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ABSTRACT 

The emergence of new concerns in water quality related with the 

appearance of new pollutants, or with the discovery of health related 

hazards of known substances, creates the need for novel water treatment 

technologies. In fact, many of the pollutants of concern have been 

observed to be resistant to current conventional water treatment methods.  

Several interesting alternatives have been the focus of the scientific 

community in order to achieve efficient and sustainable treatment 

technologies that could be applied in real cases. Among these, the 

catalytic oxidation (with ozone) and reduction (with hydrogen) of organic 

and inorganic pollutants, respectively, have been shown to be alternatives 

with very interesting potentials. In the former case, the application of 

carbon nanomaterials as catalysts has been observed to be a promising 

alternative due to the high efficiency achieved. In the latter, the 

development of supported metallic catalysts using different materials and 

active phases has shown room for development of very active catalysts. 

The application of macrostructured catalysts in multiphase reactions has 

been shown to be an interesting solution for real applications with low 

pressure drop, no filtration steps, no sludge formation and improved 

efficiency due to lower mass transfer resistances between the phases. 

The goal of this work is the development and application of 

macrostructured catalytic system to be applied to novel water treatment 

catalytic technologies for the abatement of recalcitrant emerging 

pollutants. 

First, the catalytic ozonation using carbon based structured catalysts was 

considered. Different configurations of macrostructured catalysts were 

tested in two-phase and three-phase flow. The behaviour of the flow in 

three-phase flow operation was determinant when choosing the most 

interesting configuration, i.e. honeycomb monoliths, which were selected 

for further testing. The mechanisms of catalytic ozonation of selected 
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emerging organic micropollutants were observed in detail. It was found 

that the application of a catalyst improves the mineralization degree, while 

the degradation pathway of the pollutants is changed with the 

predominance of surface or bulk reactions. The changes in the distribution 

of the accumulated products were shown to affect the potential toxicity of 

the resulting effluent. The influence of the operation conditions of the 

structured catalysts in multiphase flow was assessed. It was observed 

that when the experimental conditions were varied, the changes in the 

hydrodynamic regime affected the efficiency of the catalytic system due to 

the variations in the mass transfer between the phases. Modification of 

the carbon surface with the introduction of heteroatoms was studied, and 

it was shown that it is possible to enhance the performance of the catalytic 

system when applied to catalytic ozonation. The behaviour of the catalysts 

was related to the electronic density of the carbon surface, which could be 

altered through the introduction of different elements, such as nitrogen, 

oxygen or sulphur. The stability of the catalysts was assessed, and it was 

observed that despite a small initial deactivation due to the introduction of 

acidic functionalities on their surface, the catalysts remained stable during 

long term experiments. 

Afterwards, the catalytic reduction of bromate under hydrogen using 

metallic catalysts supported on different materials, including structured 

catalysts, was evaluated. The activity of different metals supported on 

activated carbon was assessed, and palladium and platinum were found 

to be the most active for the reduction of bromate, the selected pollutant. 

A simplified mechanism for the reduction of bromate over supported 

monometallic catalysts was proposed, comprising the dissociative 

chemisorption of hydrogen and adsorption of bromate on the surface of 

the metal and subsequent reduction of the metal to its metallic form. The 

addition of a second metal to the supported metallic catalyst was studied, 

and it was found that, in most cases, it resulted in decreased activity. 

Nevertheless, in the case of the Pd-Cu system, the activity was increased 

in a specific weight ratio range due to the exposure of the more active 
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coordination sites of palladium. The performance of the most active 

metals supported on different materials was assessed, and it was found 

that using multiwalled carbon nanotubes and titanium dioxide as supports 

resulted in much more active catalysts for this reaction, due to the 

electronic interaction between the support and the metal. Finally, several 

structured catalysts were prepared using the most active metal-support 

combinations using honeycomb monoliths macrostructures. The 

preparation method was observed to influence the activity of the prepared 

catalyst due to several factors such as: amount of metal impregnated, 

layering of the different materials, exposure of the active phases and 

close contact between active phases. These catalysts were observed to 

be very active in the continuous catalytic reduction of bromate. Some 

leaching was observed in repeated experiments, but this was not 

observed in long term. 

