface chlorination of the former, hindering the adsorption

of the sulfur compounds on its surface. Furthermore, SO2 represents a significantly stronger

poison for CeO2/ZrO2 compared to COS, leading to a decrease in the activity of CeO2/ZrO2

less than 10% of its initial value (Figure 4.7c B). The more detrimental effect of SO2 poisoning

than that of COS on CeO2-based catalysts suggests that the former species is more reactive

and strongly bonded on the catalyst surface compared to the latter. The sulfur poisoning

can be counterbalanced by the presence of CO through the reduction of surface sulfate

species on the catalysts. This effect was observed at elevated temperatures (>750 K) for
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CeO2 and ZrO2,[147] however, under HCl oxidation conditions, the presence of CO in the feed

(i.e., HCl + CO + SO2 + O2) did not significantly affect the deactivation trends on either

RuO2/SnO2-Al2O3 and CeO2/ZrO2 (Figure 4.7a,b). After stabilization of the HCl conversion

in the HCl + SO2/COS + O2 feed mixtures, the sulfur component was removed from the feed

stream, and a HCl + O2 stream was fed to the catalyst bed for the next 2 h (Figure 4.7a,b).

Under the latter conditions, RuO2/SnO2-Al2O3 regained half of its initial activity, while

CeO2/ZrO2 did not show any significant reactivation (Figure 4.7c C). In order to enhance

the activity recovery, both catalysts were regenerated in a diluted HCl stream, as it was

proposed by Schmidt et al. for the regeneration of RuO2-based catalysts following COS and SO2

poisoning.[148] In the absence of oxygen, it is likely that HCl strongly chlorinates the surface

and reduces the surface sulfur species, which then readily desorb from the catalyst surface.

To monitor the efficiency of the regeneration, the activity was measured under model feed

conditions (HCl + O2) in between the regeneration cycles (Figure 4.7c D-F). In the case of

SO2 poisoning, RuO2/SnO2-Al2O3 regained up to 88% of its initial activity after a total of

4 h of regeneration (Figure 4.7c E), while CeO2/ZrO2 recovered just 55% even after a total

of 7 h of regeneration (Figure 4.7c F). With regard to COS, both catalysts recovered ca. 70%

of their initial activity (Figure 4.7a,b). The slower regeneration of CeO2/ZrO2 compared to

RuO2/SnO2-Al2O3 could result from a stronger adsorption of sulfur compounds.

Insights into the catalyst poisoning by sulfur were gained by characterization of the fresh

and used catalysts. The ruthenium and cerium contents in the corresponding catalysts, with

respect to their fresh analogues, remained unaltered upon testing in the sulfur-containing feeds

and regeneration steps. The fresh RuO2/SnO2-Al2O3 and CeO2/ZrO2 samples exhibited very

little amount of sulfur (ca. 0.01 wt.%). Upon poisoning in the HCl + SO2 + O2 feed, the

sulfur content in these catalysts raised to 0.9 wt.% and 2 wt.%, respectively. After 4 h of

regeneration in HCl, the sulfur content in RuO2/SnO2-Al2O3 dropped to 0.4 wt.% (i.e., by

55%), while for CeO2/ZrO2, it decreased to only 1.4 wt.% (i.e., by 30%) even after 7 h of

regeneration (Figure 4.7 F). These results indicate that sulfur compounds are more strongly

adsorbed on the CeO2-based catalyst than on the RuO2-based system. In fact, CeO2/ZrO2

has been reported to retain large amounts of sulfur and suggested to form bulk sulfates.[147]
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Figure 4.7. HCl conversion versus time-on-stream over RuO2/SnO2-Al2O3 at 623 K (a) and
CeO2/ZrO2 at 703 K (b) in the presence of sulfur compounds and carbon monoxide. Once the HCl
conversion was stabilized, the impurities were removed restoring the standard HCl + O2 mixture.
The sulfur-poisoned catalysts were successfully regenerated in several intervals (R1–R3) by feeding a
mixture of 10 vol.% HCl in helium at the reaction temperature of the corresponding catalyst. Fraction
of initial activity of RuO2/SnO2-Al2O3 (grey bars) and CeO2/ZrO2 (white bars) for selected points
(A-F) during the poisoning and regeneration experiments (c).

Bulk sulfate species were not observed by XRD analysis (Figure A.13b). It could be plausible

owing to low sulfur content that the poisoning is mostly located on the catalyst surface

blocking the active sites. To identify the nature of the adsorbed sulfur species, the CeO2-

based samples were studied by infrared spectroscopy (Figure 4.8). Upon poisoning with SO2

and COS, a broad increase of the bands was observed between 1400 and 900 cm−1. The signal

between 1100 and 900 cm−1 could be assigned to adsorbed SO3
2− or HSO3− species[147] and

the large and broad signal between 1400 and 1100 cm−1 to the strongly adsorbed surface SO2−
4
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Figure 4.8. Infrared spectra of CeO2/ZrO2 before and after addition of SO2 and COS to the HCl + O2

feed, and after regeneration in HCl. The inset plots the spectra after tests with SO2 (solid line) and
COS (dash-dotted line).

species.[149] The signal intensity of the SO2 poisoned samples was larger than that of COS

poisoned samples (Figure 4.8, inset), which is also in line with the sulfur content of 2 wt.%

and 1 wt.%, respectively. This could be due to the direct oxidation of SO2 to SO3 and SO2−
4

species that strongly adsorb on the surface,[147] whereas for COS, it is possible that CeO2

catalyzes the hydrolysis to CO2 + H2S like it was reported for Al2O3.[150] This could eventually

lead to the different degree of deactivation compared to SO2 poisoning (Figure 4.7b). After

regeneration (Figure 4.8b F), both CeO2-based catalysts exhibited a reduction of the infrared

signals within the respected range of 1400–900 cm−1 (Figure 4.8), which coincides with the

lower sulfur content (vide supra). Interestingly, even with 70% of the sulfur still remaining at

the surface of the CeO2/ZrO2 catalyst after regeneration, ca. 50% of the initial activity was

recovered. In view of the sulfate species being more stable and difficult to remove from ZrO2

than from CeO2,[147] our results suggest that the HCl treatment regenerated the large fraction

of the active sites in the ceria phase, while the significant amount of the remaining sulfur may

remain accumulated on the zirconia carrier. The investigation of the RuO2-based samples with

infrared spectroscopy was attempted. However, no useful data could be obtained due to the

strong absorption of the infrared light by the material.
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4.3.4. Process Implications

The severe impact of feed contaminants on the performance of the catalysts necessitates the

installation of a guard bed to remove CO and sulfur compounds prior to the HCl oxidation

process. As mentioned in Section 4.1, the guard bed adsorbs the sulfur compounds and

simultaneously catalyzes the oxidation CO to CO2.[151] However, the catalytic CO oxidation

over a noble metal-based catalyst (e.g., supported palladium) is expected to suffer from the

advancing sulfur poisoning of the guard bed and will require frequent regeneration and even

replacement of the catalyst. RuO2 and IrO2-based catalysts require the combined removal of

CO and sulfur compounds prior to the HCl oxidation step as shown in Figure 4.9a. The process

can be improved if the removal of CO prior to the HCl oxidation step can be omitted. This is

possible over CeO2/ZrO2, U3O8/ZrO2, and CuCrO2 due to their inactivity for CO oxidation

in the presence of HCl. A modified design for the large-scale process over the latter catalysts

is proposed in Figure 4.9b. The HCl stream from the toluene diisocyanate (TDI) or methylene

diphenyl diisocyanate (MDI) synthesis enters the guard bed, where the sulfur compounds are

adsorbed. For this step, a cost-effective metal oxide can be used (e.g., Al2O3, TiO2, ZrO2),

which is stable against bulk chlorination, adsorbs significant amounts of sulfur compounds

at low temperature, and is easy to regenerate.[152] After the HCl oxidation step, the product

stream, including the unreacted CO, goes through a multi-step purification process as described

elsewhere.[13] To avoid the accumulation of residual CO in the O2 recycle stream, the CO can

be converted to CO2 by oxidation over a suitable catalyst and removed by gas washing.
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Figure 4.9. Chlorine recovery processes with single-step HCl feed purification (a) and a modified
process with separated sulfur and CO purification steps (b). The latter can apply to HCl oxidation
catalysts that are insensitive to carbon monoxide, such as CeO2/ZrO2.
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4.4. Conclusions

This study highlights the importance of understanding the impact of feed impurities on the

design of an industrial catalytic process for chlorine recycling via HCl oxidation. RuO2/SnO2-

Al2O3 and IrO2/TiO2 simultaneously oxidized HCl and CO. The high exothermicity of CO

oxidation led to a strong bed temperature rise, challenging the safe operation at a large

scale. The fixed-bed reactor simulation over the RuO2-based catalyst underlined the critical

occurrence of hot spots and thus the need for a deeply purified HCl stream. In contrast, the

oxidation of CO over CeO2/ZrO2, U3O8/ZrO2, and CuCrO2 is suppressed under HCl oxidation

conditions, thus showing less (no) sensitivity to this impurity. In particular, the ceria-based

catalyst yielded a stable chlorine production during 50 h on stream in the presence of CO.

The presence of SO2 and COS severely poisoned all the catalysts due to active site blockage

by the sulfur compounds. CeO2/ZrO2 deactivated at a lower rate than RuO2/SnO2-Al2O3,

probably due to the higher operating temperature of the former catalyst. The regeneration of

sulfur-poisoned catalysts in a diluted feed containing HCl, i.e., without O2, was effective. The

RuO2-based system exhibited a faster and more extended activity recovery than the CeO2-based

system (85% versus 50% of the initial activity). This can be tentatively associated with the

stronger adsorption of the sulfur on the latter material. On the basis of the above observations,

suitable purification strategies have been proposed.



Chapter 5

Comparative Study of Metal Oxide Catalysts
in HCl and HBr Oxidation

5.1. Introduction

The functionalization of light alkanes into value-added products represents one of the most

relevant and challenging areas in catalysis research.[153–156] In particular, energy-efficient

and cost-effective processes to selectively convert the abundant reserves of natural gas into

chemical intermediates and fuels are highly sought after. Pioneering work by Olah et al.[40]

and more recent studies by McFarland, Stucky, and co-workers[39,43–47] have shown that the

bromination of light alkanes to the corresponding alkyl bromides followed by a catalyzed

elimination reaction offers an attractive route to obtain a broad spectrum of desirable products

(Figure 5.1). Bromine-mediated reactions of hydrocarbons are far more selective and occur

under much milder conditions (T < 525 K and P = 2-4 bar gauge) than classical alkane

upgrading processes (steam reforming, steam cracking, and dehydrogenation), which leads

to increased product yields, energy savings, and decreased CO2 emissions.[39] For instance,

the conversion of methane into olefins through methyl bromide represents an intensified

alternative to the conventional methanol-based process by circumventing the costly intermediate

syntheses of syngas and methanol.[45] Another illustrative example comprises the bromine-

based dehydrogenation of propane, which gives a yield of propylene that is three times higher

than the highest reported yields given by oxidative dehydrogenation.[47] However, as shown

in Figure 5.1, every mole of alkane converted through this two-step process generates two

mole of HBr by-product. Accordingly, the development of a robust and economic process to

recover Br2 from HBr is essential to enable the sustainable bromine-mediated upgrading of

alkanes. A suitable halogen regeneration technology would also aid the valorization of waste

HBr streams originating from the manufacture of organobromides employed as flame retardants,
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Figure 5.1. The sustainable Br2-mediated conversion of light alkanes into valuable chemical
intermediates and fuels requires an integrated HBr recycling process to regenerate the halogen.

polymers, and pharmaceutical intermediates.[18] Bromine recovery can be achieved by HBr

electrolysis,[157,158] HBr oxidation,[18,58,66,67] and HBr absorption by a cataloreactant followed

by its reoxidation in a zone reactor process.[43,44] to our knowledge, none of these processes

are established on a technical scale. The catalyzed gas-phase oxidation of HBr with O2 or air

(Equation 5.1) is particularly attractive owing to its low energy requirement and the relative

simplicity of the process.

2HBr + 0.5O2 → Br2 + H2O, ∆H ◦
r = − 138 kJ mol−1 (5.1)

Nonetheless, the identification of highly active and stable catalysts can be anticipated as

critical owing to the exothermic and corrosive nature of the reaction. Different materials have

been patented,[18] of which supported cerium-based compounds are the most prominent.[58,66,67]

However, the absence of systematic studies aimed at screening the performance of potential

candidates and the limited understanding of the reaction mechanism have hindered the design

of suitable HBr oxidation catalysts and their large-scale implementation. Herein, we introduce

several efficient heterogeneous catalysts for this reaction that enable bromine recovery at

relatively low temperatures. These catalytic materials will improve the present manufacture

of organobromides by recycling the HBr by-product. Moreover, they can be regarded as a key

component for the practical realization of bromine-mediated alkane upgrading processes.

Upon targeting the discovery of active and stable HBr oxidation catalysts, it is inevitable to

assimilate recent developments in the analogous catalyzed oxidation of HCl (Deacon reaction)

for chlorine recovery in phosgenation processes.[13,19,31–33,36] Despite the chemical similarity of

these reactions, it is unclear whether straightforward parallels can be drawn for catalyst and

process design. To shed light on this basic aspect, the oxidation of HBr was investigated over
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representative Deacon catalysts. Apart from the established HCl oxidation catalysts, other

metal oxides based on Fe, Co, Mn, and Zn have also been investigated in HBr oxidation. The

oxides of these transition metals have not been systematically evaluated in HBr oxidation, and

despite their possible instability, their successful application in bromine recovery cannot be

precluded.

5.2. Experimental

5.2.1. Catalysts

Table 5.1 summarizes all the catalysts evaluated in this chapter. In their preparation, the

chloride, bromide, and nitrate precursors of the active phases were dissolved in water according

to the desired metal loading and subsequently applied to the carrier (rutile TiO2-r, monoclinic

ZrO2, SiO2, and γ-Al2O3) by dry impregnation, followed by drying and calcination.

Table 5.1. Carriers and supported catalysts evaluated.

Samplea Precursorb Metalc (wt.%) Calcination conditionsd SBET
e (m2 g−1)

γ-Al2O3 - - 823 K, 5 K min−1, 5 h 188
SiO2 - - 823 K, 5 K min−1, 5 h 162
ZrO2 - - 823 K, 5 K min−1, 5 h 47
TiO2-r - - 823 K, 5 K min−1, 5 h 24
TiO2-a - - 823 K, 5 K min−1, 5 h 47
Fe2O3/Al2O3 Fe(NO3)3 15 673 K, 5 K min−1, 5 h 172
ZnO/SiO2 Zn(NO3)2 15 673 K, 5 K min−1, 5 h 109
Mn7.5O10Br3/SiO2 MnBr2 15 773 K, 5 K min−1, 5 h 96
Co3O4/SiO2 Co(NO3)2 15 673 K, 5 K min−1, 5 h 119
CuO/SiO2

1 Cu(NO3)2 15 823 K, 5 K min−1, 10 h 219
Cr2O3/SiO2

2 Cr(NO3)3 14 773 K, 5 K min−1, 5 h 149
CeO2/SiO2

3 Ce(NO3)3 9 1173 K, 5 K min−1, 5 h 42
U3O8/ZrO2

1 UO2(NO3)2 9.8 1073 K, 5 K min−1, 3 h 35
IrO2/TiO2-r4 IrCl3 2.2 823 K, 5 K min−1, 5 h 24
RuO2/TiO2-r RuCl3 2 523-823 K, 5 K min−1, 5 h 19-23
RuO2/TiO2-r RuBr3 2 673 K, 5 K min−1, 5 h 32

a Commercial supports used: Al2O3 (Alfa Aesar), SiO2 (Fluka, Cab-O-Sil), ZrO2 (Saint-Gobain,
SZ 31163, monoclinic, 99.8%), TiO2 (Aldrich, nano-powder, rutile, 99.5%), TiO2 (Aldrich, nano-
powder, anatase, 99.7%). b The purity of the metal salts exceeded 99%. c The metal contents of
Cu, Cr, Ce, U, Ir, Ru, as well as Fe, Co, Mn, Zn in the catalysts were determined by ICP-OES and
XRF, respectively. d Calcination temperature, heating rate, and duration. e N2 sorption at 77 K.
Detailed preparation protocols are reported elsewhere: 1 Ref. [36], 2 Ref. [76], 3 Chapter 3, 4 Chapter 2.
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5.2.2. Characterization

The metal content of the supported catalysts was evaluated by X-ray fluorescence (XRF) using

an Orbis Micro-EDXRF with a Rh source (50 kV) and a silicon drift detector or by inductively

coupled plasma-optical emission spectroscopy (ICP-OES) in a Horiba Jobin Yvon Ultima 2

instrument after dissolution of the catalysts in a HF/HCl/HNO3 solution. X-ray diffraction

(XRD) patterns were acquired in a PANalytical X’Pert PRO-MPD diffractometer. Data were

recorded in 10-70◦ 2θ range with an angular step size of 0.017◦ and a counting time of 2 s per

step. The surface area of the samples was determined by N2 sorption at 77 K, measured in a

Quantachrome Quadrasorb-SI gas adsorption analyzer. Before the measurement, the samples

were degassed at 573 K for 2 h in vacuum. The decomposition temperature of the samples were

determined by thermogravimetric analysis (TGA) connected to a Pfeiffer Vacuum ThermoStar

GSD 320 T1 Gas Analysis System. Herein, the weight loss of the samples (25 mg) was measured

in N2 (40 cm3 STP min−1) inert atmosphere, ramping the temperature from 298 to 1173 K at

10 K min−1. Prior to the analysis the samples were dried at 393 K for 1 h in N2. For the Fe- and

Cu-based catalysts, the atomic mass units (AMU) were recorded for 18 (H2O), 32 (O2), 56 (Fe),

63 (Cu), and 79 and 81(Br). High-magnification high-angle annular dark-field (HAADF) STEM

investigations were performed using an aberration-corrected Hitachi HD-2700CS microscope

operated at 200 kV.

5.2.3. Catalyst Testing

The gas-phase oxidation of HCl and HBr were studied at ambient pressure in a continuous-

flow fixed-bed reactor setup similar to that used for HCl oxidation in previous studies.[36] The

line downstream of the reactor was heated at 423 K to prevent the condensation of Br2. The

catalyst (0.25 g, particle size = 0.4–0.6 mm) was loaded in an 8 mm i.d. quartz microreactor

and pretreated under an atmosphere of N2 at 473 K for 30 min. Thereafter, a total flow of

166 cm3 STP min−1 with 10 vol.% HBr (or HCl) and 20 vol.% O2 balanced in N2 was fed to

the reactor at temperatures in the range of 400–823 K. Steady-state catalytic data were collected

after at least 1 h stabilization at each condition. The absence of diffusion limitations was secured

by the fulfillment of the Carberry and Weisz–Prater criteria. The amount of Br2 (or Cl2) at the
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reactor outlet was quantified by iodometric titration by using a Mettler Toledo G20 compact

titrator. The percentage of HX (X=Br, Cl) conversion was determined as XHX = (2 × moles of

X2 at the reactor outlet/moles of HX at the reactor inlet) × 100%. After the test, the reactor

was rapidly cooled to room temperature, and the catalyst was recovered for characterization.

5.3. Results and Discussion

5.3.1. Oxidation of HCl and HBr

A highly advantageous difference between HCl and HBr oxidation is the absence of

thermodynamic limitations in HBr oxidation (Figure 5.2), which a priori enables the complete

recovery of bromine. In HCl recycling, this can only be attained by the costly combination of

catalytic oxidation and electrolysis processes.[13]

As shown in Figure 5.3, most of the catalysts investigated exhibited significant HBr

conversion in the range of 400–600 K, which represents a decrease of 120–330 K in the operating

temperature window relative to that required for HCl oxidation for the same conversion level.

The case of U3O8/ZrO2, with a shift of approximately 330 K, is exemplary. As a result, the

HBr oxidation performance of the least active HCl oxidation catalyst is comparable to that

of the most active HBr oxidation catalyst, RuO2/TiO2. The performance of CeO2/ZrO2 was

inferior to that of RuO2 and U3O8-based catalysts. Cerium compounds have frequently been

studied as HBr oxidation catalysts.[18,58,66,67] However, the nature of the active phase is unclear.

Catalytic evaluation of the bulk phases enabled us to conclude, in contrast to earlier claims,[66]
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Figure 5.2. Equilibrium HX conversion versus temperature at O2:HX = 2 and P = 1 bar. The
equilibrium composition was calculated using HSC Chemistry 7 software package.



78 Chapter 5

a)

U3O8/ZrO2
CeO2/ZrO2

CuO/SiO2

RuO2/TiO2-r
b)

IrO2/TiO2-r
TiO2-r

Cr2O3/SiO2
Fe2O3/Al2O3

TiO2-a

400 500 600 700 800
0

20

40

60

80

100

 

 

 

 

Tbed / K

 
 
 

  

X
H

C
l / 

%

400 500 600 700 800
0

20

40

60

80

100

 

 
X

H
Br

 / 
%

Figure 5.3. Steady-state conversion of HBr (a) and HCl (b) over different catalysts versus bed
temperature. Conditions are given in the Experimental Section.

the inactivity of CeBr3 (Figure A.14). The bromide only became active upon decomposition

to CeO2, that is, above 550 K according to the thermogravimetric analysis (TGA) profile

(Figure A.15). The absence of CeBr3 was confirmed by XRD phase analysis of the used

catalyst (Figure A.14). The same observations were made for RuBr3, which becomes active

upon oxidation to RuO2 over 550 K. However, IrBr3 was inactive up to 700 K owing to its

higher oxidation temperature (Figure A.15). These results show that bulk halides are inactive

for HBr oxidation. Instead, the oxidic phase is required to catalyze the reaction. This does not

exclude the formation of surface oxybromide species under reaction conditions analogous to

those under which an oxychloride phase was identified during HCl oxidation over RuO2.[31–33]

Fe2O3/Al2O3 has shown to be very active in HBr oxidation reaching 35% HBr conversion

at 523 K. Cr2O3/SiO2 and CuO/SiO2 are less active and exhibit the same HBr conversion level

at 573 K and 623 K, respectively (Figure 5.3). Compared to HCl oxidation the activity of the

Cu-, Cr, and Fe-based catalysts in HBr oxidation is shifted by 50 to 200 K. The Zn, Mn, and

Co-based catalysts proved to be inactive for HBr oxidation. ZnO/SiO2 merely reached 8% HBr
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conversion at 673 K. The screening of the catalyst carriers indicated the negligible activity of

ZrO2 (2%), Al2O3 (3%), and SiO2 (10%) at 623 K. In contrast to that, TiO2-rutile catalyzed

the HBr oxidation starting at 523 K, despite being inherently inactive for HCl oxidation. In

fact, both rutile and anatase structures exhibited a similar catalytic performance and reached

80% HBr conversion above 650 K (Figure 5.3). This is the first account of the activity of TiO2

in a catalytic oxidation reaction.