Structured catalysts were developed and applied to the continuous 

catalytic ozonation of emerging organic micropollutants and to the 

continuous catalytic reduction of bromate. Promising results were 

obtained regarding their application in real cases, and some progress was 

made in the understanding of the related fundamental science. 
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RESUMO 

O aparecimento de novas preocupações quanto à qualidade de água 

relacionadas com o aparecimento de novos poluentes, ou com a 

descoberta de efeitos nocivos de poluentes anteriormente conhecidos, dá 

azo à necessidade de desenvolvimento de novas tecnologias para o 

tratamento de águas. De facto, muitos dos poluentes de cariz mais 

preocupante têm-se mostrado resistentes aos tratamentos convencionais. 

Várias alternativas de interesse têm sido foco da comunidade científica 

com vista ao desenvolvimento de tecnologias que se revelem eficazes e 

sustentáveis para a aplicação em casos reais. Entre outras, a oxidação 

catalítica (com ozono) e a redução catalítica (com hidrogénio) têm 

mostrado ser duas tecnologias com potencial de aplicação interessante. 

No primeiro caso, a aplicação de nanomateriais de carbono como 

catalisador revela-se uma opção aliciante devido às altas eficiências 

atingidas na remoção de poluentes orgânicos emergentes. No segundo 

caso, a aplicação como catalisador de metais suportados em diferentes 

materiais mostra ser um possível caminho para atingir excelentes 

desempenhos, ainda com espaço para desenvolvimento. 

A aplicação de catalisadores macroestruturados em reacções multifásicas 

já é conhecida como uma tecnologia atraente, especialmente devido às 

baixas perdas de carga, não formação de lamas, não ser necessário 

filtração e as altas eficiências passíveis de serem alcançadas devido à 

diminuição das resistências à transferência de massa entre as fases. 

Assim, o objectivo deste trabalho foi o desenvolvimento e a aplicação de 

sistemas catalíticos macroestruturados a novas tecnologias catalíticas de 

tratamento de água para a mitigação de poluição causada por poluentes 

emergentes. 

A abordagem inicial considerou o processo de ozonização catalítica 

utilizando catalisadores estruturados à base de nanomateriais de 

carbono. Diferentes configurações de macroestruturas foram testadas em 

sistemas com fluxo com duas ou três fases. O comportamento dos 
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diferentes sistemas catalíticos em sistema de fluxo com três fases foi 

determinante na decisão sobre o tipo de estrutura que foi, posteriormente, 

estudado na aplicação às reacções de ozonização e redução catalíticas, 

de modo a ser possível o aproveitamento das propriedades mais 

interessantes dos escoamentos multifásicos. O mecanismo da reacção 

de ozonização catalítica de poluentes orgânicos emergentes foi estudado 

em detalhe. Observou-se que a presença de um catalisador melhora o 

grau de mineralização obtido, enquanto que a sequência de degradação 

dos poluentes se altera em função da predominância das reacções de 

oxidação ocorrerem na superfície do catalisador ou no seio da solução. 

As mudanças na distribuição dos produtos acumulados mostraram-se 

como um factor determinante no potencial tóxico dos efluentes 

resultantes. A influência das condições de operação dos sistemas 

estruturados catalíticos em regime contínuo com fluxo de três fases foi 

avaliada. Foi demonstrado que o desempenho catalítico do sistema é 

alterado com as modificações provocadas no regime de escoamento 

dentro dos canais dos catalisadores macroestruturados pela modificação 

das condições de operação. O efeito da introdução de modificações na 

superfície dos catalisadores de carbono, consistindo na introdução de 

diferentes elementos, foi estudado, tendo sido demonstrado que é 

possível aumentar a actividade catalítica através deste método. Este 

fenómeno foi atribuído às modificações na densidade electrónica da 

superfície do catalisador. A estabilidade dos catalisadores estruturados à 

base de carbono foi testada na ozonização catalítica, e foi demonstrado 

(em testes de longa duração) que após um período inicial de 

desactivação relacionado com a introdução de grupos oxigenados ácidos 

na superfície do catalisador, o catalisador se mantinha estável. 