5.3.2. Impact of Catalyst Preparation Conditions

The calcination conditions have a decisive effect on the catalyst activity with respect to the

degree of decomposition of the metal halide precursor and to the dispersion of the active phase.

This aspect is demonstrated in Figure 5.4 for the ruthenium-based catalyst derived from the

chloride precursor. HBr conversion shows a distinct volcano plot in relation to the calcination

temperature and reaches a maximum at 723 K. The incomplete decomposition of the chloride

below this temperature and the sintering of RuO2 above this temperature reduce the activity.

The catalyst calcined at the optimum temperature consists of a fully decomposed oxide phase,

which is highly dispersed as thin layers formed by epitaxial growth on the surface of the TiO2-

rutile carrier as shown in the high-angle annular dark field (HAADF) scanning transmission

electron microscopy (STEM) image in Figure 5.4.
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Figure 5.4. The thermal activation of the impregnated RuCl3/TiO2 sample (solid circles) should be
tuned to maximize the HBr oxidation performance of the resulting RuO2/TiO2 catalyst (measured at
433 K). The HAADF-STEM image clearly shows the film-like nanostructure of RuO2 on the TiO2-
rutile particles. The corresponding preparation with RuBr3/TiO2 (open circle) led to a much less
active catalyst.
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The decomposition temperature of the chloride precursor is significantly higher than the

temperature required for HBr oxidation. Considering the TGA results (Figure A.15), it appears

advantageous to use RuBr3 as the precursor for the active RuO2 phase, which enables the

catalyst to be calcined at lower temperature, and this leads to improved RuO2 dispersion.

However, this was impractical owing to the low solubility of RuBr3 in water, which led to

inefficient impregnation and poor performance of the resulting sample (Figure 5.4, open circle).

5.3.3. Mechanistic Aspects of Hydrogen Halide Oxidation

The stark performance differences observed over the catalysts is related to the mechanistic and

kinetic differences between the two reactions. Toftelund et al.[159] conducted the first theoretical

study by using DFT to compare hydrogen halide oxidations over defect-free rutile-type oxides

and by selecting the oxygen dissociation energy as the descriptor of catalytic activity. In line

with our experimental results, RuO2 was identified as the most active material in HBr oxidation.

However, the computational study also predicted that RuO2 would exhibit similar activity in

the oxidation of both HBr and HCl at high coverage. This is the regime in which our catalytic

tests were conducted (ambient pressure and high partial pressures of reactants); we observed

an equivalent HX conversion over RuO2/TiO2 at a much lower temperature (by 120 K) in HBr

oxidation that in HCl oxidation (Figure 5.3). We confirmed the same differences upon evaluating

the activity of bulk RuO2 (not shown). Accordingly, the use of the oxygen dissociation energy

as the only determining parameter for the activity of these catalysts may be a questionable

approach. Early studies on the oxidation of HCl demonstrated that the recombination of surface

atomic chlorine species is the most energy demanding step.[31,32]

Table 5.2. Temperature required to achieve 20% conversion of the hydrogen
halide over selected catalysts, T 20, and oxidation temperature of the bulk
metal halides, T oxidation.

Catalyst T20
a(K) Toxidation

b (K)
HBr oxidation HCl oxidation Metal bromide Metal chloride

RuO2/TiO2 430 544 612 686
CeO2/ZrO2 495 705 585 840
IrO2/TiO2 566 700 900 930

a Determined from Figure 5.3. b Determined from the derivative of the weight loss
profiles in Figure A.15c.
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Therefore, the substantially lower operating temperature required for HBr oxidation relative

to that required for HCl oxidation over all of the catalysts is expected to be related to the fact

that the energy barrier for the recombination of bromine is lower than that of chlorine. This

should be associated with the fact that the binding energy of bromides to an active metal

surface is weaker than that of chlorides to the same surface. Furthermore, we show that a

higher activity, evaluated by the temperature needed to attain 20% conversion (T 20), over

three of the supported catalysts investigated correlates with a lower oxidative decomposition

temperature of their metal halides (T oxidation, Table 5.2). Thus, as bulk bromides are less stable

towards oxidation than chlorides, HBr oxidation operates at a significantly lower temperature

than HCl oxidation.

Unfortunately, theoretical studies also concluded that other rutile-type materials are

comparatively inactive. For example, stoichiometric rutile TiO2 was predicted to deliver a

10-order of magnitude lower reaction rate than RuO2.[159] The highly endergonic nature of

oxygen dissociation over defect-free TiO2 rutile was put forward as the reason for its inactivity.

Indeed theoretical studies have shown that the surface of stoichiometric TiO2 is unable to

dissociatively adsorb O2.[159,160] Several authors[160] have identified that the adsorption of O2

can be switched on provided that oxygen vacancies exist in the material. However, under oxygen-

rich environments, vacancies can be healed,[161–163] thus their presence is metastable and TiO2

is regarded as useless for O2 activation. This is in strong disagreement with the remarkable

activity of rutile TiO2 for HBr oxidation to Br2 found here thus requiring a more in-depth

analysis of how TiO2 catalyzes this reaction (Chapter 6.).

5.3.4. Catalyst Stability

An important aspect of for the practical realization of these catalysts comprises their long-

term durability under operating conditions. We observed the stable performance of the RuO2-,

IrO2-, U3O8-, CeO2-, and TiO2-based catalysts on the basis of the identical conversion profiles

obtained by following multiple cycles in the temperature ramping tests shown in Figure 5.3.

These conclusions were verified by the stable HBr conversion attained in isothermal tests up

to 50 h over the most active catalytic materials identified in this study, RuO2/TiO2 (at 523 K)

and U3O8/ZrO2 (at 563 K). The notable stability of these catalysts, which did not experience
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Figure 5.5. Conversion of HBr versus time-on-stream over RuO2/TiO2 (black) at 473 K and
U3O8/ZrO2 (red) at 563 K.

any metal loss, can be related to the fact that the samples retained their oxidic active phase

and crystalline structure upon use (Figure A.16a). Bulk bromination of the catalysts would

induce fast deactivation by volatilization of the halide phases. This is what happened in the

case of ZnO-, Mn7.5O10Br3-, Co3O4-, Fe2O3-, CuO-, and Cr2O3-based catalysts. The loss of the

active phase for these material ranged between 10 and 80 wt.% (Figure 5.6), explaining the low

activity and inactivity of most of these catalysts. The observations are also in agreement with

the performance of CuO- and Cr2O3-based catalysts in HCl oxidation, where their performance

is also unstable.[36,76] The comparison of the XRD patters before and after the HBr oxidation

indicates the complete loss of the crystalline structure for ZnO, Co3O4, and Mn7.5O10Br3.

Since the weight loss of Zn, Mn, and Co is not complete, some material must still be present

on the support in form of small nano sized crystals or amorphous metal halides that could

not be detected by XRD (Figure A.16b). The analysis of the Cr-based catalyst displays no
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Figure 5.6. Relative metal loss after HBr oxidation determined by XRF analysis of selected catalysts.
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apparent structural change after HBr oxidation, despite a 26% chromium loss (Figure A.16b).

In HCl oxidation, Cr-based catalysts exhibited a similar behavior, which was attributed to

the formation of very volatile Cr6+ oxides (i.e., CrO3 and CrO2(OH)2, melting at 473 K)

under the reaction conditions leading to metal loss.[76] Fe- and Cu-based catalysts are very

active, but they exhibited the formation of bromide phases and a metal loss of 37% and 15%

under reaction conditions, respectively. TGA-MS analysis in nitrogen was performed on the

as-prepared and used samples in order to understand how stable these brominated catalysts

phases are. The comparison of the weight loss and the MS signals evidences that the used

catalysts lose significant amounts of metal (i.e.,Fe and Cu) and bromine starting at ca. 450 K

(Figure A.17). XRD analyses before and after the TGA corroborates that the weight loss must

be due to the volatilization of the metal halide and metal halide hydrate species formed during

the reaction (Figure A.17). Therefore, these transition metal catalysts have proven to be not

stable enough under reaction conditions to be further considered for HBr oxidation.

5.4. Conclusions

We have demonstrated that supported HCl oxidation catalysts, based on RuO2, U3O8, IrO2, and

CeO2, are suitable for the oxidation of HBr to Br2 in a continuous flow reactor. Considerably

higher activities were obtained relative to those obtained in the analogous oxidation of HCl

to Cl2 owing to the absence of thermodynamic limitations and the ease of bromine evolution

from the catalyst surface. This enables the attainment of approximately 100% Br2 recovery at

mild temperatures (500 to 600 K). The most remarkable result is the activity of TiO2 in HBr

oxidation, despite its inactivity in HCl oxidation. The mechanism of HBr oxidation, in particular

on TiO2, is not understood and requires further investigation. The HCl oxidation catalysts and

TiO2 experience no bulk bromination under the reaction conditions, which secures the stable

performance, in contrast to the other evaluated transition metal oxides. Thus, these catalysts

can be applied to regenerate bromine from HBr waste streams produced in the manufacture of

organobromides and will definitively aid the future realization of sustainable bromine-mediated

alkane functionalization processes.





Chapter 6

Interplay between Surface Chemistry
and Performance on Rutile-Type Catalysts

for Halogen Production

6.1. Introduction

The surface chemistry of metal oxides that exhibit a rutile structure is rich and complex.[13,164]

Their dense lattice structure makes these materials stable against harsh reaction conditions and

attractive for the application in heterogeneous, electro, and photo catalysis.[13,164–166] Recently,

the implementation of RuO2-based catalysts for the recovery of chlorine via the oxidation

of HCl, a copious by-product of the polyurethane and polycarbonate production, stimulated

multiple studies employing interdisciplinary methods.[13,19,28,164] It was demonstrated that the

stability of RuO2 against bulk chlorination originates from a self-limiting mechanism that

confines the chlorination to the surface, while its low temperature activity is linked to the

low energetic barrier for the evolution of chlorine.[29,31,32,90] Operando studies on RuO2 showed

that the activity is related to the extent of surface chlorination and can be controlled through

variation of the temperature and oxygen partial pressure.[27,33]

Rutile-type catalysts were also studied for the gas-phase oxidation of HBr to Br2; a

crucial step to close the bromine cycle in emerging bromine-mediated alkanes functionalization

processes.[39,47,159] In Chapter 5, it was shown that RuO2- and IrO2-based systems catalyze the

HBr oxidation at much lower temperatures than the HCl oxidation, due to the lower energetic

barrier of the bromine evolution compare to that of chlorine. Further studies resulted in the

discovery of TiO2 as an active catalyst for the HBr oxidation, despite its inertness in HCl

oxidation. However, there is a lack of systematic analyses, which hinders the rationalization of

the relationship between the state of the surface and the apparent catalytic performance. In

particular, there is no understanding of how TiO2 catalyzes the HBr oxidation, especially since it
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was not considered to be active according to earlier computational studies.[159] A comprehensive

mechanistic picture could be developed through a multidisciplinary approach that combines

theoretical calculations with ex situ and operando characterization methods.

Herein, we undertook a detailed study of the surface chemistry of rutile-type catalysts,

i.e., RuO2, IrO2, and TiO2, in HBr oxidation including a direct comparison to HCl oxidation.

Advanced characterization techniques provided an in-depth perspective on the catalytic

hydrogen halide oxidation that went beyond the experimental limitations of previous studies

on HBr oxidation. The bulk catalysts were compared in steady-state HCl and HBr oxidation.

Analysis of microscopic imaging and energy profiles calculated from Density Functional Theory

rationalize the interaction of the gas environment with the catalysts. X-ray photoelectron

spectroscopy unrevealed changes in the surface state of TiO2 upon reaction in HBr oxidation.

Molecular Modeling paired with kinetic evaluation provided an explanation on the reaction

mechanism on rutile surfaces, emphasizing on the unique behavior of TiO2. The dynamics

of product formation were deduced from Temporal Analysis of Products. These were

complemented with operando Prompt Gamma Activation Analysis experiments in steady-state

that enabled the determination of the halogen surface coverage. Combining these results, we

discuss the impact of surface halogenation by hydrogen halides on the structural stability of the

rutile materials and the mechanistic fingerprints of the hydrogen halide oxidation over these

catalysts.

6.2. Experimental

6.2.1. Catalysts

The as-received RuO2 (11 m2 g−1, Aldrich, 99.5%) and TiO2 (20 m2 g−1, Aldrich, rutile

nanopowder, 99.5%) powders were calcined at 723 and 823 K, respectively, for 5 h using a

ramp of 5 K min−1. IrO2, (9 m2 g−1) was prepared by calcination of anhydrous IrCl3 (ABCR,

99.9%) at 823 K for 5 h using a heating rate of 5 K min−1. TiO2 extrudates (diameter = 2 mm,

length = 4 mm) containing 80 wt.% rutile and 20 wt.% anatase were prepared following the

method described in Chapter 2.
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6.2.2. Characterization

X-ray diffraction (XRD) patterns were acquired in a PANalytical X’Pert PRO-MPD

diffractometer. Data were recorded in 10-70◦ 2θ range with an angular step size of 0.017◦ and a

counting time of 2 s per step. X-ray photoelectron spectroscopy (VG Thermo Escalab 220i-XL,

Al Kα source, UHV 10−9 mbar) was carried out on the TiO2 samples. The samples were prepared

and transported in a nitrogen atmosphere. The XPS spectra were charge-corrected with

respect to the C 1s signal (i.e., 284.5 eV). High-Resolution Transmission Electron Microscopy

(HRTEM) was undertaken either in a FEI Tecnai F30 microscope operated at 300 kV or in a

FEI Talos microscope operated at 200 kV. Elemental mapping using Energy-Dispersive X-ray

Spectroscopy (EDXS) was measured in STEM-mode with 4 X-rays detectors (Bruker) attached

to the Talos microscope. Prior to microscopic analysis, the solids were dispersed in ethanol; a

few droplets of the suspension were poured onto a holey carbon-coated copper grid and dried

completely.

6.2.3. Catalyst Testing

The rutile-type metal oxides in particulate form (particle size = 0.4–0.6 mm, 0.25 g) and the

extrudates (1 g) were evaluated in the gas-phase oxidation of HX (X = Br, Cl) in a continuous-

flow fixed-bed reactors with 8 mm or 17 mm internal diameter, respectively. Steady-state tests

were conducted at ambient pressure using a total flow of FT = 166 cm3 STP min−1, feed

mixtures with 10 vol.% HX, 5–60 vol.% O2, balanced in N2, and temperatures of T = 420–740 K.

The X2 at the reactor outlet was quantified by iodometric titration using a Mettler Toledo G20

compact titrator. The conversion of HX (XHX) was determined as 2 mole X2 at the reactor

outlet per 1 mole of HX at the reactor inlet times 100%. The space-time yield (STY) was

defined as grams of Br2 per hour per gram of catalyst. The reaction rate was expressed as mole

of bromine per minute per gram of catalyst. The samples were collected after rapid quenching

of the reactor to room temperature in a N2 flow for characterization.
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6.2.4. Computational Details

Density Functional Theory (DFT), as implemented in the Vienna Ab initio Simulation Package

(VASP) version 5.3.3, was applied to slabs representing the rutile (110) facet, for RuO2, IrO2,

and TiO2.[77,78] For all rutile-type catalysts the (110) surface represents the largest contribution

to the surface in the Wulff construction of the nanoparticles. For example, RuO2 exhibits 43%

of the (110) facet and a complementary 42% of the (101) facet.[33] For the comparison of the

defect-free rutile surfaces with defected TiO2(Brb), we used a p(2×2) supercell with a k-point

sampling of 5×3×1. A p(2×1) supercell with a k-point sampling of 4×4×1 was employed

for the calculations that compared the elementary steps on partially halogenated RuO2 and

IrO2 (110) surfaces, using the scheme of Monkhorst and Pack.[81] For calculations involving

TiO2(110), the chosen slab corresponds to a p(2×2) supercell, with a k-point sampling of

4×2×1. In all cases, slabs consisting of five layers were interleaved by 15 Å of vacuum. The top

two layers of the slabs were optimized, while the remaining bottom three were fixed. Forces

were converged to within 0.015 eV Å−1. A dipole correction was applied to the vacuum, in

order to eliminate the spurious electrostatic interactions associated with asymmetric relaxation

of the slab. The exchange-correlation functional PBE,[167] as well as PBE+U[168,169] for TiO2,

was employed, with U eff = 4.5 eV for Ti. Inner electrons were replaced with PAW,[80] and the

valance states were expanded in plane-waves with a cut-off energy of 450 eV. Spin-polarized

calculations were performed as necessary. Transition states were identified by CI-NEB.[82]

Ab initio thermodynamics were performed using the lowest energy surface configurations

to determine the surface composition under typical experimental conditions as a function

of the partial pressures p(HX), p(H2O), and p(X2), (X = Cl, Br). The experimental gas-

phase thermodynamic data were taken from the NIST reference tables, and were utilized in

conjunction with DFT results for the relevant molecular species (viz., HCl, HBr, Cl2, Br2, and

H2O).[170] The simulations were conducted under various partial pressures and temperatures

over RuO2 and TiO2 with different degrees of halogenation. Additional computational details

with regard to halogen substitution in the rutile structures are provided in the Annexes of

Chapter 6. Cluster calculations were performed using StoBe and Ti21O64H44 model[171,172], only

the neighboring centers to Brb or oxygen vacancies were re-optimized.
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6.2.5. Temporal Analysis of Products

Transient mechanistic studies of HBr and HCl oxidation over RuO2, IrO2, and TiO2 were carried

out in a TAP-2 reactor.[173–176] The samples (10 mg, particle size = 0.2-0.4 mm) were loaded

in the isothermal (central) zone of a stainless steel micro-reactor (4.6 mm internal diameter)

between two layers of quartz particles of 0.125-0.2 mm. The thickness of the catalyst zone (1-

2 mm) was very small compared to the overall bed length (37 mm). This configuration, referred

to as thin-zone reactor, is characterized by negligible gas concentration gradients across the

catalyst bed.[174] The samples were pre-treated in a flow of 20 cm3 STP min−1 O2 at 623 K

and 1 bar for 1 h, followed by evacuation of the reactor to 10−10 bar. The following pulse

experiments were carried out in high vacuum at 523, 573, and 623 K for HBr and at 623 K

for HCl oxidation, using a pulse size of ca. 1016 molecules: (a) Individual pulsing of either

O2:He = 8:1 or HX:Ar = 16:1 (X = Cl, Br); (b) Simultaneous pulsing of O2:He = 8:1 and

HX:Ar = 16:1; (c) Pump-probe pulsing of O2:He = 8:1 and HX:Ar = 4:1. The latter are also

referred to as sequential pulsing, where the pulses of the two gas mixtures are separated by

a time delay (∆t). The pulses were separated by 0.25 and 1 s for O2:He (pump pulse) and

HX:Ar (probe pulse). In the case of HX:Ar (pump pulse) and O2:He (probe pulse), the delays

were 2 and 8 s. The pump and probe pulses were repeated cyclically, keeping a time interval of

8 s between the probe pulse in one cycle and the pump pulse in the following cycle, constant

in all cases. In the experiments, Ar (Linde, purity 5.0), He (Air Products, purity 5.2), O2

(Air Products, purity 5.2), HBr (Linde, purity 4.5), and HCl (Linde, purity 2.8) were used. A

quadrupole mass spectrometer (RGA 300, Stanford Research Systems) monitored the transient

responses at the reactor outlet of the following atomic mass units (AMU): 160 (Br2), 80 (HBr),

70 (Cl2), 40 (Ar), 36 (HCl), 32 (O2), 18 (H2O), and 4 (He). The displayed responses correspond

to an average of 20 pulses per AMU to improve the signal-to-noise ratio. Prior to that, it was

verified that the responses were stable; that is, with invariable intensity and shape during at

least 40 consecutive pulses.
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6.2.6. Operando Prompt Gamma Activation Analysis

The Br and Cl uptake on the rutile-type catalysts, during HBr and HCl oxidation, was

determined by Prompt Gamma Activation Analysis (PGAA) at the cold neutron beam of

the Budapest Neutron Centre. This technique was successfully used to study the surface

chlorination of Deacon catalysts[27,33,35] and is based on the neutron capture of the atomic

cores in the sample and the subsequent detection of element-specific gamma rays emitted

during the de-excitation of the nuclei. The gas-phase oxidation of the hydrogen halides was

studied in a quartz fixed-bed micro-reactor (8 mm internal diameter) at ambient pressure

and in the temperature range of 413-713 K. The reactor was loaded with 0.5 g of RuO2 or

0.23 g of TiO2 catalyst (particle size = 0.4-0.6 mm) and was placed inside a furnace in the

path of the neutron beam. A total volumetric flow of 250 cm3 STP min−1 consisting of 10

vol.% HBr or HCl (Air Liquide, anhydrous) and 0-90 vol.% O2 (Linde, purity 4.5) balanced

in N2 (Linde, purity 5.0) was continuously fed. Furthermore, 0-4 vol.% Br2 (Acros, 99.8%)

were added to the gas feed by passing a split of the N2 flow through a saturator filled with

liquid Br2 at STP conditions. The halogen formation was quantified by iodometric titration as

in Section 6.2.3. A Compton-suppressed high-purity germanium (HPGe) crystal detected the

prompt gamma photons emitted by the catalyst bed. Br, Cl, Ru, and Ti were determined from

the characteristic peak areas. The surface coverage was calculated as the amount of halogen

per surface sites taking into account the surface area of the catalysts and the density of sites of

the (110) and (101) facets weighted by their relative occurrence.[33,84] The gas-phase signals of

HBr, Br2, HCl, and Cl2 were subtracted, thus, all reported values correspond only to the solid

catalyst.

6.3. Results and Discussion

6.3.1. Steady-State Activity of Rutile-Type Catalysts

The steady-state activity of bulk rutile-type metal oxide catalysts in HBr and HCl oxidation

was studied at different temperatures (Figure 6.1a). The lower operating temperature of IrO2

and RuO2 for HBr oxidation compared to HCl oxidation is in agreement with the study on

supported catalysts (Chapter 5). The inactivity of TiO2 in HCl oxidation (no conversion at
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Figure 6.1. Conversion of HX into X2 (HBr: solid symbols, HCl: open symbols) versus temperature
over rutile-type oxides at O2:HX = 2:1 (a). The bromine production measured over TiO2 extrudates,
expressed as the space-time yield in a long-term test (b). Inset: photographs showing the clear color
change of the solid from the characteristic white of fresh TiO2 to pale yellow upon use in HBr oxidation
(The color change occurred instantaneously after exposing the material to the reaction mixture and
is a result of the generation of defect states.