Numa segunda fase, a aplicação de catalisadores metálicos suportados 

em diferentes materiais, incluindo suportes macroestruturados, foi 

avaliada. A actividade de diversos catalisadores metálicos foi examinada, 

sendo que o paládio e a platina foram os metais mais activos na redução 

do poluente seleccionado, o bromato. Um mecanismo simplificado para a 
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redução dos bromatos foi sugerido, consistindo na quimissorção 

dissociativa do hidrogénio na superfície metálica, reacção com o bromato 

adsorvido, e subsequente redução do metal à sua forma metálica original. 

A adição de um segundo metal ao sistema catalítico foi estudada, e foi 

demonstrado que na generalidade dos casos este processo prejudica a 

actividade dos catalisadores preparados. Contudo, no caso do par Pd-Cu, 

foi observado um efeito benéfico quando comparado com o catalisador 

monometálico devido à exposição dos locais com coordenação mais 

interessante para a reacção da superfície das partículas de paládio, 

sendo que este fenómeno foi observado apenas numa gama de valores 

de proporções mássicas. Os metais com melhor performance nestes 

sistemas foram testados utilizando diferentes materiais como suporte, 

tendo-se demonstrado que a actividade destes é largamente melhorada 

quando suportados em nanotubos de carbono ou em dióxido de titânio. 

Este fenómeno foi associado às interacções electrónicas existentes entre 

o material de suporte e as partículas metálicas. Por fim, os metais e 

suportes mais interessantes foram aplicados sobre a forma de 

catalisadores estruturados à redução de bromato em contínuo na 

presença de hidrogénio. Os métodos de preparação demonstraram ser 

um factor com larga influência na actividade catalítica, devido a causas 

como a quantidade de metal impregnada, a disposição das camadas de 

material depositado, a exposição dos materiais aos reagentes e o 

contacto entre as fases activas na superfície destes catalisadores. Estes 

sistemas catalíticos demonstraram ser altamente activos na redução de 

bromatos. Alguma lixiviação foi observada em alguns casos, mas 

verificou-se que este fenómeno apenas ocorria durante os períodos 

iniciais de utilização, sendo o catalisador estável após sucessivas 

reutilizações. 

Catalisadores estruturados foram desenvolvidos e aplicados à 

ozonização catalítica de poluentes orgânicos emergentes e à redução de 

bromato, em contínuo. Resultados promissores foram alcançados para 
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ambas as reacções, tendo-se alcançado um progresso significativo na 

compreensão da ciência por detrás dos sistemas estudados. 
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DEA – desethyl atrazine 

DEIA – desethyl desisopropyl atrazine 

DIA – desisopropyl atrazine 

HM – honeycomb monolith 

MTLC – metolachlor 
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We –Webber number 
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INTRODUCTION 

The emergence of new challenges in maintaining water quality suitable for 

human use and consumption, and the integrity of aquatic ecosystems, is 

the main driving force in the development of new technologies to be 

applied in water management.  

New concerns about water quality are generally related to the appearance 

of unknown harmful products or the discovery of health related hazards of 

known products. Many times, the compounds of interest are found to be 

resistant to the current conventional water treatment technologies. 

Therefore, the scientific community has focused in the development of 

new technologies to achieve efficient removal of the pollutants of concern. 

In fact, the regulating and legislative authorities, besides issuing new 

recommendations and regulations on the maximum levels of 

concentration of these emerging pollutants, have funded the scientific 

research in order to promote the creation or the development of new 

treatment alternatives. 

The work here presented concerns the study of the application of novel 

technologies based in the application of catalysts to enhance the 

complete removal of emerging pollutants. Specifically, it is focused in the 

development and application of macrostructured catalysts to catalytic 

ozonation of emerging organic pollutants, and to catalytic reduction of 

inorganic pollutants. The transference of state of the art catalysts from 

powder to structured form envisions their real life application through the 

development of environmental catalytic systems with low-pressure drop, 

no sludge formation, no need for filtration and high efficiency. 