723 K) greatly contrasts with its activity in HBr oxidation (over 90% conversion at 673 K)

as shown in Chapter 5. In fact, the conversion profiles of TiO2 and IrO2 in HBr oxidation

almost coincide. A long-term test over TiO2 extrudates was performed to assess the stability

of the system, a crucial aspect for the prospective application of this material. As shown in

Figure 6.1b, the catalyst in its technical form showed a stable and high space-time yield of

bromine over 30 h on stream. The insets of Figure 6.1b show a significant color change of the

solid after the reaction from the original white to pale yellow. The coloration can be related

to the presence of defect states, which were rapidly introduced by contacting TiO2 with the

HBr oxidation atmosphere. All the changes occurring during the reaction affect exclusively the

surface of the material. X-ray diffraction shows that the bulk rutile structure of the catalysts

was unaltered after exposure to HBr (Figure A.18), proving that no bulk bromination occurred.

6.3.2. Halogenation of Rutile Structures

As shown by HRTEM (Figure 6.2), the as-prepared RuO2 and TiO2 samples exhibited

nanoparticles with diameters of ca. 20 nm and 50 mm, respectively, and sharp edges with clearly

visible fringes, provided evidence for a high degree of crystallinity. After treatment in both HBr
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5 nm

Figure 6.2. HRTEM of RuO2 (top) and TiO2 (bottom) showing the as-prepared materials (left),
after treatment in HBr at 393 K (center), and HCl at 543 K (right). The scale bar in the top left
image applies to all. The bottom left insets in the center micrographs depict the averaged elemental
mapping of the RuO2 and TiO2 particles using EDXS with Ru (green), Ti (blue) and Br (red). The
bottom-right insets in the top center and right micrographs show a magnification of the amorphized
particle edges. Additional structural models (Figure A.20 and A.21) of brominated RuO2 are provided
in the Annexes.

and HCl for 3 h (i.e., O2:HX = 0), both RuO2 and TiO2 particles retain their size, while the

RuO2 surfaces exhibit significant amorphization compared to TiO2. The evaluation of the RuO2

crystals showed that the amorphized layer is thicker after treatment in HBr compared to HCl

(Figure 6.2). The analysis of the HBr-treated samples with EDXS corroborated this observation,

detecting a significant concentration of bromine along the particle edges (Figure 6.2, middle).

The TiO2 surfaces are virtually unaffected by the HBr and HCl treatment. The EDXS mapping

of TiO2 did not detect significant traces of chlorine and only small amounts of bromine

(Figure 6.2). These results are further supported by the measured halogen uptake under reaction

conditions, which indicates a four times higher bromine uptake compared to chlorine on RuO2

as well as comparably low halogen uptake on TiO2 (Section 6.3.6).

In previous studies, it has been observed that rutile-type catalysts used in heterogeneous
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catalysis are affected by the chemical environment under which the reaction takes place.

The theoretical investigation of the active phase can be conducted at different levels of

complexity. For instance, one could consider the bulk stability against complete halogenation

(i.e., where bulk MO2 is replaced by MXn), and the possibility of rutile degradation

via the formation of volatile species (i.e., TiCl4 formation). However, in order to address

the formation of mixed phases, it is more illustrative to conduct simulations of the

substitution of surface and subsurface oxygen atoms by halogen atoms in the lattice of

RuO2. The theoretical replacement energies reported were calculated according to the equation

RuO2 + 2nHX → RuO2−n@Xn + nH2O + n/2X2, where n is the number of oxygen atoms

replaced and X refers to either Br or Cl. Lattice oxygen is evolved to the gas phase in the form

of water. The energies for RuO2 bromination are the most exothermic for the configurations

corresponding to the substitution of two O atoms (∆E r = –1.97 eV, Figure A.19, 2A), and

remained significantly exothermic for up to four Br atoms (∆E r > –1 eV, Figure A.19, 4B).

Upon the addition of the first subsurface Br atom, the bromination becomes less exothermic

(∆E r = –0.50 eV, Figure A.19, 5C) and eventually it is slightly endothermic after the addition

of a further Br atom (∆E r = 0.30 eV, Figure A.19, 6H). The incorporation of four or more

Br atoms into the cell already leads to a substantial degree of structural rearrangement

(Figure A.20, 4B, 4F). The surface Br atoms relax such that they form a hexagonal arrangement

(Figure A.21). The high Br density of these structures presents a change in the geometry that

would appear as amorphization in the experiments (Figure A.19). Furthermore, considering

factors unaccounted by the above methodology, such as configurational entropy or other surface

orientations, extensive subsurface bromination is well within the bounds of possibility.[90]

For RuO2 chlorination, the process is only exothermic for up to two Cl atoms incorporated

into the surface (∆E r = –0.93 eV, Figure A.19, 2A), with subsequent Cl addition being

endothermic (Figure A.19b, 3A). While incorporation of up to four Cl atoms is moderately

endothermic (∆E r = 0.71 eV, Figure A.19, 4B), subsequent chlorination to subsurface layers

is considerably more so, reaching ∆E r = 1.81 eV and 3.21 eV, for five and six Cl atoms,

respectively (Figure A.19, 5C, 6H).

Ab initio thermodynamics studies were performed to identify which halogenated structures
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Figure 6.3. Free energy of substitution versus the partial pressure of the hydrogen halide for the
bromination of TiO2 (blue) and RuO2 (black), as well as for the chlorination of RuO2 (red) in (a).
The partial pressures of X2 and H2O were fixed at 10−4 bar. The temperature was set to 573 K
(TiO2) and 393 K (RuO2) for bromination and 523 K (RuO2) for chlorination. The labels in the plot
correspond to the structures shown in (b), which exhibit the lowest free energy under the simulated
conditions. These depict the substitution of Cl or Br atoms into the surface and subsurface layers.
Color code: Ti (grey), Ru (blue), O (red), and Cl or Br (brown).

would be stable under the treatment conditions, i.e., variable HX and low product partial

pressures (Figure 6.3). However, the ab initio thermodynamics should be interpreted with

caution, as a number of approximations (i.e., configurational entropies are missing) have been

implicitly included, and thus this model only serves for qualitative purposes. The results show,

that the surface composition consists of two to four Br or two Cl atoms per (2×1) cell between

p(HX) = 10−2 and 100 bar. Note, the preference for bromination can be seen from the fact that

the transition between 2A and 4B configurations occurs at lower pressures than for Cl. Higher

HX partial pressures favor more extensively halogenated structures, while the free energy for

substitution of Br atoms remains more exothermic than that for Cl for all partial pressures in

the range considered. This indicates that bromination is stronger under comparable conditions,

as observed in the microscopic analysis. The impact of p(H2O) and p(X2) on the RuO2 surface

composition is less pronounced (Figures A.22 and A.23), with the surface structure showing

significantly less variation over the same pressure range as compared to p(HX).

On the other hand, the calculations of TiO2 showed that the Br uptake is endothermic

for both one and two Br atoms incorporated with ∆E r = 0.43 eV and 1.33 eV, respectively

(Figure A.24, 1A, 2B). The lowest energy configuration for two Br atoms had them both
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occupying bridging sites in diagonal fashion, as this would result in minimal repulsion

between them (Figure A.24a, 2B). Our ab initio thermodynamics suggest that under typical

experimental conditions, i.e., low p(H2O) and p(Br2), as well as high p(HBr), the Br uptake is

limited, with a maximum of one Br atom per (2×2) surface cell. Furthermore, the free energy

of substitution of a Br atom into TiO2 is much lower than for both RuO2 chlorination and

bromination (Figure 6.3). The partial pressures of the products have a very limited impact on

the surface bromination, thus indicating that the HX partial pressure is the dominant factor in

determining the halogenation of rutile-type structures.

6.3.3. Surface Analysis of TiO2 in HBr Oxidation

For an in-depth analysis of the TiO2 surface, two samples treated in HBr oxidation (code

HBr+O2) and in HBr without gas-phase oxygen (code HBr) were investigated by X-ray

photoelectron spectroscopy (Tables A.1 to A.3). The XPS spectra in Figure 6.4a show the

Ti 2p3/2 region of the fresh and treated samples. All three spectra are very similar and contain

the main peak of Ti4+ (binding energy, BE = 458.5 eV). The HBr-treated sample shows an

approximately 5% contribution of a peak at BE = 457.5 eV attributed to Ti3+ and 5 to 9% of a

second peak at BE = 459.8 eV ascribed to TiOH. This result indicates that some surface oxygen

was removed, thus, some of the titanium atoms are in a Ti3+ oxidation state. The calculated

shifts for XPS (Table A.4a) highlight the appearance of Ti3+ species with lower binding energies

either by formation of vacancies (1 eV) or by bromination (0.7 eV) both, with respect to Ti4+.

This is further supported by the O 1s and Br 3d5/2 spectra (Figure A.25, Tables A.1 to A.3).

Additional information on the surface state can be retrieved from the valence band (VB) of

the spectra (Figure 6.4b ). At the top of the VB, the fresh catalyst presents a characteristic

feature, around 3 eV. According to the density of states (DOS) obtained by the cluster model

representing the stoichiometric surface (Figure 6.4c, bottom), this feature corresponds to the

contribution of two-fold coordinated (bridging) Ob atoms. Upon HBr treatment, this fingerprint

smoothens out (Figure 6.4b). This result is substantiated by the DOS from the oxygen-deficient

Ovac and the Brb models represented (Figure 6.4b blue and red lines and models in Figure 6.4c

middle and top, respectively). Both Ovac and the Brb models (Figure 6.4b blue, green and red

dashed lines and models in Figure 6.4c middle and top, respectively) diminish the intensity of
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Figure 6.4. X-ray photoelectron spectra of rutile TiO2 before and after exposure to different
atmospheres. Upon treatment in HBr, Ti3+ was detected on the catalyst surface in the Ti 2p3/2

core level spectra (a). In the valence band (solid lines), the signal of oxygen in bridge positions (Ob)
was weaker for the samples treated in HBr and HBr+O2 (b). The interpretation of the spectra in
(b) by cluster simulations of the TiO2(110) surface (dashed lines) suggest the formation of oxygen
vacancies (Ovac) or of the replacement of Ob by bromine atoms in bridge positions (Brb). Top views of
various TiO2(110) clusters (c). The fresh sample shows a stoichiometric surface, that is, free of defects
(bottom). Dissociative adsorption of HBr with subsequent water evolution leads to the formation of
an oxygen vacancy (Ovac), changing the electronic structure of neighboring titanium atoms (middle).
These vacancies are immediately brominated (top). The energy for the bromination process is presented
in Figure 6.6a.

the peak at 3 eV, accounting for the origin of the spectral differences in Figure 6.4b. Thus, XPS

analyses of used rutile provide valuable indications to construct a proper computational model

that assesses the activity patterns observed in Figure 6.1a.

6.3.4. Molecular Modeling of the Reaction Mechanism

The mechanism and energy profile of HBr oxidation over various oxides are shown in Figure 6.5.

The reaction proceeds as follows: O2 is activated (Steps 1 and 2) and, in parallel, HBr is

dissociatively adsorbed (Step 3) generating hydroxyl groups. These can recombine to form

water (Step 4) followed by its desorption (Step 5). The recombination of Br atoms leading to

Br2 evolution (Step 6) completes the catalytic cycle. HBr adsorption and OH recombination

are acid–base reactions, mainly controlled by the total charge of the ions on the surface

and thus they are weakly dependent on the rutile oxides. Differently, O2 adsorption and Br2
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Figure 6.5. Reaction profiles of HBr oxidation over the (110) facet of RuO2, IrO2, TiO2, and Br
containing TiO2(Brb). The numbers (1) to (6) refer to the elementary steps depicted in the inset and
* to an empty site. The catalytic cycle presented corresponds to 2HBr + 1/2O2 → Br2 + H2O.

recombination have a marked redox character as the main species upon adsorption (O2 or Br)

withdraw part of the electronic density from the oxide. Accordingly, it is the specific redox

ability of each rutile-type oxide that determines its activity in the oxidation of hydrogen

halides. For metallic oxides, like RuO2 and IrO2, the redox properties are rather constant

but in semiconductors they can be modified to a large extent by doping. Understanding the

catalytic role of TiO2 in HBr oxidation requires the consideration of its chemical complexity as

it belongs to the semiconductor class. In agreement with previous results,[159,160] O2 activation

on the stoichiometric surface (Steps 1 and 2) is endothermic by more than 4 eV and thus

unfeasible (Figure 6.5, green line). However, the defect-free surface still maintains its acid–base

properties. Therefore, the heterolytic dissociation of HBr represented by Step 3 can be driven

by the basic surface lattice oxygen atoms and the acidic empty Ticus (cus = coordinatively

unsaturated site). The reaction leads to ObH and Brcus and opens a path to the activation of

the surface with the formation of defect states, as illustrated in Figure 6.6a. After a second

HBr molecule dissociates on the surface the two hydroxyl; groups can recombine to form a

water molecule at a bridge position (H2Ob) with two bromine atoms sitting at Ticus positions

(Brcus). Starting from the clean surface this set of reactions is exothermic by 2 eV. Water can

evolve to the gas phase, leaving behind a vacancy at the bridge position, which is rapidly

occupied by one of the Brcus atoms that transforms into Brb (Step 4, Figure 6.6a). The overall

doping process is exothermic by 0.73 eV (Figure 6.6a) and explains sample coloration (inset

of Figure 6.1b), the low amount of bromine on surface observed in HRTEM (Figure 6.2),
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Figure 6.6. Bromination path on the TiO2(110) p(2×1) model (a). Color code: O (red), Ti (grey), H
(blue), and Br (brown). Schematic representation of the band diagrams of metal oxides that behave as
metals (IrO2 and RuO2) and the defect-state containing semiconductor TiO2(Brb) (b). The possible
injection mechanisms are shown by arrows, where the relative position of the reactant levels highlights
the scale of stronger (long arrows) to weaker (small arrows) binding energies.

and the characteristic fingerprints in XPS (Figure 6.3). Notice that similar chlorination was

reported for RuO2 in HCl oxidation (Chapter 2).[27,31] However, in the case of TiO2, when

Br replaces the O atom, a defect state with one extra electron is populated, as Br contains

one electron more than O. Once doped, oxygen adsorption can occur (Figure 6.5, TiO2(Brb)

black line). Indeed, Step 1 (Figure 6.5), which leads to the monohapto molecular adsorption of

oxygen, is exothermic by 0.70 eV (1/2 of this value in the reaction profile shown). In parallel, O2

dissociation, HBr adsorption, OH recombination, and H2O desorption are relatively easy on the

doped titanium oxide sample (Figure 6.5). The gas-phase evolution of Br2 by the recombination

of the adsorbed bromine atoms is the most energy-demanding step for all investigated oxides.

The computed energy need of Step 6 (Figure 6.5) on TiO2(Brb) (2.36 eV) is higher than that

of RuO2 (1.76 eV) but smaller than that of IrO2 (3.02 eV). These energies are decreased by

the gas-phase entropy gain (between 1.1–1.6 eV depending on the temperature). Furthermore,

these values do not considerable change, if the surface of all three catalysts is considered to

be partially halogenated (Figure A.26). Considering a 25% replacement of the bridge oxygen

by bromine atoms, the bromine evolution is increasing in the order: RuO2(Br) (1.9 eV) <

TiO2(Brb) (2.44 eV) < IrO2(Br) (3.05 eV). Moreover, as shown in the energy profiles of the

HBr and HCl oxidation reaction over RuO2 (Figure A.26), the energy barrier of Br2 evolution

by recombination of surface bromine atoms is lower than that of Cl2, which explains the lower



Surface Chemistry and Performance of Rutile-Type Catalysts for Halogen Production 99

operation temperature of HBr oxidation (Figure 6.1a).

For TiO2(Brb), Br2 evolves leaving the self-doped surface behind and completing the

catalytic cycle. Upon taking into account competitive adsorption and gas-phase entropy, the

DFT results indicate that the activity of TiO2(Brb) falls in between that of RuO2 and IrO2.

Therefore, in line with the experimentally determined apparent activation energy of the rutile-

type oxides: RuO2 (0.46 eV) < TiO2 (0.56 eV) < IrO2 (0.81 eV) (Figure A.27a). Furthermore, all

the catalysts exhibit a strong dependence on the oxygen partial pressure with reaction orders

of 0.6 (TiO2), 0.7 (RuO2), and 0.8 (IrO2) as shown in Figure 6.10b. This observation is in

good agreement with the results on HCl oxidation, and arises from the large barrier for halide

evolution that limits the number of active empty positions for surface re-oxidation (Chapters 2

and 5).[27] The competition between the oxygen and halides for the active sites implies that

both parameters are relevant to retrieve activity. The catalytic activity of TiO2(Brb) in HBr

oxidation can be understood by the level alignment between the material and the reactants.

A schematic band diagram is shown in Figure 6.6b. For the defect-free TiO2, occupied levels

(marked gray) are too deep for charge transfer to the O2 interacting with the surface therefore

rendering it inactive. Instead, defect states, associated with the bromine-doped TiO2(Brb), are

placed in the band gap close to the conduction band and thus at much higher energies (marked

black). These high-energy electrons can then be effectively transferred to O2, turning oxygen

adsorption exothermic (Figure 6.5, Step 1 and 2). However, charge transfer also takes place

when halides desorb. In Step 6 of the reaction scheme (Figure 6.5), X2 desorption implies that

the electrons stored in the isolated halide, which is negatively charged, are transferred back

to the material. As the electron affinity of Cl is about 0.2 eV higher than that of Br,[177] it

forms stronger bonds with TiO2(X) and requires more energy to evolve Cl2 (∆E = 3.17 eV)

than Br2. Cl2 evolution is much more energy demanding than Br2, while O2 adsorption cannot

effectively take place at the operating temperature at which formation of gas-phase Cl2 is

effective. This situation results in the inactivity of TiO2 in HCl oxidation (Figure 6.1a). Thus,

the energy alignment of TiO2(X) defect states is reasonable for HBr but not adequate for HCl

oxidation. This explanation also reveals why SnO2, also with rutile structure, is inactive for

HBr oxidation, as its defect levels are too low in energy to be efficiently transferred to O2. The
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calculated O2 adsorption energy is 0.40 eV, not enough to occur at the temperatures required

for Br2 evolution.

There is a final confirmation of the different origin of activity for TiO2 when compared

to RuO2 and IrO2. The variation of the activity for Cl and Br on RuO2 (or IrO2) at 60%

conversion is approximately 125 K. This is related to the halide evolution (Step 6, Figure 6.5)

that controls the activity through the number of empty sites available for O2 adsorption.[27]

As both are linked, in principle there is a single electronic parameter; the metal oxide work

function. The latter provides the energy from which electrons are injected and back-donated

and determines the activity (see Annexes of Chapter 6, Electronic Contributions). However,

this behavior is not retrieved for TiO2, over which only HBr can be oxidized. For TiO2, the

adsorption dependence between molecular oxygen and halide adsorption is different than for

the metallic oxides (RuO2 and IrO2) as a result of different electrostatic contributions. Thus,

it is an outlier in the corresponding linear scaling relationships. Indeed, the adsorption energy

of O2 is smaller than it would be for a metallic rutile. This explains why IrO2 is as active

as TiO2 because the larger barrier for halide evolution is compensated by a very effective O2

trapping; the molecular monohapto adsorption on IrO2 is exothermic by 1.32 eV (see Annexes

of Chapter 6, Similar Activities for IrO2 and TiO2(Brb)).

The analysis showed when oxidation mechanisms could potentially occur on these materials

and how the process is linked to photo-electro-chemical uses of TiO2 compounds. In the photo-

electro-chemical applications, the population of high-chemical-potential electrons is achieved

by using photons or a voltage, these high-energy electrons have similar properties to those

coming from the self-doping found for the HBr reaction on TiO2. But this mechanism has some

limitations. It does not work if there is a single redox pair (i.e., only oxygen) in the reaction

network. This is the case for CO oxidation, which occurs on TiO2 by the activation of the

oxygen at vacancies, thus when the reaction is carried out it completely heals the defects. Once

the available surface and near surface vacancies are extracted and filled,[162] the reaction stops,

revealing its stoichiometric (non-catalytic) character. Therefore, for a catalytic oxidation to

occur on the semiconductor, the doping levels need to be stable under reaction conditions. The

long-term stability of the catalyst is difficult to maintain because of the decreasing number of
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defect states in oxygen-rich environments.[161–163] However, in TiO2(Brb), bromine substitution

leaves active defect states in the material but simultaneously blocks the paths for bulk re-

oxidation. Therefore, the outstanding stability of TiO2 in HBr oxidation is based on the self-

doping character of the reaction (Figure 6.1b). Extended geometrically defective areas, such as

steps,[163] could potentially render defect states for the reaction in a similar manner opening

new parallel channels.

6.3.5. Transient Mechanistic Studies

The analysis of the reaction mechanism of HBr and HCl oxidation was conducted by pulse

experiments in a TAP-2 reactor to complement the DFT calculations. This combination allowed

us to study the reactant and product evolution and to corroborate the molecular simulations.

In order to compare the interaction of HBr and HCl with the catalysts, individual pulses of

either HBr or HCl molecules were applied to the rutile catalysts (Figure 6.7). When comparing

the normalized peak responses of HCl and HBr, we observe that the HBr peaks are significantly

delayed compared to the HCl peaks by 0.44 s (RuO2), 0.82 s (TiO2), and 0.17 s (IrO2). This

indicates a stronger interaction of the surface with HBr than with HCl, which is in line with the

HRTEM and DFT results, and the calculated dissociative adsorption energy over RuO2(110),

which is 2.33 eV for HBr compared to 2.09 eV for HCl on the clean surface. Comparing the

catalysts (Figure A.28), the order of the HBr peak maxima is as follows: RuO2 < IrO2 < TiO2 at

all investigated temperatures (523, 573, and 623 K). The peak position is affected by changing

the temperature, showing a significant delay of the peak time at higher temperature. This

indicates a sizeable activation barrier in the overall process during TAP experiment, which
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is likely due to underlying surface/sub-surface processes (vide supra). Furthermore, a shift

between the HBr pulses of individual HBr and simultaneous HBr+O2 pulsing is observed for

IrO2 (0.31 s), and TiO2 (0.67 s) (Figure 6.7). The shift could be due to the reaction of HX

and O2 to X2 and water, where the reactants are consumed (Figures 6.7 and A.29), leading

to a reduction of the integrated peak area. This leads to a shift of the HX peak maximum

to shorter times and less tailing of the signal in comparison to the individual pulsed reactant

signal, assuming that the pulse size of reactant was about the same in both individual and

simultaneous pulsing experiments.[29,30] For RuO2, a difference in tailing is observed, but no

clear shift of the peak position is visible, which might indicate that the interaction between

RuO2 and HBr is not significantly affected by the simultaneously pulsed oxygen. For HCl

oxidation, only RuO2 exhibited a clear shift of the HCl response when comparing individual HCl

and simultaneous HCl+O2 pulses, indicating that only RuO2 is significantly active under TAP

conditions (Figure A.29). Thus, only RuO2 is considered for further comparative evaluation of

HBr with HCl oxidation. The comparison of the O2 pulses after individual O2 and simultaneous

HBr+O2 pulsing does not show a clear difference, because the integrated peak area is 10 times

higher (Figure A.29). This suggests the presence of state-defining conditions as the oxidic

surface seems to be unchanged upon admitting the large O2 pulses.[176] In addition, the halogen

surface coverage can be assumed to be very low (i.e., < 1%), due to the small size of the HX

gas pulses compared to the total surface area of the loaded catalysts under UHV conditions.

Thus, extensive surface or subsurface halogenation of the catalysts did not occur.

The product responses of Br2, Cl2, and H2O after simultaneous pulsing of O2 with either

HCl or HBr are depicted in Figure 6.8. When comparing the product responses, it is evident

that Cl2 production is greater than that of Br2 over RuO2 at the same temperature, which could

be explained by the very low detection efficiency of the Br2 molecules by the mass spectrometer,

due to the lower bond strength of Br2 (193 kJ mol−1) in comparison with the Cl2 (243 kJ mol−1)

preventing a direct comparison of their signals. The bond strength of HBr (363 kJ mol−1) and

HCl (428 kJ mol−1) is comparably high so no effect on the detection efficiency is assumed.

However, comparing the water signal, which forms in stoichiometric amounts to either Br2 or

Cl2, indicates that the bromine formation must be higher than the chlorine formation. The pulse
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response size of the water and bromine signals increases in the order: IrO2 < TiO2 < RuO2

along the higher bromine evolution (Figure 6.8, top row). The normalized signals show that the

water response always reaches its peak maximum before the halogen, suggesting the halogen

evolution to be slower and possibly the most-energy demanding step (Figure 6.8, bottom row).

However, the differences in mass between water and the halogen molecules could affect the

observed shift of the peak response in the molecular diffusion regime, hampering in particular

the comparison of water to chlorine responses due to their small difference. In case of HBr

oxidation, the shift between the HBr and Br2 peak maximum can be safely interpreted as a

measure for the activity of the catalysts. The shifts decrease in the order IrO2 (0.60 s) < TiO2

(0.43 s) < RuO2 (0.22 s), which coincides with the product formation in the opposite order.

The product evolution from the simultaneous pulsing experiments coincides with the

molecular modeling (Section 6.3.4). The recombination of two halide atoms on the surface

is the most energy-demanding reaction step in all investigated systems. Water evolution is less

energy demanding by more than 1 eV (Figure A.26); the hydroxyl groups can recombine over

the surface, generating an adsorbed water molecule that can then leave the surface. These

water-related steps are very similar in their mechanism on all of the surfaces.
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The observed faster bromine evolution over TiO2 compared to IrO2 is a crucial piece of

experimental evidence, which reaffirms the computational results on the similar activity of both

catalysts (Section 6.3.4). This proof could not be delivered by atmospheric pressure steady-state

experiments, because the apparent activity of both oxides in HBr oxidation was very similar,

which is likely due to a compensation effect that occurs in the Deacon reaction on RuO2 at high

coverage.[33] The compensation that occurs between both materials is proposed to result from

a breaking in the scaling relationships, as discussed in Section 6.3.4. The pulsing experiments

in TAP allow the elementary steps of the reaction network to be decoupled. In this sense, it

is possible to investigate only the desorption process as it occurs under very low coverage and

state-defining conditions. Thus, in the absence of high bromine coverage we were able to observe

the intrinsic differences in bromine evolution between TiO2 and IrO2.

Pump-probe experiments were conducted in order to verify the reaction mechanism of

the HBr and HCl oxidation, where either the HX or the O2 pulse was delayed by a distinct

time period (Figures A.30 and A.31). In the O2 (pump) and HX (probe) pulsing experiment,

product formation can be observed after either pulse. The product formation after the HX

probe pulse is much larger, due to the available oxygen on the surface following the pump pulse

(Figure A.30). This is analogous to the HX (pump) and O2 (probe) pulsing, where the product

formation after the HX pump pulse is also significant. The large product formation after O2 can

be related to oxygen-assisted product evolution (Figure A.31), as described for HCl oxidation

in recent studies.[27]

6.3.6. Impact of the Halogen Surface Coverage

The halogen coverage on the catalysts was determined by operando PGAA under real-life

conditions. An investigation of IrO2 was unfortunately not possible, because the neutron

excitation and radioactive decay of Ir leads to the emission of very intense gamma radiation that

rapidly saturates the detector, and the high baseline created by the Ir matrix overshadows the Br

signal.[178] Thus, the comparison focused on TiO2 and RuO2 at variable O2:HX feed ratios and

temperatures (Figure 6.9). As shown in Figure 6.9a, TiO2 exhibits halogen coverages of 0.57 and

0.48, for Br and Cl respectively, at O2:HX = 0. With increasing oxygen partial pressure, these

values decrease to 0.4 (Br) and 0.36 (Cl). The Cl coverage on RuO2 is close to 1 at O2:HCl = 0
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Figure 6.9. Rate of halogen formation of HBr (solid symbols) and HCl (open symbols) oxidation as
a function of the halogen coverage over TiO2 (blue) and RuO2 (red) showing the dependence on the
feed O2:HX ratio at constant temperature (a). The O2:HX ratio was increased from 0 to 9, except for
the HBr oxidation over RuO2 where the order was inverted from 9 to 1. Dependence of the rate on
the catalyst bed temperature at O2:HBr = 2. The temperature for TiO2 was increased from 533 K
to 633 K (b). The order of measurements for RuO2 is indicated with numbers in parenthesis. Rate of
bromine formation versus the bromine coverage (c). The data points (O2:HBr = 2, 593 K for TiO2,
and 413 K for RuO2) are taken for the measurements shown in Figures 6.9a, b, and A.32. Coverages
exceeding unity indicate the occurrence of subsurface halogenation.

and reaches 0.86 at O2:HCl = 9, which is in line with recent studies.[27,33] However, in agreement

with our HRTEM and DFT results, RuO2 exhibited subsurface bromination when conducting

the same O2:HBr ratio variation from 0 to 9, reaching a degree of bromination that exceeds

the theoretical full surface coverage by 300% (Figure A.32a). Therefore, the tests on RuO2

in HBr were conducted under slightly different conditions, with the O2:HBr ratio decreasing

from 9 to 1, whereby the Br coverage increased from 0.65 to 1.48, respectively (Figure 6.9a).

The dependence of the halogen coverage on the variation of the bed temperature, as indicated

in the respective plots, was very similar to that of the oxygen partial pressure (Figures 6.9b

and A.32b). By increasing the temperature the halogen coverage on TiO2 dropped from 0.41

(Br) and 0.54 (Cl) to 0.27 (Br) and 0.38 (Cl), respectively. The halogen coverages on TiO2 are

significantly lower compared to RuO2, which is in agreement with the ab initio thermodynamics.

In Figure 6.9c, data points from the different experiments are combined to show the effect of

bromine coverage on the rate under the same reaction conditions. The uptake on TiO2 is so low

that a slight increase in surface bromine content leads to a higher activity. On the other hand,

the bromine coverage on RuO2 (Figure 6.9c) was above the theoretical surface coverage and a

further increase was detrimental to the activity of RuO2 in HBr oxidation. Thus, an optimal
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Figure 6.10. Rate of bromine formation (red) and bromine surface coverage (blue) versus the
volumetric feed of bromine over TiO2 at 593 K and O2:HBr = 2 (a). Rate of bromine formation
versus partial pressure of bromine (b).

halogen coverage between the observed values for TiO2 and RuO2 is likely to exist, at which

the bromine formation rate would be maximal.

The impact of the product inhibition was investigated on TiO2 by adding bromine to the

gas feed (Figure 6.10a). The addition of 4 vol.% Br2 causes a distinct decrease in the bromine

formation rate by 55%. However, the bromine coverage had already stabilized at 0.43, when

the bromine feed reached 2 vol.% Br2. This indicates that there is no significant bromination of

the catalysts through the addition of bromine gas, which is in agreement with the endothermic

adsorption of Br2 on clean TiO2, calculated by DFT (0.69 eV with respect to 1/2 Br2); a

bifunctional adsorption as proposed by Li and Metiu[179] does not improve the adsorption energy.

Recent studies highlighted that the gas-phase thermodynamic equilibrium of the HBr oxidation

is shifted far to the side of the products (Chapter 5). Thus, the decreased activity is not linked

to a shift in the thermodynamic equilibrium, but is due to the kinetics of the reaction. The

determination of the apparent reaction order gives a value of –0.44 for the impact of bromine on

the reaction rate (Figure 6.10b). This value is close the theoretical apparent order of –0.5, which

describes the dissociative adsorption of bromine on the active site. Hence, it seems plausible

that a competitive adsorption between HBr and Br2 occurs on the small number of active sites

of TiO2 and likely depends on the defective states left on its surface, originating from doping by

the small amount of Br taken up by the surface. To compare, the inhibition effect of Cl2 on RuO2

in the Deacon reaction was 1.00.[27] The larger inhibitions induced on RuO2 catalysts are due to

the fact that site competition is favored on metallic substrates compared to semiconductors like
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TiO2. The ultimate reason for this is that once doped, the Ti centers are no longer chemically

equivalent to each other, and thus they discriminate between the adsorption of electron-rich

and electron-poor fragments. In comparison, the conduction band in metals screens out these

effects, and it is not possible to differentiate the chemical nature of the cations.

6.4. Halogen Chemistry on Rutile Surfaces

With all the data described in the previous sections a generalized picture emerged that describes

the chemistry of halogens on rutile catalysts. Although the chemical nature of HCl and HBr

might appear to be virtually identical at a first glance, the interaction with the set of potential

catalysts was markedly different. Initially, the surface basicity and the acidic character of HX

led to an exothermic adsorption pattern for all combinations. But depending on the particular

oxide/hydrogen halide pair, the adsorption can only lead to: (i) a minor fraction of the oxygen

lattice replacement (TiO2/HBr), (ii) a medium level of oxygen lattice replacement and a

large surface coverage (RuO2/HCl) or (iii) an extensive surface modification with concomitant

subsurface occupation and the growth of a second phase on the surface (RuO2/HBr). The factors

controlling these differences are related to both the nature of the oxides and their limited ability

to store extra electrons in defect states (TiO2); for the metallic oxides (RuO2 and IrO2), the

extension of the halide replacement is mostly governed by the relative energies of the M-O

and M-X bonds. The activity of the rutile is completely governed by the halide content in the

material; to quote Paracelsus, the dose makes the poison. Thus, the mechanism might range

from only involving surface positions (Langmuir-Hinshelwood-type mechanism), as for HBr on

TiO2, through a continuum that involves the activation and or replacement of surface lattice

oxygen atoms (i.e., closer to a Mars-van-Krevelen-type mechanism). The active catalyst must

be obtained through the control of the oxygen pressures in the gas-phase that can limit the

halide content only to surface positions, thus rendering the catalyst active. The single exception

to this behavior is the semiconductor TiO2. For latter, the self-doping, occurring as a result of

replacement of the surface oxygen atoms with halides, is self-limited, due to the energy cost of

accumulating electrons in surface and subsurface states.[180] Consequently, the activity is linked

to the presence of forbidden energy areas, from where it is possible to add/extract electrons, if
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the alignment of the energy levels is optimal.

6.5. Conclusions

We investigated HBr and HCl oxidation on rutile RuO2, IrO2, and TiO2 catalysts by applying

an integrated approach, consisting of advanced methods to analyze and compare their surface

chemistry. We found that the structural stability of HX oxidation catalysts depends on the

interaction of the hydrogen halide molecule with the catalyst surface. The combined HRTEM,

DFT, and TAP study revealed that the amorphization of the RuO2 particle surface after

treatment with HBr was due to structural distortion of the clean surface geometry after

extensive bromination. The impact of HCl was much more limited, leading to less pronounced

amorphization, as a result of the comparably unfavorable energetics of oxygen substitution,

restricting the Cl replacement to the surface. The computed bromine substitution into the TiO2

lattice was endothermic, suggesting only limited potential for bromination. The generation of

defect related states in a semiconductor, such as rutile TiO2, originated an active and stable

catalyst for bromine production. Self-doping can be achieved provided that (i) the determining

reaction steps belong to redox couples, (ii) the alignment between the levels of the active

species and the defect states favor the adsorption/desorption process, and (iii) the defect

states are preserved during the reaction. The preservation of defect states guarantees the

long-term stability of the material and the scope for practical application. Our results warn

against considering theoretical models that are too simple when addressing the properties

of oxides and the possibilities of doping in semiconducting oxides. The TAP experiments

supported the molecular modeling, indicating a stronger interaction of rutile-type materials

with HBr than HCl. Further pulsing experiments in TAP indicated that halogen evolution can

be considered to be the most energy demanding step, with the activity of the catalysts for HBr

oxidation increasing in the following order: IrO2 < TiO2 < RuO2. As confirmed by pump-probe

experiments, both the reactions of HBr and HCl oxidation follow a Langmuir-Hinshelwood-type

mechanism on surfaces with a low to moderate degree of halogenation. The halogen uptake is

the key descriptor linking stability and activity of the catalytic systems. On RuO2 the steady-

state surface halogen coverage reached 86-100% for chlorine and 75-300% for bromine, proving
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that subsurface bromination occurred, agreeing with the HRTEM and DFT studies. A decrease

in the halogen coverage on RuO2 was induced by increasing the operation temperature and

elevating the O2:HX feed ratios. In contrast, the halogen coverage of TiO2 was limited to 30-

50% as a result of its self-doping mechanism with bromine. An increase in the temperature

and the O2:HX feed ratio induced higher activity, but did not significantly affect the halogen

coverage on TiO2. The addition of Br2 to the gas feed over TiO2 did not affect the bromine

coverage, but inhibited the reaction at an apparent order of –0.44, indicating a competitive

adsorption of Br2 and HBr on the active sites. To our knowledge, this is the first use of rutile

TiO2 as an active phase in heterogeneously catalyzed processes, and besides the remarkable

HBr oxidation performance, the low cost and abundance of the material should be highlighted.





Chapter 7

Structure and Reactivity of CeO2-ZrO2
Catalysts for HCl and HBr Oxidation

7.1. Introduction

Ceria (CeO2) is a key ingredient of many heterogeneous catalysts for a variety of

reactions,[99,110,115,181–183] including the oxidation of HCl, a key step to recover Cl2 in the

polyurethane and polycarbonate industries.[13,34,35] In this reaction, the success of CeO2 can

be attributed to its unique structural and electronic properties associated with the ability

to switch easily between the Ce4+ and Ce3+ oxidation states, forming and annihilating oxygen

vacancies which function as active sites.[157,184–188] However, under oxygen-lean conditions, ceria

tends to form chlorinated species at the surface and the bulk, which leads to the deactivation of

the catalyst.[35] In an attempt to enhance the stability of CeO2, it has been shown that the use

of ZrO2 as a carrier could significantly promote the performance of ceria compared to Al2O3

and TiO2, due to the improved redox properties of the CeO2/ZrO2 catalyst (Chapter 3). The

latter catalyst also exhibited lower chlorine uptake during reaction compared to CeO2/Al2O3,

as shown by operando Prompt Gamma Activation Analysis. This resulted in an increase of

the stability of ceria, which was verified in a 700 h stability test over a technical CeO2/ZrO2

catalyst at pilot scale (Chapter 3).

The successful demonstration of CeO2/ZrO2 triggered further investigations that focused

on the effect of intermixing ceria and zirconia by doping strategies. In fact, the doping of

CeO2 with iso- and aliovalent elements is an attractive methodology to lower the formation

energy of oxygen vacancies,[96,186,189–191] as shown for the automotive three-way catalyst,

where the incorporation of Zr4+ into CeO2 with a Ce:Zr ratio of 75:25 enhances its catalytic

performance.[107,192,193]. The incorporation of 20 mol.% of Zr4+ into bulk ceria promotes the

HCl oxidation activity in contrast to trivalent ions such as La3+.[194] Theoretical calculations
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suggested that the balanced reduction between the formation energies of both oxygen and

chlorine vacancies enhanced the activity.[194] These results were supported by studies on the

structural stability of electrospun ceria-zirconia nanofibers, observing that the incorporation

of at least 20 mol.% ZrO2 into CeO2 increase the stability against sintering and lowered the

likelihood of bulk cerium chloride formation compared to pure ceria [195,196]

The developments in catalytic HCl oxidation additionally envisaged new studies on HBr

oxidation, an attractive route to recover Br2 from bromine-mediated alkane functionalization

processes.[39] Ceria has been reported as potential catalyst for this reaction besides RuO2 and

TiO2 (Chapter 5).[18,67] However, apart from preliminary activity tests, no work has been

dedicated to investigate the differences of ceria-catalyzed HBr and HCl oxidation, the role

of an additional metal (such as Zr4+) on the performance of ceria, as well as the robustness of

ceria-based systems for HBr oxidation.

Herein, we have studied the effect of the phase homogeneity and composition of ceria-

zirconia catalysts for HBr and HCl oxidation. The materials were prepared by co-precipitation

and thermal decomposition and characterized by bulk and surface techniques to determine

structural and chemical features. The activity and stability of the catalysts were evaluated in

the gas-phase oxidation of HBr and HCl at different temperatures and oxygen partial pressures.

Operando prompt-gamma activation analysis was essential as it enabled to determine and

compare the bromine and chlorine uptake at different conditions over the homogeneous and

non-homogeneous ceria-zirconia catalysts. Our results underscore the necessity to maximize

the homogeneity of the ceria-zirconia mixed oxide and to individually optimize the Ce:Zr ratio

in order to obtain a stable and active catalytic system for HBr and HCl oxidation.

7.2. Experimental

7.2.1. Catalysts

Ceria-zirconia mixed oxides with different Ce:Zr ratios were synthesized by following two

different preparation routes. The samples are coded as ‘CZXX’, where C represents Ce, Z

represents Zr, and XX indicates the Ce content (0-100 mol.%) in the mixed oxide (Table 7.1).

Homogeneous mixed oxides (coded with the suffix ‘-h’) were prepared by co-precipitation of the
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precursor salts in the presence of H2O2. The addition of H2O2 during co-precipitation improves

the morphological, redox, and thermal stability properties of the mixed oxide. H2O2, in fact,

oxidizes the precursor Ce3+ species into the more easily hydrolysable Ce4+ and forms cerium

hydroperoxide complexes. This disrupts the formation of a compact Ce-O-Ce network during

the crystallization process, favoring the formation of highly-dispersed nanocrystallites of cerium

oxide.[197,198] The desired amount of cerium nitrate (Ce(NO3)3·6H2O, Treibacher Industrie AG)

was dissolved in deionized water and kept under stirring while the corresponding amount of

aqueous zirconyl nitrate (ZrO(NO3)2, Treibacher Industrie AG, 0.4 M) was added. Hydrogen

peroxide (H2O2, Aldrich, 35%) was poured into the solution to obtain a molar H2O2:(Ce+Zr)

ratio of 3. The precipitation of the ceria-zirconia precursor was obtained by addition of aqueous

ammonium hydroxide (NH4OH, Aldrich, 30%) until a pH of 10.5 was reached. The slurry was

stirred for 4 h, washed with deionized water, and filtered. The precipitate was dried overnight at

373 K and calcined in an oven with circulating air at 773 K for 3 h. The non-homogeneous mixed

oxide (coded with the suffix ‘-nh’) was prepared by thermal decomposition of the precursor salts.

In this case, cerium and zirconyl nitrates were dissolved in deionized water and the obtained

solution was heated in an oil bath kept at 423 K under magnetic stirring, until complete

evaporation of the solvent and precipitation of the solid. The catalyst was filtered, washed,

dried overnight at 373 K, and calcined in an oven with circulating air at 773 K for 3 h. Pure

CeO2 and ZrO2 were obtained by precipitation of the corresponding precursors in the presence

of H2O2, following the same preparation procedure of the homogeneous mixed oxides.

7.2.2. Characterization

The Ce and Zr content of the samples was determined by X-ray fluorescence (XRF)

spectrometry, using an Orbis Micro-EDXRF analyzer equipped with a 35 kV Rh anode and

a silicon drift detector. The Br and Cl content in the catalysts were determined by elemental

analysis in a LECO CHN 900 combustion furnace. X-ray diffraction (XRD) patterns were

recorded on a Philips X’Pert diffractometer equipped with an X’Celerator detector, using Ni-

filtered Cu Kα radiation (λ = 1.542 Å). Rietveld refinement was carried out by using the

GSAS-EXPGUI software package.[199] X-ray photoelectron spectroscopy (XPS) was conducted

in a Physical Electronics Instruments Quantum 2000 spectrometer using monochromatic Al Kα
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radiation generated from an electron beam operated at 15 kV and 32.3 W. The spectra were

collected under ultra-high vacuum conditions (residual pressure = 5×10−8 Pa) at a pass energy

of 50 eV. For chemical identification, the spectra were referenced to Zr 3d at 182.2 eV. N2

sorption at 77 K was measured in a Micromeritics TriStar II unit after evacuation of the

samples at 423 K for 90 min. Temperature-programmed reduction in hydrogen (H2-TPR)

was conducted in a Micromeritics Autochem 2920 unit equipped with a thermal conductivity

detector. The catalyst (ca. 50 mg) was loaded into a U-shaped quartz micro-reactor and

pretreated in air (35 cm3 STP min−1) at 623 K for 1 h. The analysis was performed in 5 vol.%

H2/N2 (35 cm3 STP min−1), ramping the temperature from 323 to 1273 K at 10 K min−1.

Temperature-programmed desorption (TPD) of water and bromine was performed in the same

setup, using a Balzers Omnistar QMS mass spectrometer for the chemical analysis of the gases.

The catalyst (ca. 50 mg) was loaded into a U-shaped quartz micro-reactor and the analysis

was conducted in air (35 cm3 STP min−1), ramping the temperature from 323 to 623 K at

10 K min−1. High-resolution transmission electron microscopy (HRTEM) was undertaken in

a FEI Tecnai F30 microscope operated at 300 kV. Scanning transmission electron microscopy

(STEM) analysis with elemental mapping using energy-dispersive X-ray spectroscopy (EDS)

was conducted in a FEI Talos microscope operated at 200 kV. Prior to microscopic analyses,

the solids were dispersed in ethanol; a few droplets of the suspension were poured onto a holey

carbon-coated copper grid and dried completely.