MOTIVATION 

The motivation behind the research here presented is related to concerns 

regarding the degradation of water quality. The work of the regulating 

entities has driven the scientific community to develop new technologies 
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that can answer to new regulations, and thus, to the new challenges that 

arise with the emergence of harmful pollutants resistant to conventional 

treatments. 

While several alternatives have been considered (and still are) to be 

potential solutions to mitigate the concerning pollution found in water, 

catalytic technologies are a particularly interesting subsector due to their 

potential to correspond to the demands efficiently and sustainably. 

Several advanced oxidation processes are known to be able to enhance 

the efficiency of the traditional oxidants used in water treatment. In 

particular, the catalytic ozonation process has been shown to promote the 

mineralization of several pollutants that are recalcitrant during 

conventional water treatment. On the other hand, catalytic reduction has 

been shown to be an interesting alternative for the removal of several 

resistant inorganic pollutants through conversion into safe compounds. 

Considering catalytic ozonation, novel carbon materials have been 

recently found to act as good catalysts for this reaction. In particular, 

carbon nanomaterials have been observed to have high potential to be 

applied as catalysts for the reaction. On the other hand, the application of 

heterogeneous catalysts containing a metallic phase supported on 

different materials, such as carbon or metallic oxides, to the catalytic 

reduction process has been shown to be able to greatly increase the 

removal of inorganic pollutants when compared with that obtained with 

traditional methods. 

The development of macrostructured heterogeneous catalysts has been 

proposed mainly for industrial reactions, aiming at the reduction of 

pressure drop in gas or liquid phase applications, avoiding sludge 

formation and filtration. Their application in three-phase reactions has 

been observed to be able to enhance the reaction rates obtained in 

classical systems through the improvement of the mass transfer between 

the phases. This improvement is attributed to the development of 

interesting hydrodynamic regimes inside the channels of macrostructures, 
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such as honeycomb catalysts, which correspond to three-phase flow 

formed inside capillary channels. The regime formed has been named 

Taylor flow, and is characterized by the formation of a bubble train inside 

the channels, where there is formation of a thin liquid film around the gas 

bubbles, and the recirculation of the fluids inside the bubbles is promoted. 

The environmental application of such structures to three-phase systems 

has not yet been studied in detail.  

Thus, the work here presented aimed at the development and application 

of structured catalysts for water purification, taking advantage of the 

known potential of novel catalysts when applied to oxidation and reduction 

reactions. For this end, macrostructured catalysts containing active 

materials for the studied reactions were developed and applied to the 

mitigation of the pollutants of concern, and several considerations 

regarding the fundamental science behind them were studied. 

OBJECTIVES 

The main purpose of the work here presented is the development of novel 

structured catalysts to be applied in different catalytic processes for the 

purification of water. For this purpose, several individual goals were 

identified and pursued. After the presentation of the state of the art 

concerning the application of structured catalysts in water purification, 

since two different catalytic reactions were studied, the work here 

presented is divided in two parts: one pertaining to the catalytic ozonation 

process, and the second to the catalytic reduction under hydrogen,  

The first part (catalytic ozonation) consists in five chapters, which 

correspond to the following points: 

- evaluation of different types of macrostructures to be used as 

support for the catalysts; 

- application of the selected structured catalysts to the catalytic 

ozonation of emerging organic micropollutants; 
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- evaluation of the influence of the operation conditions on the 

performance of the structured catalysts; 

- evaluation of the possibility of enhancing the catalytic 

properties of the carbon catalysts by doping with heteroatoms 

such as oxygen, nitrogen or sulphur; 

- assessment of the stability of the structured catalysts in the 

catalytic ozonation reaction. 

The second part (catalytic reduction under hydrogen) consists in four 

chapters, which correspond to the following objectives: 

- assessment of the activity of several different metals 

supported on activated carbon; 

- exploration of the enhancement of the activity by application 

of bimetallic supported catalysts; 

- evaluation of the activity of the most active metal phases 

using different supporting materials: 

- preparation and testing of structured catalysts using the most 

active metal/support combinations. 

Finally, the main conclusions are presented in the end. 
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1. STATE OF THE ART 

1.1 DESCRIPTION 

In this introductory chapter the state of the art regarding the development 

and application of structured catalysts for the removal of emerging 

pollutants from water and wastewater is presented in detail. 