7.2.3. Catalyst Testing

The gas-phase oxidation of hydrogen halides was studied in a quartz continuous-flow fixed-

bed micro-reactor (8 mm internal diameter) at ambient pressure and in the temperature

range of 450-750 K. The reactor was loaded with 0.25 g of catalyst (particle size = 0.2-

0.4 mm). A total volumetric flow of 166 cm3 STP min−1 consisting of 10 vol.% HBr or HCl

(Air Liquide, anhydrous) and 7.5-90 vol.% O2 (PanGas, purity 4.5) balanced in N2 (PanGas,

purity 5.0) was continuously fed. After stabilizing the catalysts for 1 h under each condition,

the halogen formation was quantified by iodometric titration using a Mettler Toledo G20

Compact Titrator. The iodometric titration is an off-line method to quantify Br2 and Cl2

(X2) contents in gas streams.[30] The gas at the reactor outlet passes through an impinger,
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equipped with a porous frit immersed into an aqueous 0.1 M KI (Axon Lab, 99%) solution, and

the following reaction takes place: X2 + 3KI → I3− + 3K+ + 2X−. The formed triiodide ion is

titrated using an aqueous 0.01 M Na2S2O3 (Alfa Aesar, 99%) solution, following the reaction:

I3− + 2Na2S2O3 → 3I− + 4Na+ + S4O2−
6 . The titration is performed at least twice to verify

reproducibility. The rate of halogen formation was expressed as mole of halogen produced per

mole of total cerium in the solid and unit of time. The space-time yield was defined as gram of

halogen produced per gram of catalyst and unit of time. After each experiment, the reactor was

rapidly cooled down in N2 flow and the catalysts were collected for ex situ characterization.

7.2.4. Operando Prompt Gamma Activation Analysis

The halogen uptake of the catalyst during HBr and HCl oxidation was determined by Prompt

Gamma Activation Analysis (PGAA) in the facilities of the Budapest Neutron Centre.[200]

This technique has been previously applied to accurately determine the uptake of hydrogen on

hydrogenation catalysts and the chlorine coverage on HCl oxidation catalysts under working

conditions.[201] The catalytic experimental setup was identical with that described in Section

7.2.3, except for the reactor and the furnace, which were custom-designed to fit inside the

neutron beam line. The catalyst testing was conducted according to the conditions described

in Section 7.2.3 using 0.4 g of catalyst. The higher catalyst loading is chosen in order

to improve the signal to noise ratio of the prompt-gamma signals and thus to reduce the

data acquisition time. The cold neutrons were guided to the experimental station by curved

supermirror neutron guides. The thermal-equivalent neutron flux at the PGAA sample position

was 7.7×107 cm−2s−1. A Compton-suppressed high-purity germanium (HPGe) crystal was used

to detect the prompt-gamma photons. The halogen uptake was defined as the ratio of halogen

(X) per total cerium and zirconium in the solid, i.e., X:(Ce+Zr). The measured intensities

include all molecules in the gas-phase and solid phase within the target volume. Thus, the gas-

phase halogen signals (HCl, Cl2, HBr, Br2) were subtracted, so that reported halogen uptake,

X:(Ce+Zr) corresponds only to the solid catalyst.
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7.3. Results and Discussion

7.3.1. Characterization of As-Prepared Catalysts

The main characteristics of the as-prepared homogeneous and non-homogeneous samples are

summarized in Tables 7.1 and 7.2, and compared with those of CeO2 and ZrO2. Elemental

Ce:Zr analysis by XRF verifies the nominal composition of the samples. For the homogeneous

CZ75 sample, there is a clear correspondence between the bulk and surface Ce:(Ce+Zr) ratios,

indicating the surface homogeneity of the Ce and Zr phases. On the other hand, for the non-

homogeneous CZ75 catalyst, the surface values are higher than the nominal ones, indicating

surface enrichment of Ce. Structural heterogeneities were detected by EDS and XRD over

the non-homogeneous CZ75-nh. This material, in fact, crystallizes in a cubic CeO2-rich phase

(a = 5.4031(4) Å) with segregation of tetragonal ZrO2 (Figure 7.1 and Table 7.2).

This is nicely depicted by the micrographs in Figure 7.2, showing the inhomogeneity of the

ceria and zirconia phases. On the other hand, CZ75-h has similar surface and bulk compositions.

Compared to pure ceria (average crystallite size = 13 nm), smaller crystallites are obtained in
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Figure 7.1. X-ray diffraction patterns (a) and temperature-programmed reduction in H2 (b) of the
as-prepared CZ75 samples and after use in HBr and HCl oxidation. The molecular representations in
the middle depict the surface state of the as-prepared CZ75-nh and CZ75-h catalysts. The reaction
conditions are specified in the text. Phases: (square) CeO2 (JCPDS 43-1002), (triangle) ZrO2 (JCPDS
73-1441), and (circle) CeZrOx (JCPDS 28-0271, 38-1436, and 88-2395). The reference line at 28◦ 2θ
helps to better visualize the shift of the CeO2(111) peak in the homogeneous samples.
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the homogeneous Zr-containing samples (6 nm for CZ75-h, and 5 nm for CZ50-h), in line with

the higher total surface area of the mixed oxides, which reaches values around 80 m2 g−1 over

CZ50-h. The formation of Ce-Zr mixed oxides in CZ75-h, CZ50-h, and CZ10-h is verified by

the characteristic shift of the XRD peak position toward higher angles (Figures 7.1 and A.33a)

and by the structural data in Table 7.2. Since several structures may be formed during the

crystallization of the material, depending on the preparation condition and composition,[202]

Rietveld analysis of the diffraction profile has been carried out by opening up the fitting to

different phases (cubic, tetragonal, and a mixture of the two). The analysis suggests that CZ75-h

crystallizes in a cubic fluorite structure with a smaller cell parameter than ceria, in agreement

with the introduction of the smaller Zr4+ ions in the lattice.[194] The value of the unit cell,

a = 5.3540(4) Å, fits very well with values reported in the literature for similar compositions.[203]

For CZ50-h, CZ10-h, and CZ0, the Rietveld analysis confirms a tetragonal structure with space

group P42/nmc.

The reducibility of the samples was assessed by H2-TPR. Figures 7.1b and A.33b show

the qualitative profiles recorded over the catalysts, while Table 7.1 reports the quantitative

H2 consumption up to 1273 K. A contribution of the carbonates of ceria in form of CO2

could be excluded during the H2-TPR experiment (Figure A.34a). The pure ceria sample

presents a characteristic low-temperature peak at around 600-800 K, assigned to the reduction

of surface oxygen species, and a high-temperature peak at around 1073 K, assigned to the

reduction of the bulk of the CeO2 crystallites (Figure A.33b).[204] A high temperature H2-

uptake signal also characterizes the profile of the CZ75-nh sample, which shows three peaks

at 623, 823, and 1023 K (Figure 7.1). These can be attributed to the presence of segregated

Table 7.2. Structural analysis of the as-prepared samples.

Sample Phase Particle size (nm) Cell parameter (Å)
a = b = c a = b c

CZ100 cubic 14 5.4107(1)
CZ75-nh cubic 9 5.4031(4)
CZ75-h cubic 6 5.3540(4)
CZ50-h tetragonal 5 3.7205(7) 5.3574(9)
CZ10-h tetragonal 10 3.6200(6) 5.2048(9)
CZ0 tetragonal 18 3.5962(2) 5.1655(3)

a Scherrer equation. b Segregation of tetragonal ZrO2 (ca. 10%) is observed.
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as-prepared after HCl+O2after HBr+O2

5 nm

Figure 7.2. High-resolution transmission electron microscopy of the as-prepared CZ75-nh (top) and
CZ75-h (bottom) samples, and after use in HBr, and HCl oxidation. The reaction conditions are
specified in the text. The insets show the energy-dispersive X-ray spectrometry maps of the same
catalysts. The scale bar in the bottom image applies to all micrographs. Color codes: Ce in red, Zr in
blue, and Br in green.

CeO2 or CeO2-rich phases. In contrast, the reduction takes place with a single, broad peak with

maximum at approximately 853 K over CZ75-h (Figures 7.1 and A.33b), in agreement with the

enhanced surface/bulk reducibility of homogeneous ceria-zirconia.[191,192] From a quantitative

point of view, the homogeneous material is reduced to a higher extent compared with the non-

homogeneous sample, as indicated in Table 7.1, in agreement with the enhanced reducibility of

the homogeneous ceria-zirconia catalysts.

7.3.2. Oxidation of HBr and HCl

The performance of CZ75-h, CZ75-nh, and CZ100 was assessed in HBr and HCl oxidation at

different temperatures (Figure 7.3). The oxidation of HBr to Br2 occurs at ca. 200 K lower bed

temperature compared to the HCl oxidation to Cl2, in line with recent studies on supported

and bulk CeO2 (Chapter 5). In HBr oxidation, CZ75-h and CZ75-nh exhibit reaction rates

of ca. 15 and 17 mol Br2 h−1mol Ce−1, respectively, which are about 33% higher than the

rate of CZ100 (11.8 mol Br2 h−1 mol Ce−1). The trend is the same in HCl oxidation, where
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Figure 7.3. Rate of halogen production over CZ75-h (a), CZ75-nh (b), and CZ100 (c) versus
temperature at O2:HX = 2. The temperature cycles start at 473 K for HBr oxidation and at 648 K
for HCl oxidation.

both homogeneous and non-homogeneous catalysts yield rates of ca. 6 mol Cl2 h−1 mol Ce−1 at

723 K and the rate of CZ100 (3.2 mol Cl2 h−1 mol Ce−1) is 50% lower. Thus, Zr4+ seems

to promote the activity of ceria, which could be related to the improved reducibility of the

ceria-zirconia materials as evidenced by H2-TPR. However, during the temperature cycles no

difference between the homogeneous and non-homogeneous samples is evident with respect to

activity. The temperature cycles on all catalysts in HCl oxidation are stable. However, all three

catalysts exhibit a strong hysteresis between the up- and downward cycles in HBr oxidation.

At temperatures below 523 K the catalysts are merely active. After reaching 523 K, the rate of

bromine formation increases significantly within a temperature window of ca. 30 K (Figure 7.3,

blue circles). Upon reducing the temperature to 523 K, the rate of bromine formation remains

much higher compared with the upward cycle. Afterward, the activity drops significantly at

473 K (Figure 7.3, green triangles). The consecutive increase of the temperature is almost

identical to the first temperature ramp, which indicates the absence of irreversible catalyst

deactivation (Figure 7.3, red diamonds). The hysteresis could be due to the uptake of bromine

at low temperatures, which hampers the catalysts’ activity. Once reaching a certain temperature

the bromine is released and the activity increases significantly (vide infra).

Lower temperatures could favor the uptake of chlorine leading to subsurface and bulk

chlorination as shown before.[35] However, we cannot confirm if the uptake of chlorine would

become equally large as observed in the case of bromine. In HBr oxidation, it is likely that higher
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Figure 7.4. Rate of bromine production versus O2:HBr feed ratio at 523 K over CZ75-h (a), CZ75-nh
(b), and CZ100 (c). The cycles start at O2:HBr = 2.

temperatures could lead to a more constant behavior (i.e., no hysteresis) of the catalysts, since

the oxidic phase is more stable than the bromide phase at higher temperatures, as discussed

in Chapter 5. The fact that we observe the hysteresis in HBr and not in HCl oxidation at

the light-off points of the catalysts under comparable conditions indicates that the impact of

bromination on the activity of the catalysts is much more detrimental than the chlorination.

The oxygen partial pressure is another important parameter that has been shown to affect

the activity and stability of ceria catalysts in HCl oxidation for bulk ceria[34] and as discussed

in Chapter 5 for supported ceria systems. Herein, the O2:HX feed ratio was cycled over CZ75-h,

CZ75-nh, and CZ100 (Figure 7.4 and A.35). The activity of the catalysts decreases with lower

oxygen partial pressure. However, the cycling of the O2:HCl feed ratio does not show any effect

on the activity of the catalysts (Figure A.35), because both temperature (698 K) and oxygen

partial pressure (O2:HCl between 2 and 0.75) are high enough to balance the chlorination

of the catalyst surface and subsurface.[34] In order to compare HBr and HCl oxidation at

a similar activity level, the variation of the O2:HBr feed ratio was performed at ca. 523 K

(Figure 7.4). The catalysts activity is at 4.0 and 6.0 mol Br2 h−1 mol Ce−1 for CZ75-h and

CZ75-nh, respectively. The activity of CZ100 reaches 19 mol Br2 h−1 mol Ce−1 (Figure 7.4,

blue circle), which is significantly higher than during the temperature cycles in Figure 7.3. The

difference could be due to bromination of CZ100 at 473 K in the temperature cycle experiment,

reducing its activity significantly (Figure 7.3, blue circle). Upon reduction of the O2:HBr feed

ratio, a strong drop in activity is observed for all materials. In the consecutive upward cycle, the
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Figure 7.5. Space-time yield versus time-on-stream over CZ75-h (blue) and CZ75-nh (red) at 533 K
and O2:HBr = 2.

catalysts cannot regain their initial activity levels reaching only ca. 50% of the original bromine

formation rate at O2:HBr = 2 (Figure 7.4, green triangles). In the successive decease of the

O2:HBr ratio (Figure 7.4, red diamonds), the activity drops further, pointing to an irreversible

deactivation of the catalysts under the applied conditions. This behavior could be due to the

slow or inhibited desorption of bromine at this temperature (523 K) in combination with the

low oxygen partial pressures. As shown in Figure 7.3, the ceria-based catalysts experience a

lower activity at 523 K after precedent bromination at low temperatures. This indicates that

the temperature of 523 K is too low to enforce the removal of bromine from the surface and

thus the catalyst cannot recover its activity when returning to a higher oxygen partial pressure

(O2:HBr = 2). Compared to HCl oxidation, the dependence of the ceria-zirconia catalyst on re-

oxidation in HBr oxidation can be considered higher due to the strong bromination. Therefore,

a high oxygen partial pressure and temperature is needed in order to facilitate bromine removal.

A long-term test was conducted to further investigate the stability of CZ75-h and CZ75-nh

(Figure 7.5). The catalysts were tested at 533 K to ensure a higher stability against bromination

compared to the cycling experiments. The space-time yield of bromine over CZ75-h stabilizes

within the first 35 h on stream at 7.4 g Br2 h−1 gcat
−1. The activity of CZ75-nh does not stabilize

and drops continuously reaching 2.2 g Br2 h−1 gcat
−1 after 40 h on stream. This verifies that

the homogeneous catalyst is more stable and active than its non-homogeneous counterpart.
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7.3.3. Characterization of Used Catalysts

After completing the O2:HX cycling experiment (Figure 7.4 and A.35), the ceria-zirconia

catalysts were recovered and characterized to obtain insights into compositional and textural

changes upon HBr and HCl oxidation. X-ray diffraction analysis of the used CZ75-h and CZ75-

nh catalysts (Figure 7.1a) shows that the exposure to HCl+O2 reaction mixture does not alter

the XRD patterns significantly. On the contrary, exposure to HBr results in the appearance

of new XRD features in both CZ75-h and CZ75-nh. This effect is more pronounced on the

non-homogeneous sample, for which a strong decrease of the intensity of the main reflection

is also recorded. Because of the formation of several types of Ce-Br and Zr-Br compounds,

phase identification of the new XRD features is difficult and the peaks cannot be unequivocally

attributed neither to the CeBr3 (JCPDS 75-1898) and ZrBr3 (JCPDS 26-1400) references, nor

to oxybromide structures such as ZrBrO0.23 (JCPDS 76-1576). HBr and HCl oxidation also

affect the total surface area of the samples. In fact, upon reaction, a decrease of surface area

is observed in all catalysts. This drop is more drastic after O2:HBr variation in HBr oxidation,

in line with the XRD data. Microscopy evaluation reveals no compositional changes after HCl

and HBr oxidation. On the other hand, the particle morphology and crystallinity of the non-

homogeneous catalyst appear to be changed after HBr oxidation, showing large grains comprised

of randomly-oriented nanocrystals. This sample also contains a much higher (stoichiometric)

concentration of bromine. These results are in line with the decreased surface area and pore

volume determined by N2 sorption. The micrographs in Figure A.36 after the long-term test

also demonstrate that the homogeneous composite retains its morphology and crystallinity after

the reaction. In contrast, the non-homogeneous sample is majorly transformed into grains of

variable nanocrystals, which explains the difficulty to detect the crystalline phases by XRD.

EDS analysis confirms the phase-separation of Ce-rich and Zr-rich domains and reveals a near

stoichiometric uptake of bromine to metal in this sample. Figure 7.1b depicts the H2-TPR

profiles of CZ75-h and CZ75-nh after HCl and HBr oxidation. In general, the reactions alter

the redox properties of the homogeneous and non-homogeneous catalysts to a different extent.

In the non-homogeneous sample, the peak at 623 K disappears after reaction in HBr and HCl

oxidation, while the peaks at 823 K and 1023 K are shifted to lower temperatures. Focusing
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on CZ75-h, the TPR profile is slightly affected by the presence of HCl+O2 reaction mixture,

and only a very slight shift of the maximum toward higher temperatures is detected. This shift

is accompanied by a decrease in reducibility of about 20% (Table 7.1). On the other hand,

upon HBr oxidation, the peak decreases in intensity as the reducibility drops by almost 40%.

This indicates a stronger inhibition of the ceria reducibility by the bromine species, which is

in agreement with the analysis of the effluent gas during the drying step of the CZ75-h sample

before the TPR measurement, showing that the sample contained large amounts of water and

bromine after reaction (Figure A.34b)

7.3.4. Halogen Uptake on Ceria-Zirconia Catalysts

As the characterization data have shown, the halogen uptake of the catalyst under reaction

conditions is a key descriptor of its activity and stability. Operando PGAA has shown to be a

reliable analytical technique to unequivocally determine the elemental and isotopic compositions

of the samples.[35,194] The technique is based on the radiative neutron capture, or (n, γ) reaction

upon irradiation of the sample with cold neutrons (Figure 7.6a). Directly after capturing a

neutron, the nucleus returns to its ground state, by emitting typically 2 to 4 gamma rays in

a cascade. The gamma radiation is characteristic, i.e., the energy values of the gamma rays

identify the nuclide, and their intensities are proportional to the number of atoms present in the

analyzed volume. Using a data base, the count rate of the analytical peak can be related to the

quantity of the element without using a standard.[205] The sensitivity and the detection limit

of PGAA differ from element to element, and depend on the partial gamma-ray production

cross-section, the detector efficiency and the level of the baseline at the analytical line. The

dynamic range of the method is limited by either the too small sensitivity, such as oxygen, or

by the too high counting rate that overloads the counting system, e.g., iridium.

A region of the PGAA spectrum for the CZ75-nh catalyst is shown in Figure 7.6b. The

spectrum contains more than hundred peaks which correspond to all elements that were in

the path of neutrons including for example signals assigned to Si from the quartz reactor. The

peaks of interest that belong to the most intense lines of Cl, Br, Zr, and Ce were evaluated with

a weighted nonlinear least square fit method to determine the peak areas and peak positions

(Figure 7.6c). As most elements have more than one peak, the internal consistency of the
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Figure 7.6. Illustration of the irradiation of a catalyst bed in a continuous-flow tubular reactor with
a neutron beam leading to the emission of gamma radiation from the target nucleus (a). The position
of the target elements are highlighted in this region of the PGAA spectrum (counts per second versus
energy), which was acquired during the experiments over a ceria-zirconia catalyst (b). Evaluation
and fitting of the signals matching to the target elements Ce, Zr, Br, and Cl. The energy level and
the integrated area of the peaks are characteristic for each element and its quantity in the sample,
respectively (c).

mass determination can be verified. The molar ratios X:(Ce+Zr) were determined from the

characteristic peak areas corrected by the detector efficiency at the given energy and the nuclear

data of the observed elements (Figure 7.6c).

The halogen uptake for CZ75-h and CZ75-nh was determined under variable O2:HX feed

conditions (Figure 7.7). Due to the increased catalyst amount and the different experimental

protocol concerning the order of the measurements the HBr and HCl conversion was higher

than in the experiments shown in Section 7.3.2. At O2:HBr = 4, the uptake of bromine and

the reaction rate of both catalysts are around 0.1 Br:(Ce+Zr) and 14.5 mol Br2 h−1 mol Ce−1,

respectively. When decreasing the O2:HBr from 4 to 1, the activity of both materials decreases

by 70%, while the bromine uptake increases to 0.25 for the homogeneous and 0.43 Br:(Ce+Zr)

for the non-homogeneous catalyst at O2:HBr = 1 (Figure 7.7a). In contrast to that, the chlorine

uptake is significantly lower and does not change much on both catalysts upon decreasing

O2:HCl feed ratios from 9 to 1 (Figure 7.7b). However, halogenation is not only facilitated

at lower oxygen partial pressure, but also occurs at low bed temperatures. When increasing

the temperature from 473 K to 523 K over CZ75-h, the bromine uptake continues to increase

(Figure 7.8). As the temperature is set to 553 K (Figure 7.8, A), the uptake is halved while

the activity quadruples. When reducing the temperature again to 523 K (Figure 7.8, B), the
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Figure 7.7. Rate of halogen production during HBr (a) and HCl (b) oxidation versus the halogen
uptake measured by operando prompt-gamma activation analysis over CZ75-h (blue) and CZ75-nh
(red) at different feed O2:HX ratios. The temperature was set to 523 K and 698 K for HBr and HCl
oxidation, respectively. The insets depict the surface halogenation over the catalysts. Color codes: Ce
in red, Zr in blue, O in pale yellow, and Br or Cl in green.

activity remains at a higher level and the halogen uptake stays low, which is in agreement with

the hysteresis observed in Figure 7.3. However, the activity drops further within an additional

2.5 hours on stream due to a continuous increase of the bromine uptake (Figure 7.8, C). This

indicates that the Br uptake at these conditions has not reached equilibrium, yet. The Cl uptake,

on the other hand, is 50% lower than the Br uptake and decreases with higher bed temperature,

which is in line with recent studies.[35] The strong impact of bromination suggests that a high

O2 partial pressure and a temperature high enough to stay above the light-off point is required

to operate a ceria-zirconia catalyst in HBr oxidation. This also suggests that in some cases it

is possible to recover the loss of activity, which is caused by the uptake of bromine over time,

through a thermal treatment. However, the drastic increase in activity in combination with

the strong reduction of the bromine uptake above 523 K indicates that bromine evolution on

ceria-based catalysts becomes possible only in a very narrow temperature range and strongly

depends on the bromine uptake of the catalyst.

The large uptake of bromine indicates that cerium oxide can brominate to cerium bromide at

low temperatures and low O2:HBr feed compositions. The latter can be oxidized to cerium oxide

at 585 K (Chapter 5) or hydrolyzed to CeOBr at 593 K.[206] Nevertheless the stability of CeOBr

under HBr oxidation conditions remains unclear. In the case of HCl oxidation, it was indicated

that the chlorination of cerium oxide could lead to the formation of chlorides and oxychlorides

under reaction conditions.[69] However, only the formation of cerium chloride hydrate using
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Figure 7.8. Rate of halogen formation during HBr (blue) and HCl (red) oxidation versus halogen
uptake measured by operando prompt-gamma activation analysis over CZ75-h. In HCl oxidation, the
temperature was increased from 648 to 723 K. In HBr oxidation, the temperature was increased from
473 to 553 K (A) and then decreased to 523 K (B). At this condition, the change in activity was
recorded after equilibration for 2.5 h (C).

ex situ characterization techniques was proven.[34,35] Testing cerium oxychloride (CeOCl) in

HCl oxidation has shown that this compound is highly unstable leading to its decomposition to

CeO2 under O2-rich conditions.[207] It seems plausible that cerium oxychloride and oxybromide

compounds decompose to metal oxides under the reaction conditions. Furthermore, the observed

strong structural changes and the detected large bromine uptake seem to affect the activity

of the catalysts significantly; explaining the higher activity of the non-homogeneous material

compared to the homogeneous catalyst during the cycling experiments in Figures 7.3 and 7.4.

It is possible that the non-homogeneous sample utilizes more bulk CeO2 in the reaction by

consuming its lattice oxygen to a higher extent than the homogeneous sample. Thus, the

formation of cerium bromide species and their subsequent decomposition or re-oxidation might

lead to a higher initial activity of the non-homogeneous sample compared to the homogeneous

material (Figure 7.3). A similar effect has been observed during tests on CeBr3 in HBr oxidation,

where the activity increased as the CeBr3 oxidized to CeO2 under comparable experimental

conditions as presented in Chapter 5. This, however, only exists temporarily as the increasing

bromine uptake leads to lower stability of the catalyst and ultimately to lower or no activity of

the material, as shown in the long-term test (Figure 7.5). Compared to the non-homogeneous

catalyst, pure ceria exhibits a more dynamic character with respect to the formation and

decomposition of cerium bromide (Figure 7.4). This leads to stronger differences in activity

depending on the sample history and reactions conditions.
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7.3.5. Impact of Ce:Zr Ratio on the Halogen Uptake

In order to assess the influence of the composition of the homogeneous ceria-zirconia mixed

oxide on the catalytic performance, CeO2-ZrO2 mixed oxides with variable Zr content (0, 25,

50, 90, and 100 mol.% Zr) were tested in HCl and HBr oxidation under harsh conditions

(O2:HX = 0.75). The formation of maxima can be understood as a compromise between the

increasing intrinsic activity of the catalysts and the increasing halogen uptake at lower Zr

content, as ZrO2 (CZ0) itself is inactive in both reactions (Figure 7.9a). These maxima mark

the optimal Zr content for the ceria-zirconia in both HBr and HCl oxidation between ca. 90

and 70 mol.% Zr, which coincides with the minimization of the halogen content (Figure 7.9b).

The bromine content of CZ100 is 30 at.% Br, while the chlorine content is only 7 at.% Cl

according to the elemental analysis. When increasing the Zr content the halogen content in

CZ10-h drops to 3 at.% Br and 2 at.% Cl, respectively. Due to the higher Br content compared

to Cl, the optimum for HBr oxidation seems to have further shifted towards a higher Zr content.

Therefore, halogen uptake can be controlled by tuning the Ce:Zr ratio of the catalysts, which

is in line with recent work on HCl oxidation.[196] A similar effect has also been observed is the

literature with regard to the thermal robustness of the ceria-zirconia catalysts, where Zr-rich

materials are generally recommended for high-temperature applications in TWC due to their

better resistance against sintering.[202]
Figure9
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Figure 7.9. Rate of bromine (circles) and chlorine (squares) production versus cerium content in the
homogeneous ceria-zirconia catalysts at O2:HX = 0.75. The temperature was set to 523 K and 698 K
for HBr and HCl oxidation, respectively (a). Bromine (circles) and chlorine (squares) content versus
cerium content of the homogeneous catalysts determined by elemental analysis after the reaction (b).
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7.4. Conclusions

We have prepared ceria-zirconia catalysts with homogeneous and non-homogeneous metal

distribution and different Ce:Zr ratios, determining the impact of zirconia on ceria in HBr

and HCl oxidation. The incorporation of 25 mol.% Zr promotes the activity and stability of

ceria in both reactions, independently of the degree of intermixing of the ceria and zirconia

phases. Upon cycling of temperature and O2:HX ratio, no differences in the activity trends

are observed in HCl oxidation. However, the cycling in HBr oxidation results in a hysteresis

due to the bromination of the materials. The characterization of the catalysts after reaction

by HRTEM and XRD verifies the presence of bromide species on the surface and in the bulk

of the catalyst. The homogeneous mixed oxide incorporates less bromide species compared to

its non-homogeneous counterpart, exhibiting a better structural resistance and showing a more

stable behavior in HBr oxidation during a test for 40 h on stream. The halogenation of the

catalysts during reaction was further analyzed using operando PGAA. In HCl oxidation, we

observe no impact of the phase homogeneity of the material on the chlorine uptake. However,

the HBr oxidation rate depends strongly on the bromine uptake, and the non-homogeneous

sample experiences an almost 50% higher bromine uptake than the homogeneous material

when lowering the O2:HBr feed ratio. These results indicate that a homogeneous intermixing

of the ceria and zirconia phase is essential to minimize structural changes. The comparison of

homogeneous ceria-zirconia catalysts with different Ce:Zr ratios points out that the halogen

uptake could be minimized by tuning the Ce:Zr ratio of the catalyst. In particular, the optimal

Zr content is observed between 70 and 90 mol.% Zr. Since ceria-zirconia catalysts under equal

reaction rates are more prone to brominate than chlorinate, the supported ceria catalyst design

applied in HCl oxidation cannot be directly extrapolated to HBr oxidation. Well-mixed ceria-

zirconia mixed oxide can be considered the desirable active phase due to their higher resistance

to bromination, rendering them more efficient than supported catalysts since the homogeneous

metal distribution is very difficult to ensure in the latter case.





Chapter 8

Catalyst Distribution Strategies in Fixed Beds
for Halogen Production

8.1. Introduction

The gas-phase oxidation of HCl to Cl2 (Equation 8.1) has attracted considerable attention in

recent years as an energy-efficient way to recycle the large amounts of the HCl by-product

that is generated during the phosgenation step in the manufacturing of polyurethanes (PU)

and polycarbonates (PC).[13,19] Until now, this HCl was utilized by the polyvinyl chloride

(PVC) industry in the production of 1,2-ethylene dichloride via the oxychlorination of ethylene.

However, the faster-growing demand for PC and PU compared to PVC has gradually shifted the

business model toward the in situ recovery of chlorine for phosgene synthesis. Research efforts

have crystallized into the development of active and stable RuO2- and CeO2-based catalysts,

exhibiting low- and high-temperature activity, respectively.[27,28,34] The latter systems resolve

the severe volatilization issues characteristic of the original Deacon’s CuCl2-based catalyst

and the many unsuccessful analogues developed in the course of the 20th century.[13] We have

demonstrated in the laboratory scale the efficiency of the new generation of Deacon catalysts

for the analogous oxidation of HBr to Br2 (Equation 8.2) as discussed in Chapters 5, 6, and 7.

This process is of interest in the context of the utilization of bromine for the functionalization of

abundant alkanes, such as shale gas, to the corresponding alkyl bromide followed by its reaction

into a broad spectrum of fuels and chemicals.[40,47]

2HCl + 0.5O2 ↔ Cl2 + H2O, ∆H ◦
r = − 56.8 kJ mol−1 (8.1)

2HBr + 0.5O2 → Br2 + H2O, ∆H ◦
r = − 138 kJ mol−1 (8.2)

The associated bromination and elimination steps generate two mole of HBr per mole of alkane

converted; its recycling to Br2 via the catalytic oxidation stands as a robust and economic
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Figure 8.1. Fixed-bed reactor configurations analyzed in this study for catalytic HX oxidation
(X = Cl, Br). In cooled multitubular reactors (a), catalyst A (i.e., RuO2/TiO2) is placed in parallel
tubes cooled by circulating heat transfer salt (HTS). A temperature maximum (hot spot) can form
in the low-conversion ratio region. If the temperature rises above an allowable limit (Tmax), catalyst
deactivation or damaging of the reactor are likely to occur. To overcome this problem the reactor
tubes can be filled with diluted beds of catalyst A. These catalysts are staged in order of their activity
(A3 < A2 < A1) starting with the least active in the low-conversion ratio region to avoid hot spot
formation and increasing the activity toward the outlet to improve the HX conversion. In the adiabatic
reactor cascades (b), catalyst A is loaded into a sequence of reactors, which are separated to admit
intermediate cooling of the gas stream and HX, shifting the chemical equilibrium to improve especially
the HCl conversion and keeping the temperature rise below the limit (Tmax, A). The combination of
catalyst A with a stable high-temperature catalyst B (i.e., CeO2/ZrO2) allows for the utilization of
the adiabatic temperature rise above the temperature limit of catalyst A.

process due to the low energy requirement (Chapter 5).

A critical success factor for the large-scale implementation of catalytic processes for HCl

or HBr oxidation comprises the selection of suitable reactor systems. The highly exothermic

and corrosive character of these reactions, in particular HBr oxidation, requires precautions

to guarantee stable and safe operation. Specifically, heat removal and temperature control are

the main challenges at the reactor scale in order to avoid the deactivation of the catalysts

and thermal runaways.[13,19] For example, RuO2-based catalysts are very sensitive to high local

temperatures, due to hot spot formation, that lead to their rapid deterioration by sintering

and loss of the active phase.[19,36] Similarly, the traditional CuCl2- and Cr2O3-based catalysts

experienced severe metal volatilization due to the reaction exothermicity.[22,208,209] For this

reason, fluidized-bed reactors have been the natural choice for large-scale HCl oxidation,[210–212]
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approaching isothermal conditions due to the highly efficient heat exchange between the well-

mixed solid bed and the immersed heat exchangers. However, in a fluidized bed, catalyst

attrition cannot be eliminated, and, therefore, the reactor has to be equipped with cyclones for

the separation of fines, which leads to increased complexity and cost.

Recent work reported the efficient use of fixed-bed reactors for HCl oxidation, achieving

a proper heat management and temperature control while maximizing the conversion per

pass due to the higher catalyst loading compared to fluidized beds. Sumitomo Chemicals

developed an isothermal multitubular fixed-bed reactor, in which several thousand tubes of

small diameter providing a great heat exchange area are filled with catalyst and cooled by a

circulating heat transfer salt (HTS, Figure 8.1a).[19,95] Different variants have been practiced

to minimize hot spots in the low-conversion ratio region of the tubes, such as their filling with

catalysts of variable activity or inert beds as well as the application of independent cooling

regions.[213] In a different approach, Bayer MaterialScience developed a modular adiabatic

reactor system, featuring a cascade of reactors with interstage cooling and injection of reactant

(Figure 8.1b).[140]

This chapter evaluates various strategies to optimally arrange catalytic materials of different

characteristics in fixed-bed reactors for the oxidation of hydrogen halides focusing on the

application of RuO2-, CeO2-, and TiO2-based catalysts. We adopted experimental data available

in patents and the open literature on HCl oxidation, and propose alternatives that optimize

the process economics in terms of the catalyst cost and unit operations for chlorine recovery.

Further, we conceptually demonstrate that the staging of catalysts in cooled and adiabatic

reactors embodies also a viable strategy for safe and controllable HBr oxidation to effectively

recover bromine under mild conditions. The high exothermicity of this reaction aggravates

the heat transport and removal problem, thus the feasibility of large-scale HBr oxidation in

fixed-bed reactors has not been systematically assessed so far.
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8.2. Simulation Details

The required kinetic data for the reactor modeling was taken from laboratory experiments

on gas-phase HCl and HBr oxidation over RuO2/TiO2, CeO2/ZrO2, and TiO2 catalysts in

particulate form (0.4-0.6 mm). The catalysts were prepared and tested as outlined in Chapter 5.

For RuO2/TiO2, the activity of TiO2 is neglected in presence of the highly active RuO2. The

maximum and optimal temperature conditions for the systems are constrained to the limits of

the catalyst or reactor materials. Hence, the maximum temperature for operating a RuO2/TiO2

catalyst is set to 663 K to avoid the formation of volatile RuO4.[36] CeO2- and TiO2-based

catalysts are more stable at higher temperatures and can sustain temperatures close to the

reactor material limit, which is 723 K (Table 8.1).

Table 8.1.Kinetic and operational data of catalysts in HCl and HBr oxidation.

Reaction Catalysta Ea (kJ mol−1) k0 (mol X2 h−1kgcat
−1 bar−1.5) Topt (K) Tmax (K)

HCl oxidation RuO2/TiO2 65 8.5×106 623 663
CeO2/ZrO2 52 0.1×106 703 723

HBr oxidation
RuO2/TiO2 65 4.0×109 413 663
CeO2/ZrO2 58 4.0×107 553 723

TiO2 60 9.0×106 653 723
a Catalyst properties are listed in Table 5.1.

The apparent kinetic parameters of each catalyst, required for the reactor modeling, were

taken from the linear fit of the data points in the Arrhenius plot (Figure A.37a,b) and are listed

in Table 8.1. With these values the forward reaction rate constant k (mol X2 h−1 kgcat
−1 bar−1.5)

is defined as

k(T ) = k0 exp
(
− EaRT

)
(8.3)

where k0 (mol X2 h−1 kgcat
−1 bar−1.5) is the pre-exponential factor, Ea (kJ mol−1) is the

activation energy, T (K) is the temperature, and R (8.3145 J mol−1 K−1) is the universal

gas constant. The equilibrium constant K eq (bar0.5) for the HCl oxidation is derived as

Keq = exp
(
−∆rG

RT

)
=
y1
Cl2 y

1
H2O P 2

y2
HCl y

0.5
O2 P

2.5 = k(T )
kback(T ) (8.4)

where ∆RG (kJ mol−1) is the Gibbs free energy, yi (-) is the mole fraction in the gas phase

of component i, P (bar) is the total pressure, and kback (mol X2 h−1 kgcat
−1 bar−2) is the
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backward reaction rate constant. The specific reaction rate rw (mol X2 h−1 kgcat
−1) was modeled

by implementing a power law rate expression for the catalysts. The equilibrium of the HBr

oxidation is shifted far to the product side thus the rate equation only considered the forward

reaction (Chapter 5).

rw(T ) = a k(T ) y1
HCl y

0.5
O2 P

1.5 − kback(T ) y1
Cl2 y

1
H2O P 2 (8.5)

rw(T ) = a k(T ) y1
HBr y

0.5
O2 P

1.5 (8.6)

The activity factor a (-) was included in the rate expression in order to account for catalysts

with different activities. The value of a can be adjusted between 0 and 1; the actual rates,

summarized in Table 8.1, are obtained for a = 1. Lower values of a are typically obtained in

practice by decreasing the content of the active metal in the catalytic materials.

The strong inhibiting effect of Cl2 and H2O in HCl oxidation has been observed over

several Deacon catalysts.[27,35,36] In the HCl oxidation, the backwards reaction accounts for

this effect. However, no kinetic investigations have been conducted for HBr oxidation to

quantify the product inhibition. According to the HBr conversion profiles reported in Chapter 5

and the bromine feeding over TiO2 in Chapter 6, product inhibition could be particularly

relevant at high conversion levels (above 85%), resulting in a lower reaction rate. Thus, the

simulation results under these conditions are likely to overestimate the calculated conversion

and temperature.

The conceptual design of the reactors was based on recent patent literature for chlorine

production.[140,214] Details on the cooled tubular reactor design are reported in Table 8.2.

The bed voidage is very large (0.68), which is likely due to the large size of the cylindrical

catalyst bodies (diameter = 3 mm and length = 7 mm) compared to the reactor tube

(diameter = 25 mm). This reported value was chosen because the thermal conductivity of

the catalyst filling was given, which was required for the heat transport equations. A reduction

of the void fraction to a common value of 0.3 to 0.4 not only will likely increase the thermal

conductivity of the packed bed but also will cause more heat formation per reactor volume

leading to larger hot spots.
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Table 8.2.Data of the cooled tubular reactor.

Parameter Value

Bed length 0.5-1 m
Reactor diameter 0.025 m
Catalyst bed density 1300 kg m−3

Bed voidage 0.68
Overall heat transfer coefficient 105 W m−2K−1

For the reactor model, we assumed ideal gas behavior, steady-state conditions, and a plug-

flow velocity profile. The pressure drop was neglected after the calculation of the Ergun equation

indicated no significant impact on the reaction. No external gradients for the shaped bodies

were expected following the calculation of the Carberry number. However, the Weisz-Prater

criterion was close to the limit, thus internal gradients may be present to a certain extent,

lowering the catalyst effectiveness. Therefore, the mass balances for all components (i = O2,

H2O, HCl, Cl2, HBr, and Br2) can be written as

dFi
dWcat

= νi
νX2

rw(T ) (8.7)

where F i (mol STP h−1) is the molar flow rate of component i, W cat (kg) is the catalyst

weight, and ν i (-) is the stoichiometric coefficient of component i. For the heat transport, a

homogeneous model was used, which defines the bulk gas temperature as common temperature

in the catalyst bed. The application of the homogeneous model will result in a lower catalyst

surface temperature, leading to a slight underestimation of the reaction rate. The application of

the Mears criterion for the radial heat transport limitation concluded that we are very close to

its limit. Since the formation of radial temperature gradients was not considered, the values of

the catalyst bed temperature can be slightly lower than expected. Hence, the energy balances

for cooled tubular and adiabatic reactors are defined as

dT iso

dWcat
=
−∆Hrrw(T )− U∆T 4

Dρcat∑i=1
N Ficp,i

(8.8)

dT adi

dWcat
= −∆Hrrw(T )∑i=1

N Ficp,i
(8.9)

where T iso (K) is the temperature in the cooled tubular reactor, T adi (K) is the temperature

in the adiabatic reactor, ∆H r (kJ mol−1) is the reaction enthalpy for HBr oxidation, ρcat is the

catalyst density, U (W m−2 K−1) is the overall heat transfer coefficient, D (m) is the diameter
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of the reactor, cp,i (J mol−1 K−1) is the specific heat capacity of component i, and ∆T (K)

is the temperature difference between the heat transfer salt and the catalyst bed. The wall

temperature was assumed to be constant over the entire reactor. The heat capacities of all

components were calculated using gas-phase thermochemistry data from the NIST Chemistry

WebBook.[215] The validation of the reactor model was in good agreement with the literature

values from the patent data (Figure A.37c-f).[140,214]

8.3. Results and Discussion

8.3.1. Cooled Tubular Reactor

Multitubular processes suffer from severe heat removal issues, owing to the non-uniform cooling

temperature of the heat transfer salt (HTS). This phenomenon is often unavoidable along the

reactor, due to the large heat uptake of the molten salt and its insufficient flow rate.[216] The

resulting temperature fluctuations can have a significant impact on the thermal process control

of the single tubes, especially in the case of highly exothermic and sensitive processes like HCl

and HBr oxidation. Thus, it is necessary to investigate, how the choice of catalysts and the

operation conditions affect the safe operation of the HX oxidation reactions.

A single isothermal fixed-bed reactor tube with a conventional uniform RuO2/TiO2 catalyst

bed was simulated in HCl oxidation (Figure 8.2a). The temperature profile indicates that a

variation of the HTS temperature by 40 K, even at constant feed temperature, caused the

formation of hot spots close to the reactor inlet, which reached to 100 K. This exceeds the

limiting temperature for RuO2/TiO2 causing the volatilization of the active phase.[36] Moreover,

the reactors experienced sub-optimal catalyst utilization as the increase in HCl conversion

levels-off after 50% of the bed (Figure 8.2a). CeO2/ZrO2 catalysts did not exhibit a high

temperature instability like RuO2-based systems.[34] Even when increasing the inlet and cooling

temperature of the reactor no severe hot spot formation was observed over the CeO2/ZrO2 that

would violate the maximum temperature (Figure 8.2b). This behavior can be attributed to the

lower HCl feed, which is linked to the higher O2:HCl ratio required to avoid the chlorination of

CeO2/ZrO2 (Chapter 3).[34] A combination of a RuO2- and CeO2-based bed seems attractive to

combine the high-temperature activity of RuO2/TiO2 with the thermal stability of CeO2/ZrO2.
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Figure 8.2. Axial coordinate versus temperature (top) and HCl conversion (bottom) of an cooled
tubular reactor with RuO2/TiO2 (a), CeO2/ZrO2 (b), and staged-bed of both catalysts (c). The
maximum operation temperatures for RuO2/TiO2 and CeO2/ZrO2 catalysts as well as the temperature
of the heat transfer salt of the dual zone reactor are indicated (dashed lines). Further conditions:
Q = 1 m3 STP h−1, P = 3.42 bar, W cat = 0.4 kg.

However, a first analysis of the individual catalytic performance of the catalysts showed a

temperature gap of 40 K between the maximum temperature of the RuO2/TiO2 and the

operation temperature of CeO2/ZrO2 (Table 8.1). Iwanaga et al. have elusively discussed dual

zoned fixed-bed reactors using diluted catalysts with increasing activity along the bed as well

as different heated zones.[213] Following their example, the catalyst bed was divided in three

zones using CeO2/ZrO2, inert material, and RuO2/TiO2 (Figure 8.2c, red line). The process

exhibited very high conversion, while the overall amount of ruthenium was reduced by 20%.

However, due to the high O2:HCl feed ratio, needed for CeO2/ZrO2, the HCl feed had to be

reduced by 50%, thus, the number of tubes required would double compared to the uniform

RuO2/TiO2 process.

Another way is to use staged catalyst beds of increasing activity by diluting the catalyst

filling. In fact, apart from HCl oxidation,[19,213] many processes like the oxidation of naphthalene

or o-xylene to phthalic anhydride,[217,218] and oxy-chlorination of ethylene[219] use staged

catalyst beds with increasing catalytic activity, which verifiably enhance their overall process

performance. To test this strategy, three differently active RuO2/TiO2 catalysts beds were
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simulated in a staged bed. The calculations show that a homogeneous temperature and activity

profile was obtained (Figure 8.2c, black line). Furthermore, the reactor bed utilization was

improved and the ruthenium metal content for the catalyst was reduced by 29%. The decreased

sensitivity on temperature provides enhanced safety with respect to thermal runaways and

optimal catalyst utilization for the production of chlorine in an isothermal process. The

increased number of design parameters in such beds, namely the Ru-loadings in the different

zones, the inlet, and cooling temperature provided enough information to optimize the process.

However, the RuO2-based process continues to be very temperature sensitive and capital

intensive.

The solutions developed for operating HCl oxidation can be extrapolated to evaluate

the feasibility of large-scale HBr oxidation. Herein, the validated HCl oxidation model was

adjusted to simulate the HBr oxidation. At first, the temperature sensitivity for HBr oxidation

process was investigated over single beds of RuO2/TiO2, CeO2/ZrO2, and TiO2 at different

HTS temperatures (Figure 8.3). For RuO2/TiO2, an increase of 50 K caused severe formation

of hot spots of up to 200 K located close to the reactor inlet, despite the high dilution of

HBr in the feed stream (i.e., 10 vol.% HBr). In addition, the reactors experienced suboptimal

catalyst utilization as the HBr conversion levels-off within 10% of the catalyst bed (Figure 8.3a).

However, due to the large temperature increase, it is likely that radial temperature gradients

and transport limitation in the catalyst shapes occur, which could lead to an overestimation of

the temperature and the HBr conversion as mentioned in Section 8.2.

In agreement with the simulations on HCl oxidation, a high specific activity is not always

beneficial for a catalytic process, especially, when it hampers its own stability like in the

case of RuO2/TiO2. Consequently, RuO2/TiO2 needs to be replaced by a catalyst that is

stable enough to cope with these harsh temperature conditions. CeO2/ZrO2 and TiO2 are

potential alternatives for RuO2/TiO2, due to their higher thermal stability and lower surface

bromination, respectively (Chapters 6 and 7). In order to assess their potential, a single bed of

CeO2/ZrO2 and TiO2 was simulated under the same conditions as used above for RuO2/TiO2

(Figure 8.3b,c). Indeed, no severe hot spot formation was observed when the temperature of

the reactor was increased, ensuring safe operation of the CeO2/ZrO2 and TiO2 catalyst. The
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Figure 8.3. Axial coordinate versus temperature (top) and HBr conversion (bottom) of an cooled
tubular reactor with RuO2/TiO2 (a), CeO2/ZrO2 (b), and TiO2 (c). The maximum operation
temperatures for the catalysts are indicated (dashed lines). Further conditions: Q = 1 m3 STP h−1,
P = 3.42 bar, W cat = 0.1 kg.

insensitivity of both catalysts relates to their lower intrinsic activity compared to RuO2/TiO2,

resulting in a shift of the temperature maximum toward the middle of the reactor, and a

more steady increase of the HBr conversion along the full length of the catalyst bed. Thus,

lowering the specific catalyst activity appears to be a good compromise between performance

and stability.

Optimizing the catalyst activity has shown to be a viable strategy to improve temperature

control in HCl oxidation (vide supra). Therefore, the catalyst bed dilution and the staged bed

strategy, which were applied in HCl oxidation, were also investigated in HBr oxidation. Three

beds of RuO2/TiO2, with variable activity (a = 0.05, 0.1, and 0.4), were staged in a cooled

reactor tube. In order to achieve full HBr conversion, the HTS temperature was increased to

473 K. Hot spot formation over the original RuO2/TiO2 catalyst was evident at this temperature

(Figure 8.3a). However homogeneous temperature and activity profiles were obtained over the

staged bed (Figure 8.4a). In addition, the utilization of the catalyst bed was largely improved as

the HBr conversion progresses almost linearly along the full length of the reactor. As a result,

the ruthenium metal content was reduced by ca. 75% compared to the original RuO2/TiO2

catalyst. The latter assumes that the reduction of the activity scales linearly with the lower
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Figure 8.4. Axial coordinate versus temperature (top) and HBr conversion (bottom) of a cooled
tubular reactor loaded with staged catalyst beds. Further conditions: Q = 1 m3 STP h−1, P = 3.42 bar,
W cat = 0.2 kg.

ruthenium content of the catalyst.

In order to profit from the advantages of the different catalytic systems, the combination of

different catalysts in one staged bed is suggested, i.e., the superior thermal stability and lower

surface bromination of CeO2/ZrO2, and TiO2, respectively, and the high activity of RuO2/TiO2

at advanced reactant depletion. In the first example, CeO2/ZrO2 (a = 1) replaced the diluted

RuO2/TiO2 bed (a = 0.05) at the inlet of the reactor tube, where fast catalyst deterioration

was expected, owing to the hot spot formation (Figure 8.4b). The HTS temperature was

only slightly increased compared to the RuO2/TiO2-based design (Figure 8.4a). In the second

example TiO2 and CeO2/ZrO2 were combined, which requires a higher operation temperature

(Figure 8.4c). Due to its higher stability, TiO2 should be able to cope against bromination at the

reactor inlet (Chapter 6). In all simulations, almost full HBr conversion was attained, although

it is possible that product inhibition occurs at conversion levels above 85% as indicated in

Section 8.2. However, the simplified model does not consider this effect, thus, the temperature

and conversion profiles above 85% HBr conversion are likely higher and steeper than expected.

In order to verify the stability of this staged-bed process under optimized conditions,

a parametric sensitivity analysis was conducted (Figure A.38).[220] For the single RuO2 bed
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process shown in Figure A.38a, the second order derivative of the temperature over the HBr

conversion became positive before the temperature maximum (Figure A.38b), thus indicating

that slight changes in the temperature could lead to a reactor runaway. The optimized staged-

bed process depicted at no point a positive second derivative and, therefore, was assumed

insensitive to small temperature fluctuations (Figure A.38c,d).

Apart from the presented solutions, further optimization of the staged bed is possible,

for example, the catalyst cost. Depending on HCl and HBr oxidation, the amount of precious

ruthenium can be decreased significantly with the novel staged bed but must be counterbalanced

by cerium or titanium. Current market prices for ruthenium and cerium metal amount to

2732 USD kg−1 and 15 USD kg−1, respectively,[221] while the price for TiO2 fluctuates around

2.5 USD kg−1.[222] In case of HBr oxidation, the price for a catalyst filling was 20% lower for

the staged bed using both RuO2 and CeO2-based catalysts (Figure 8.4b) and 78% lower for the

CeO2/ZrO2 and TiO2 staged beds compared to staged diluted RuO2/TiO2 beds (Figure 8.4a).

Still, the implementation of a multitubular reactor with these defined catalyst bed distributions

is challenging, since it consists of thousands of small-diameter tubes that need to be filled

precisely with the right amount of catalyst(s).

8.3.2. Adiabatic Reactor Cascade

In adiabatic systems, the heat of reaction drives the reactant conversion, thus, in contrast to

the cooled reactor process, no heat removal is required. Consequently, the design is technically

less complex, lowering the process cost and improving the scalability.[13] Industrial adiabatic

processes use reactor cascades consisting of several consecutive catalyst beds in order to convert

large amounts of reactants in combination with interstage heat removal and reactant addition.

This concept is used for many key processes, e.g., HCl oxidation,[13] ammonia synthesis,[223] or

SO2 oxidation.[224]

In HCl oxidation, the temperature rise for the RuO2-based process is determined by the

maximum operation temperature (Figure 8.5a). Hence, the conventional process requires the

implementation of a large number of reactors, heat exchangers, and HCl side feeds, increasing

the complexity (Figure 8.5a). In order to use the heat of the reaction above 663 K, a catalyst with

different characteristics has to be implemented that can withstand the high temperatures, unlike
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Figure 8.5. Axial coordinate versus temperature (top), HCl conversion (middle), and the ratio of
O2:HBr in the gas stream (bottom) of the conventional RuO2/TiO2 adiabatic reactor cascade (a) and
a staged bed RuO2/TiO2 and CeO2/ZrO2 adiabatic reactor cascade (b). The maximum operation
temperature for the RuO2/TiO2 catalyst is indicated. The additional amount of HCl fed to each
reactor and their catalyst load are listed in Table A.5.

RuO2-based systems. The CeO2/ZrO2 has been proposed to be combined witch RuO2-based

catalysts for the adiabatic process.[225] The calculation showed that a staged bed of CeO2/ZrO2

and RuO2/TiO2 was able to reach the same chlorine production as the conventional cascade,

while displaying more homogeneous temperature and conversion profiles (Figure 8.5b). The

HCl was first converted over a RuO2/TiO2 bed until reaching the temperature limit. At this

point the CeO2/ZrO2 catalyst was used and the reaction progressed above 663 K (Figure 8.5b).

The staged beds did not display an excessive increase of the O2:HCl ratio, as observed for the

conventional process (Figure 8.5a), since more HCl was fed into the first reactor as the number

of operation units could be decreased from six to three (Figure 8.5b). Although the O2:HCl level

decreased after every HCl side feed, the O2:HCl ratio stays clear of the minimum threshold for
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Figure 8.6. Axial coordinate versus temperature (top) and HBr conversion (bottom) of an adiabatic
reactor with RuO2/TiO2 (a), CeO2/ZrO2 (b), and TiO2 (c). Further conditions: Q = 50 m3 STP h−1,
P = 4 bar, W cat = 20 kg.

CeO2-based catalysts (Figure 8.5b). The strategy to stage CeO2/ZrO2 and RuO2/TiO2 beds

reduces the number of operation units by half (Table A.5), which led to the reduction of the

capital investment cost; a major disadvantage of the conventional process. However, the size of

the single reactors would be 1.5 times larger as for the conventional reactor cascade, because

50% more catalyst is required (Table A.5). Still, the catalyst cost was reduced by 54% due to the

much lower price for cerium compared to ruthenium,[221] firming the economic attractiveness

of the staged bed process.

The adiabatic process is very interesting, in particular for HBr oxidation, since the operation

temperature is relatively low and the reaction is not limited by equilibrium. Accordingly, full

HBr conversion can be attained despite the temperature rise associated with the exothermicity

of the reaction. Analyses of RuO2/TiO2, CeO2/ZrO2, and TiO2 beds were conducted for

different inlet temperatures in the range of 383-443 K (Figure 8.6). The temperature profiles

display very steep increases of up to 300 K and full HBr conversion over both catalysts. The

temperature became constant as soon as the HBr was fully converted, and by increasing the

inlet temperature less catalyst material was required to reach full HBr conversion (Figure 8.6).

Obviously, the adiabatic temperature rise should not exceed the corresponding catalyst or

reactor limits, thus restricting the amount of HBr fed into a single reactor.
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Figure 8.7. Axial coordinate versus temperature (top), HBr conversion (middle), and the ratio of
O2:HBr in the gas stream (bottom) of an adiabatic reactor cascade with RuO2/TiO2 (a), CeO2/ZrO2

(b), and TiO2 (c). The maximum operation temperatures for the catalysts are indicated (dashed lines).
The catalyst amount per stage and the amount of HBr fed are provided in Table A.6.

Thus, the application of an adiabatic reactor cascade configuration, like in HCl oxidation,

comprises an attractive strategy to increase the bromine recovery per unit. The inter-stage

feeding of HBr and the heat exchange enable to optimize the temperature rise in each reactor

of the cascade, thus variations in the catalyst activity and loading can be compensated to avoid

a temperature overshoot. For HBr oxidation, RuO2/TiO2, CeO2/ZrO2, and TiO2 catalysts

were simulated in adiabatic cascades using six reactors each (Figure 8.7). For this design, the

conditions were adopted from the patent literature dealing with HCl oxidation. The HBr feed

and the catalyst weight per stage are listed in Table A.6. The inlet temperature and the HBr

feeds in between the stages were optimized, so that the catalysts can perform in the optimal

temperature range and below their maximum temperatures.[140] The O2:HBr ratio increased

extremely toward the outlet of each reactor due to the full consumption of HBr (Figure 8.7a,b).
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Figure 8.8. Axial coordinate versus temperature (top), HBr conversion (middle), and the ratio
of O2:HBr in the gas stream (bottom) of an adiabatic reactor cascade with staged RuO2/TiO2 -
CeO2/ZrO2 (a) and CeO2/ZrO2 - TiO2 (b) catalyst beds. The maximum operation temperatures for
the catalysts are indicated (dashed lines). The catalyst amount per stage and the amount of HBr fed
are provided in Table A.7.

This is especially critical in combination with the high outlet temperatures, promoting the

undesired oxidation of RuO2 to RuO4 ( 8.7a).

The over-oxidation of RuO2 to volatile RuO4 can be prevented by avoiding strong

fluctuations of the O2:HBr ratio and high temperatures in the RuO2/TiO2 beds. The

combination of RuO2/TiO2 in the cold and CeO2/ZrO2 in the hot zone of the reactor to

utilize their individual advantages could circumvent this problem, as it was done in HCl

oxidation (Figure 8.5).[225] The HBr was first converted over a RuO2/TiO2 bed until reaching

a temperature high enough to use the CeO2/ZrO2 catalyst. The reaction then progresses until

the maximum temperature of CeO2/ZrO2 was reached (Figure 8.8a). Hence, the staged bed

could utilize a larger temperature rise compared to the single catalyst beds, thus more HBr was
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converted per stage, which considerably reduces the overall number of operation units from six

to three. The larger HBr inlet feed further lowered the O2:HBr ratio and caused less fluctuations

along the cascade (Figure 8.8a). Another attractive option is the operation of CeO2/ZrO2 and

TiO2 in the cold and hot zone of the reactor, respectively (Figure 8.8b). This configuration

required only a slightly higher inlet temperature and a larger catalyst bed of 21.8 kg, while

reducing the catalyst cost by 50% compared to the RuO2/TiO2 - CeO2/ZrO2 cascade.

The catalyst cost, in fact, is very different depending on the choice of reactor configuration

and type of catalyst. It was found that the costs for the precious metal were 2.75 times lower

for the adiabatic reactor cascade compared to the cooled multitubular reactor, when using

ruthenium-based systems in combination with a high-temperature catalyst such as CeO2/ZrO2

in HCl or HBr oxidation. The average temperature of the cooled reactor process was kept far

away from the maximum limit following the sensitivity analysis (Figure A.38b), while in the

case of the adiabatic cascade reactor the temperature rise can be utilized much better due to the

optimal control of the reactor operation as mentioned before. In HBr oxidation processes, where

TiO2 was applied, the price for the catalysts decreased dramatically. The cost-effectiveness of

staged CeO2/ZrO2 and TiO2 beds in cooled tubular or adiabatic cascade were comparable. The

use of an adiabatic cascade employing single beds of TiO2 in HBr oxidation can be considered

as the most cost-efficient configuration due to its simplicity and the unreachable low price for

the catalyst filling.

Despite the various simplifications considered in the simulations, novel and valuable insights

into the design of halogen production processes were provided. Still, future investigation have

to consider more rigorous models taking into account effects like product inhibition and radial

temperature gradients, which could not be considered at this stage without further data from

pilot tests. This will allow to fully assess the economic and technical aspects and to thoroughly

design a feasible process for the production of bromine.

8.4. Conclusions

This study evaluated catalyst distribution strategies to design feasible reactor configurations

for the highly exothermic oxidation of hydrogen halides. Our results showed that an isothermal
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process for the HCl oxidation is feasible by using diluted beds of RuO2/TiO2, while the

combination of RuO2/TiO2 and CeO2/ZrO2 is not practical due to the large activity gap of

80 K and O2:HCl feed ratio required by CeO2/ZrO2. In HBr oxidation, the cooled tubular

process using diluted beds of RuO2/TiO2, CeO2/ZrO2, TiO2, or combinations of these did

not exhibit dangerous hot spot formation while attaining a complete recovery of bromine.

The decreased sensitivity on temperature provided enhanced safety with respect to thermal

runaways and optimal catalyst utilization for the production of bromine in a cooled process.

The staging of catalysts in an adiabatic reactor cascades is less complex and leads to a very

efficient design. CeO2/ZrO2 can utilize the high temperatures at the end of the RuO2/TiO2 bed,

thus reducing the overall number of unit operations and catalyst cost, while yielding high HCl

or HBr conversions. Moreover, with respect to HBr oxidation, adiabatic reactor cascades filled

with staged CeO2/ZrO2 and TiO2 or TiO2 beds represent very cost-effective solutions due to the

significantly reduced cost for the catalysts. Compared to the HCl oxidation, the volume fraction

of HBr has to be kept low in both, cooled and adiabatic reactors, to avoid a reaction runaway.

Further, a thorough optimization of the operating conditions based on rigorous simulations and

pilot plant data is necessary, in order to progress and design technically feasible HBr oxidation

processes.
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Conclusions and Outlook

The catalytic oxidation of HCl and HBr comprise attractive processes for the recovery of

halogens in the chemical industry. This thesis contributes to the in-depth understanding of

catalytic oxidation of hydrogen halides by presenting strategies to optimize the technical

catalyst design and bridging the gap between research in HCl and HBr oxidation through

a detailed comparative study. IrO2/TiO2 and CeO2/ZrO2 were designed as new technical HCl

oxidation catalysts. The discovery of new active and stable systems in HBr oxidation marks

an important milestone on the route to commercialize a sustainable bromine recovery process.

Herein, the key findings and general conclusions of this work are summarized together with an

outlook of on-going and future studies.

A successful catalyst design requires the extrapolation of the intrinsic properties into a

complex technical formulation. In this thesis, the scale up of HCl oxidation catalysts was

rationalized highlighting the need for a strong interaction between the support and the active

phase to increase the stability and to control the degree of chlorination. The investigation of

IrO2 revealed essential similarities to the catalytic and material properties of RuO2 due to the

analogue rutile-type structure. Similar to RuO2, IrO2 matches with the lattice of TiO2-rutile,

which stabilizes small nanoparticles of IrO2. The shaping of TiO2-rutile required the addition

of TiO2-anatase to increase the mechanical strength of the technical catalyst while retaining

its porosity and surface area.

Different supports were evaluated to design stable technical CeO2-based catalysts.

Supporting CeO2 on Al2O3 and TiO2 resulted in the formation of dispersed CeO2 nanoparticles

and larger ceria crystals, respectively. The ZrO2 support promoted the performance of CeO2

by stabilizing CeO2 nanostructures and forming Ce-Zr mixed phases; the oxidation properties

were enhanced, reducing the overall chlorine uptake on the surface in comparison to bulk CeO2.

The shaped CeO2/ZrO2 catalyst evidenced long-term stability in a pilot-scale test.
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The catalysts were evaluated under technical feed conditions by co-feeding known

impurities, such as CO, COS, and SO2 to the reactant mixture. Rutile-type catalysts, i.e., RuO2

and IrO2-based systems, oxidize CO, under HCl oxidation conditions, leading to significant

increase in exothermic heat formation which is detrimental to the catalyst stability and process

operation. The other systems, i.e., U3O8, CuCrO2, and CeO2/ZrO2, do not oxidize CO due to

their strong surface chlorination. Sulfur compounds significantly poison the surface of RuO2 and

CeO2-based materials. The regeneration of the catalysts is possible by treating the catalysts

with a diluted HCl stream that removes the sulfur species from the surface. This assessment

highlighted the advantage of CeO2-based systems over RuO2-based catalysts, enabling a safer

process design, including the omission of the CO removal set prior to the HCl oxidation process.

The comparative study of HCl and HBr oxidation over the same catalytic systems provided

key insights into the mechanisms of the oxidation of hydrogen halides. The screening highlighted

that HCl oxidation catalysts can also oxidize HBr to Br2. The comparable low bromine evolution

energy causes a shift of the light-off curve to lower operation temperatures by up to 330 K

compared to HCl oxidation. The most important observation is the stable performance of TiO2

in HBr oxidation, albeit its inactivity in HCl oxidation. TiO2 is active in HBr oxidation due to

a self-doping mechanism with bromine, which forms stable surface defects on which molecular

oxygen can be adsorbed and dissociated. The surface reactions follow essentially the same

elementary steps as on RuO2 and IrO2-based materials.

Density Functional Theory (DFT), Temporal Analysis of Products (TAP), and operando

Prompt Gamma Activation Analysis (PGAA) were applied to rationalize the hydrogen halide

oxidation on rutile-type. This set of complementary techniques has provided an in-depth picture

of the complex and dynamic halogen chemistry, ranging from an atomic level understanding

of the reaction mechanism to the determination of halogen surface coverage under ambient

conditions. The halogen evolution energy is the most energy demanding step and decreases with

the order of activity of the rutile-type catalysts: IrO2<TiO2<RuO2. The halogen coverage on

TiO2 is comparatively stable and low. RuO2, despite its well-known stability in HCl oxidation,

exhibits subsurface bromination leading to significant structural changes on the surface and a

decrease in activity. Studies on cerium-based materials proved that CeO2 is the active phase in
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HBr oxidation. However, bromination of CeO2 and oxidation of CeBr3 occur very dynamically

under reaction conditions. Homogeneously intermixing of the Ce and the Zr phases is the key

to increase the stability of CeO2; it reduces the bromine uptake leading to a better structural

stability and long-term performance.

The unique activity of TiO2 and the difficult-to-control stability of RuO2- and CeO2-based

catalysts in HBr oxidation highlighted that the original catalyst design criteria, applied in HCl

oxidation, could not be directly extrapolated to HBr oxidation. Consequently, it is necessary

that the chemical and the structural properties of the catalysts are individually optimized for

the application in either HCl or HBr oxidation. The analyses of the catalysts in both reactions

have shown that the halogen coverage under working conditions is the best parameter to assess

their performance. The level of surface halogenation controls both activity and stability of the

catalysts and can be tuned through supporting or doping of the active phase with another

metal oxide.

Simulations of industrial reactors demonstrated that the combination of different catalysts

in staged-bed reactors is an resourceful way to improve process operation, safety, and cost

over conventional single-bed systems. In the case of HCl oxidation the staging of RuO2/TiO2

and CeO2/ZrO2 catalyst beds in the adiabatic reactor cascade enables a more cost-effective and

safe process operation. In HBr oxidation, combining RuO2/TiO2, CeO2/ZrO2, or TiO2 in cooled

multi-tubular reactors significantly reduces the risk of run-away reactions. The implementation

of an adiabatic cascade in HBr oxidation is favorable, because it takes advantage of the heat

released from the exothermic reaction, whereby the temperature rise drives the reaction to

completion over either single or staged-bed reactors.

The findings presented in this thesis provided a general understanding on hydrogen

halide oxidation and the technical catalyst design. However, several aspects deserve further

investigation such as the improvement of the catalyst formulation, the search for new materials,

and the extrapolation of this knowledge to other halogen-mediated processes.

The key for optimal catalytic performance in HCl and HBr oxidation or other halogen-

mediated processes lies in the control of the halogen coverage, through which the activity

and stability are altered. Mixed oxides, following the example of Ce-Zr, represent one possible
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solution to achieve this goal. A particular promising system could be Ru-Ti mixed oxides for

HBr oxidation, to improve the stability against bromination and retaining the high activity of

RuO2. The study of TiO2 also requires further attention and should target the performance of

anatase-type TiO2 and the doping of the TiO2 structures, which have not been investigated to

this point. Moreover, the search for other stable systems should be continued. Apart from the

well-studied metal oxides, other materials such as metal phosphates are of great interest due to

their stability in corrosive environments. Still, a systematic analysis is required to understand

their complex structure and morphology as well as catalytic performance.

The extrapolation of the presented results to other halogen-based reactions could trigger

new innovations in various processes. Two prominent examples are the oxychlorination of

ethylene (OCE) to EDC for the PVC production and the emerging oxyhalogenation of alkanes

to produce chemicals and fuels. Both reactions use HX and O2 to activate and convert the

hydrocarbons. Since the 1950s, the oxychlorination of ethylene to EDC is catalyzed on doped

CuCl2/γ-Al2O3. Due to the lower operation temperature of 493 K compared to that of the

Deacon process of 673 K, the doped CuCl2 phase is less prone to volatilization, but is still

suffering for deactivation in fixed-bed reactors due to hot spot formation. The assessment

of new HCl oxidation catalysts in OCE might yield a new stable system to substitute the

Cu-based catalyst. The oxyhalogenation of alkanes is a complementary reaction to direct

alkane halogenation utilizing HX instead of X2. However, its moderate product yields and

the propensity to combust the alkanes impede the performance of this reaction compared

to the direct bromination route. Thus, a rigorous evaluation needs to identify new catalytic

systems as well as their structure-performance relationships to enhance the product selectivity.

Herein, the newly developed HCl and HBr oxidation catalyst could be applied and studied

using the same advanced methods that were used to investigate the HX reaction mechanism, in

order to comprehend this complex chemistry. Currently, four doctoral students devote their

research to different aspects of the hydrogen halide oxidation and the oxyhalogenation of

hydrocarbons within the group of Prof. Dr. Javier Pérez-Ramírez at the Institute for Chemical

and Bioengineering, ETH Zurich.
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Appendix A

Annexes

Chapter 2

Figure A.1. Models for 1 and 2 mono layers of IrO2 epitaxially grown on the TiO2(110) surface.
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Figure A.2. TGA profiles of IrCl3 and RuCl3 samples in air. The dashed lines indicate the
stoichiometric weight loss for the transformation of the chloride (MCl3) into the respective oxide
(MO2).



164 Appendix A

1.25 1.50 1.75 2.00
-7

-5

-3

-1
 

  
ln

 r 
/ -

1000/T / K1

y = 7.2 x0.41

y = 14.4 x0.51

y = 9.3 x0.51

0 2 4 6 8
0

10

20

30

40

50

 

 

O2:HCl / -

 

X
H

C
l / 

%
650 700 750 800
0

2

4

6

8

 

 

Tbed / K

r /
 m

ol
 C

l 2 m
in

1
 m

ol
Ir1

 

 

a) b) c)

Figure A.3. Arrhenius plot (a) of RuO2 (solid squares), IrO2 (open circles), and IrO2/TiO2-a (open
diamonds). HCl conversion versus feed O2:HCl ratio at 723 K (b) over IrO2 (open circles), IrO2/TiO2-
r (solid squares), and IrO2/TiO2-ra-e (open triangles). The solid circle represents the measurement
taken at O2:HCl = 4, following the measurement at O2:HCl = 0 over IrO2. Rate of chlorine production
versus temperature (c) over IrO2(open circles), IrO2/TiO2-a (open diamonds), and IrO2/TiO2-r (solid
squares). Other conditions are detailed in Section 2.2.3.
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Figure A.4. XRD patterns of RuO2 (a) and TGA profiles in N2 of IrO2 (b) and RuO2 (c) in fresh
form, after Deacon reaction at 723 K, and after HCl treatment at 723 K.
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Figure A.5. H2-TPR profiles of IrO2 in fresh form, after Deacon reaction at 723 K, and after HCl
treatment at 723 K.
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Figure A.6. Cl 2p core level XPS spectra of bulk IrO2 samples fitted with three doublets. All of the
spectra are scaled to the same area for comparative purposes.
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Figure A.7. Chlorine penetration profiles (a) of IrO2(110) and RuO2(110). The inset displays
the various positions in the lattice where O atoms were replaced by Cl atoms. Relative energy of
different configurations (b) of IrO2(110) and RuO2(110). The 21 configurations of the p(2×1) supercell
depicted in (c) were reported elsewhere.[31] For each diagram containing (2×2) boxes corresponding
to the p(2×1) reconstruction, the left boxes represent bridge positions and the right boxes represent
coordinatively unsaturated sites. The energy ordering is essentially the same except for the fact that
higher stabilities are obtained in the case of oxygencontaining surfaces.
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Figure A.8. Scanning electron micrographs of TiO2-r (a), TiO2-a (b), TiO2-a-e (c), and TiO2-ra-e
(d). The scale bar in (a) applies to all the micrographs.
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Figure A.10. Optical microscopy images of cross sections of IrO2/TiO2-ra-e (a) and IrO2/TiO2-a-e
(b). The dotted circle in (a) encircles a region of the extrudate where no iridium was deposited. In
(b), iridium was visualized only at the outer surface of the extrudate.
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Chapter 4
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Figure A.12. Cl2 (a) and CO2 (b) signals versus bed temperature during temperature-programmed
reaction at different feed HCl:CO:O2 ratios over RuO2/SnO2-Al2O3.
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Figure A.13. XRD of samples in as-prepared form and after catalytic evaluation by temperature-
programmed reaction as shown in Figure 4.2 (a) and after catalytic evaluation in steady-state tests as
depicted in Figures 4.4 and 4.7 (b).
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Figure A.14. HBr conversion versus bed temperature (a) over bulk ruthenium, cerium, and iridium
bromides (circles) and oxides (triangles). The bed temperature was ramped upwards (solid symbols)
and then downwards (open symbols) under the experimental conditions described in Section 5.2.3.
XRD patterns of the metal bromides prior and after HBr oxidation (b).
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Additional Computational Details

DFT calculations were performed over 33 different systems (besides the clean RuO2(110)

surface) containing up to 6 Br atoms per p(2×1) surface unit cell of the RuO2(110) slab. For

these calculations, the functional of choice was PBE-D2, thus including dispersion contributions.

These may be relevant for the very polarizable Br atoms.[226] Various configurations were

tested for different relative positions of Br atoms (Figure A.19). For each configuration,

the energy for the replacement of O atoms with Br was calculated using the reference

reaction RuO2 + 2nHBr → Ru2@Brn + nH2O + n/2Br2, where n is the number of

Br atoms incorporated. The most energetically favorable configurations were obtained for

each Br incorporation. Ab initio thermodynamics were performed using these lowest energy

configurations to determine the number of halogen atoms incorporated into the unit cell under

typical experimental conditions as a function of the partial pressures p(HBr), p(H2O), and

p(Br2) (Figures 6.3, A.22, and A.23). An analogous procedure was followed to determine the

extent of Cl uptake of RuO2(110) and the outcome is presented in the same figures. Similar

calculations were also performed to investigate the Br uptake of TiO2(110). However, they

are less exhaustive since the extent of bromination of titanium oxide is much lower than

that of ruthenium oxide. Thus, DFT calculations were performed for 4 distinct configurations

investigating the incorporation of up to 2 Br atoms into a p(2×2) cell at 6-coordinate bridging

sites in comparison to the clean slab (Figures A.24). As for RuO2 halogenation, the structures

were relaxed and replacement energies were calculated. The lowest energy configurations were

used in ab initio thermodynamics studies of the surface composition as a function of p(HBr)

and p(H2O) (Figures 6.3 and A.22).



Annexes 171

XPS Analysis and Computed XPS Shifts of TiO2 in HBr Oxidation

Table A.1.Composition of the samples (excluding carbon).

Sample treatment Ti (at.%) O (at.%) Br (at.%)

Fresh 29.2 70.8 0.0
HBr 28.6 68.2 3.2
O2:HBr = 0.25 29.8 68.1 2.1
O2:HBr = 1 30.1 67.5 2.4
O2:HBr = 2 28.0 69.4 2.6

Table A.2.Ti 2p3/2 region composition after deconvolution.

Sample Ti4+ Ti3+ Ti-OH
BE (eV) BE (eV) Concentration (at.%) BE (eV) Concentration (at.%)

Fresh 458.2 - 0.0 460.0 6.3
HBr 458.4 457.3 5.0 459.8 5.5
O2:HBr = 0.25 458.3 457.4 5.4 459.6 6.2
O2:HBr = 1 458.4 457.2 5.4 459.7 5.2
O2:HBr = 2 458.3 457.1 4.3 459.7 9.0

Table A.3.O 1s region composition after deconvolution.

Sample Olattice OH groups
BE (eV) BE (eV) Concentration (at.%)

Fresh 529.6 530.6 17.9
HBr 529.7 531.0 16.5
O2:HBr = 0.25 529.6 530.9 16.1
O2:HBr = 1 529.7 530.8 20.5
O2:HBr = 2 529.5 530.9 23.0

To shed light into the different origin of these structures the core energy levels were obtained by

theoretical methods. In the calculations, half an electron was removed from the corresponding

orbital in the core allowing the electronic relaxation of the complete structure.[227] The procedure

in this way contains the so-called final effects. Notice that, in order to obtain correct numbers,

the corresponding Fermi level needs to be subtracted. BE(M(NL)) = BE(M(NL))calc-εF. The

procedure is known to present a systematic error and thus only shifts are comparable to

experiments.



172 Appendix A

Table A.4.Core-levels shifts for Ti 2p and O 1s.

Ti 2p BE subsurfacea BE surface Shift subsurface Shift surface

TiO2 -462.57 -462.15 0.00 0.42
Vacancy -461.89 -461.56 0.68 1.01
Brb -462.23 -461.87 0.34 0.70
ObH-Brcus -462.24 0.33

O 1s BE subsurfacea BE surface (Ob, ObH)

TiO2 -539.06 -538.99 0.0 0.07
ObH-Brcus -540.28 -1.22

a Shifts are represented with respect to the subsurface reference.

Electronic Contributions

The adsorption energy of O2 and the halides on the surface can be obtained from a Born-Haber

cycle including the electronic transfer and the Coulombic contributions as follows:

BEX = EA+ φ+ ECoulomb (A.1)

where BEX is the binding energy of species X, EA its corresponding electron affinity (defined

positive), φ is the work function of the surface of the oxides, and ECoulomb is the Coulombic

(electrostatic) interaction between the two charges. It should be noticed that the electron affinity

of O2 is much smaller than that of Br or Cl atoms, therefore, the binding energy is smaller

for the former molecule.[177] In principle, the Linear-Scaling Relationships (LSR) that have

been established for the adsorption of the halides and oxygen could be transferred through

Equation A.1 to a property that belongs only to the surface; this is the work function.[159] Work

functions are a quality of the material that can be modulated by off-stoichiometric compositions

and by doping.[228] However, the above description is far too simple as the Coulomb interaction

is different for the two families of materials (metals versus semiconductors). The Coulomb

contribution for oxides that behave like metals (i.e., RuO2 and IrO2) is:

ECoulomb = qXσS
2ε0

(A.2)

where qX is the charge at the adsorbate, σS the charge density on the metal surface, and ε0

the vacuum permittivity. Instead, for the semiconductors, i.e., TiO2 and TiO2(Brb), the work

function can be simplified to:

ECoulomb = 1
4πε0

qXqS
rX−S

(A.3)
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where qS is the charge of the atom directly in contact with the adsorbate and rX−S represents

the distance between the adsorbate and the surface. The Coulombic contribution for the

semiconductor does depend on the distance from the adsorbate to the substrate. The longer

the distance, the smaller the stabilization as it was observed for O2 compared to either Cl or Br

atoms. O2 can be adsorbed mono-haptically with the electron transferred to the O atom that

is furthest away from the surface. Therefore, the distance of this charge to the surface is larger,

than that of Cl and Br atoms. For oxides that behave as metals, like IrO2 and RuO2, this term

shows no dependence with the distance, and thus, the contribution coming from electrostatics

remains constant for Cl, Br, and O2. For the TiO2 semiconductor, the electrostatic contribution

is different for O2 compared to Br and Cl due to the longer distance. In fact, the semiconductor

is not so effective in trapping O2 as a metallic metal oxide with the same work function. As O2

adsorption is the rate-determining step, semiconductor catalysts are less effective at the high

temperature required to remove Cl2 than the metallic ones. This explains why tracing back

the LSR to the chemical properties of the oxide surfaces (work function) would require the

definition of two different sets of materials: semiconductors and metallic oxides.

Similar Activities for IrO2 and TiO2(Brb)

In the steady-state tests, IrO2 and TiO2(Brb) have shown a similar activity for the oxidation of

HBr, despite exhibiting different adsorption and desorption energies for O2 and Br2, respectively.

We illustrated in our previous work on HCl oxidation that a catalyst can be similarly active

under different reaction conditions, if temperature and pressure are optimally adjusted to each

other.[33] In the case of IrO2 and TiO2(Brb), it seems that also different catalyst can exhibit a

similar activity for the same reaction, if the coverage and kinetic coefficient compensate each

other. The molecular adsorption for both O2 and HBr and the competition for the active sites

can be expressed with the Langmuir isotherm:

θO2 = KO2pO2

1 +KO2pO2 +KHBrpHBr
(A.4)

where θO2 is the coverage of molecular oxygen,Ki is the adsorption constant and pi is the partial

pressure for i = O2 and HBr. Due to the strong exothermicity of the reaction, the adsorption
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constants are assumed to be very large, which simplifies Equation A.4 to:

θO2 ≈
KO2pO2

KO2pO2 +KHBrpHBr
= 1

1 + KHBrpHBr
KO2pO2

(A.5)

Considering a constant ratio of the HBr and O2 partial pressures in Equation A.5, the surface

coverage of molecular oxygen only depends on the ratio of the HBr and O2 adsorption constants.

The latter term can be expressed as a function of adsorption energies, as shown in EquationA.6:

KHBr

KO2

= A exp(EH + EBr − EO2) (A.6)

where the pre-exponential factor A contains the terms for the gas-phase and the dissociation

energy of HBr and Ei is the adsorption energy for i = H, Br, and O2. The calculated energy

differences (EH+EBr-EO2) for both TiO2(Brb) and IrO2 with the most stable configurations

(dissociated oxygen for IrO2), differ only by 0.05 eV from each other, which explains the

comparable coverage for the O species. The Langmuir approximation further suggests that, as

long as these energy differences are constant, a similar surface coverage of oxygen is obtained

on both TiO2(Brb)and IrO2, even if the absolute adsorption energies are different. The second

term that affects the kinetics is the effective energy barrier EB. This parameter corresponds to

the desorption energy of the halogen minus the adsorption energy of oxygen on the surface:

EB ≈ EX2 − EO − T (SX2 − 0.5SO2) (A.7)

where Ei is the activation energy and Si is the entropy for i = X2, O2, and/or O. We used

Equation A.7 to determine the energy barriers for HBr oxidation over the rutile-type metal

oxide catalysts, obtaining 0.74 eV for RuO2, 1.32 eV for TiO2(Brb), and 1.34 eV for IrO2. The

similarity of the latter two values indicates that both TiO2(Brb) and IrO2 exhibit a similar

kinetic coefficient. Thus, the activity of TiO2(Brb) and IrO2 must be similar as a result of the

similar coverage and kinetic coefficients, which is in line with the experimental observations

(Figure 6.1a).
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Figure A.19. Schemes of the incorporation of halogen atoms (X = Br, Cl) into a (2×1) cell of the
RuO2(110) surface (a). The number of substituted halide atoms (1-6) as well as their relative position
in the lattice (A-H) was computed for 33 different configurations. Configurations 4F, 5G, 6G, and
6H depict the halogen substitution into the subsurface layer, whereby the surface configurations are
identical to 3A, 4B, and 5C, as indicated in (a). The free energy values of Br (blue values) and Cl
(red values) atom substitution for all configurations are listed in (b). Blue boxes indicate the lowest
free energy cases.
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5C 6H4B 4F

Figure A5

Figure A.20. Clean and Br substituted RuO2 surfaces having the lowest free energies as listed in
Figures 6.3 and A.19b. Color code: Ru (blue), O (red), and Br (brown). Notice the distorted rutile
structure upon a certain degree of bromination.
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Figure A.21. Regular RuO2(110) slab (a) and 4B configuration (b) are presented for comparison
depicting the distinctive hexagonal arrangement of bromine atoms on the surface. Local surface
coordination environments of the Rucus site (top, c and d) and 6-coordinate Ru site (bottom, c and
d) for the regular slab (c) and for the 4B configuration (d). Color code: Ru (blue), O (red), and Br
(brown).
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Figure A.22. Ab initio thermodynamics of the Cl (red) and Br (blue) substitution on MO2(110)
surfaces. The color shades denote the surface configurations in Figures A.19 and A.24 having the
lowest energies under the simulated conditions. The partial pressures of Cl2 and Br2 were fixed at
1 bar.
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Figure A.23. Ab initio thermodynamics of the Cl (red) and Br (blue) substitution on RuO2(110)
surfaces. The color shades correspond to the surface configurations in Figure A.19 having the lowest
energy under the simulated conditions. The partial pressures of HX (top) and H2O (bottom) were
fixed at 1 bar.



178 Appendix A

Figure A7
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surface (a). The number of substituted halide atoms (1-2) as well as their relative position in the
lattice (A-C) was computed for 4 different configurations. The free energy values of Br substitution
for all configurations are listed in (b). Blue boxes indicate the lowest free energy cases.
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Figure A.25. XPS of rutile TiO2 samples showing the core level spectra of Ti 2p3/2 (a), O 1s (b),
Br 3d5/2 (c), and the full survey (d). The small content of Ti3+ and Ti−OH were detected on the
treated samples. The O2:HBr refers to the different ratio of oxygen in respect to HBr during oxidation
reaction. Surface bromine was detected on the treated samples. As expected, the treatment in pure
HBr leads to a higher amount of bromine on the TiO2 surface compared to HBr+O2. According to
the survey spectra the samples contain signals assigned to Ti, O, Br, and C.
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Figure A.27. The apparent activation energy of the rutile-type oxides in HBr oxidation was derived
from the Arrhenius plot using a feed mixture of O2:HBr = 2 (a). The influence of the inlet O2

concentration on the reaction rate was determined by changing the feed O2:HBr ratio at a fixed
temperature for each catalyst (b). The pronounced oxygen dependency, with apparent orders of
n = 0.6-0.8, strongly suggests that the reoxidation of the brominated surface is rate limiting. The
reaction rate r is defined as mole of Br2 produced per hour and gram of catalyst.

21

Figure A11

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

t / s 

N
or

m
al

iz
ed

 in
te

ns
ity

 / 
-

RuO2

IrO2

TiO2

523 K

0 1 2 3 4 5 6
t / s 

 

573 K

0 1 2 3 4 5 6

 

t / s

623 K

Figure A.28. Normalized transient responses of HBr upon individual pulsing of HBr over rutile-type
catalysts at different temperatures.
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623 K. The order of the pump and probe molecules is depicted in the top-left corner.
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Figure A.32. Rate of bromine formation versus bromine coverage on RuO2 (a). After pre-treatment
at O2:HBr = 0 and 393 K (blue triangle), the temperature was gradually increased from 393 K to
433 K in steps of 10 K (blue circles). Afterwards, the pre-treatment was repeated (red triangle) before
increasing the O2:HBr ratio in the order 1, 2, 4, and 9 at 413 K (red circles). Finally, the O2:HBr ratio
was decreased from 9 to 4 and then to 2 at 413 K (green circles). Despite the increase in temperature
and O2 content of the feed mixture, RuO2 gradually increases its bromine uptake, which exceeds the
maximal theoretical coverage by 300% and thus indicates subsurface bromination of RuO2. Rate of
chlorine formation versus chlorine coverage over TiO2 (blue circles) and RuO2 (red circles) at O2:HCl
= 2 and different temperatures (b). The temperature was increased from 633 K to 713 K in steps of
20 K for TiO2, and from 523 K to 563 K in steps of 10 K for RuO2.
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Figure A.33. XRD patterns (a) and temperature-programmed reduction in H2 (b) of selected
catalysts. Phases: (square) CeO2 (JCPDS 43-1002) and (triangle) ZrO2 (JCPDS 73-1441). The
reference line at 28◦ 2θ helps to better visualize the shift of the CeO2(111) peak in the samples.
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Figure A.34. Water and CO2 signals during temperature-programmed reduction in H2 of as-prepared
CZ75-nh as shown in Figure 7.1b (a). Temperature-programmed desorption of water and bromide over
CZ75-h after HBr oxidation (b).
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and CZ100 (c). The feed O2:HCl ratio was cycled 3 times starting at O2:HCl = 2 in the direction
indicated by the arrows.
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Figure A.37. Arrhenius plot of HCl (a) and HBr (b) oxidation with experimental data (symbols) and
fittings of the reaction rate (lines). Validation of the isothermal reactor tube (c,d) and the adiabatic
cascade (e,f) model for HCl oxidation with the temperature profiles (c,e) and the HCl conversion (d,f)
versus the catalyst weight. The calculated values (black lines) are in agreement with experimental data
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reactors.
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Figure A.38. Parametric sensitivity analysis of HBr oxidation in an cooled tubular reactor with the
sensitive region indicated in gray boxes. Temperature versus catalyst weight for a single RuO2/TiO2
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HBr) and temperature versus HBr conversion

for RuO2/TiO2 are shown in (b). Graphs (c) and (d) depcit the sensitivity analysis for the staged
beds presented in Figures 8.4b and 8.4c, respectively.
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Table A.5. Amount of HCl feed and catalyst weight per stage in the
adiabatic reactor cascade.

Reactor RuO2/TiO2 cascade Staged-bed cascade
HCl (m3 STP h−1) W cat(kg) HCl (m3 STP h−1) W cat

a(kg)

1 10.5 21 27.8 10.9
30.1

2 7.3 11 13.7 5
28

3 6.7 8.0 15.6 6
20

4 7.0 7.9 - -
-

5 8.2 7.1 - -
-

6 7.4 7.0 - -
-

a The top value in each stage refers to the weight of RuO2/TiO2 and the bottom
value to CeO2/ZrO2.

Table A.6. Amount of HBr feed and catalyst weight per stage in the adiabatic
reactor cascade.

Reactor HBr Feed (m3 STP h−1) RuO2/TiO2 (kg) CeO2/ZrO2 (kg) TiO2 (kg)

1 6.3 2.4 5.0 4
2 4.5 1.5 1.9 4
3 4.0 1.5 1.9 4
4 4.2 1.7 2.0 4
5 4.9 1.5 2.0 4
6 4.4 1.5 2.0 4

Table A.7.Amount of HBr feed and catalyst weight per stage in the adiabatic reactor
cascade.

Reactor HBr Feed (m3 STP h−1) Staged-bed cascade (kg) Staged-bed cascade (kg)
RuO2/TiO2 CeO2/ZrO2 CeO2/ZrO2 TiO2

1 10.8 1.4 1.9 2.5 3.4
2 8.2 1.0 2.9 3.0 4.0
3 9.3 1.2 4.5 3.9 5.0
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