The identification of the problematic of the emergence of organic and 

inorganic pollutants that are not targeted by current conventional water 

treatment technologies is initially presented. Subsequently, novel 

treatment technologies which present potential to eventually become 

solutions for this problem are described, with emphasis on those that were 

studied in the present work: catalytic ozonation and catalytic reduction 

under hydrogen. Finally, the development and application of different 

materials as catalysts for these reactions is discussed, focusing in the 

case of the application of structured catalysts. 

1.2 WATER TREATMENT 

Access to fresh water is, without any doubt, one of the most important 

current concerns of mankind. Its essential character for the livelihood of 

people is wholly recognized, and the development of sustainable practices 

regarding its use is a worldwide priority [1, 2]. 

Attention to the quality of water, in either fresh or wastewater streams, has 

been an important issue since the late 1800s, ever since the link between 

disease and sanitation was established with the development of germ 

theory [3]. Further ahead, the impracticability of disposing untreated 

wastewater, especially for large settlements with massive wastewater 

production rates, lead to the need for the development of intensive water 

treatment methodologies [3]. 
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With new developments in the effluent characterization technologies 

available, and discoveries about the harmful effects of water 

contaminants, the regulations for water and wastewater quality become 

stricter [4]. While, ideally, the production of less harmful wastewater 

streams  and reduced consumption of fresh water is the ultimate goal in 

terms of assuring the sustainability of the water resources, the purification 

of fresh water and wastewater is, and will be, a necessity, either 

considering its consumption, reutilization or disposal. These driving forces 

lead to the effort of the scientific community to develop novel treatment 

technologies which will help create a more sustainable future regarding 

water consumption, reutilization and wastewater disposal. 

1.2.1 TYPICAL POLLUTANTS 

The current national and European regulations for surface, groundwater 

and wastewater quality primarily target a series of pollutants which have 

been identified in these streams and are considered harmful for the 

ecosystem and human health. Current national law follows the goals 

proposed by the European Union for its member states in the Water 

Framework Directive of 2000 [5]. Generally, this directive concerns 

different classes of characteristics which ought to be monitored and 

controlled through the necessary methods, depending on the type of 

water concerned. The types of waters are classified by several means: 

their geographical location, their source (i.e. ground or surface water, 

fresh water or wastewater), dimensions and intended use. 

The indicative list of pollutants that is presented in this document includes 

the following classes as those critical for the maintenance of appropriate 

water quality: organohalogen compounds, organophosphorous 

compounds, organotin compounds, compounds with carcinogenic or 

mutagenic properties, persistent hydrocarbons, persistent organic toxic 

substances, cyanides, metals, arsenic, biocides and plant protection 

compounds, materials in suspension, eutrophicating susbstances (nitrates 

and phosphates) and substances that may alter the oxygen balance [6]. 
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The directive also presents values that are required to be met by 2016 by 

the signing member states, both for fresh water sources as for the 

wastewater being disposed into the environment, regarding the classes of 

pollutants listed above, as well as several physical and chemical 

parameters such as turbidity, oxygen balance, temperature, density and 

pH, as well as other biological parameters. 

The indications of the Water Framework Directive were transposed to the 

national law of Portugal, and, together with previous legislation still 

standing, may be found in the following documents: 

- DL n
o
 348/98, November 9

th
, reclassification or areas sensible 

to eutrophication, updated by DL n
o
 172/2001, May 26

th
 and 

by DL n
o
 140/2004, June 22

nd
; 

- DL n
o
 236/98, August 1

st
, goals for water quality in function of 

its utilization; 

- DL n
o
 58/2005, December 29

th
, transposes the information of 

the Water Framework Directive related to the definition of 

good environmental practices to guarantee adequate water 

quality; 

- DL n
o
 77/2006, March 30

th
, sets the standards for water 

characterization; 

- DL n
o
 226-A/2007, May 31

st
, where the control and 

responsibility over the water resources are determined. 

Furthermore, the Plano Estratégico de Abastecimento de Água e 

Saneamento de Águas Residuais (General Strategies for Water Supply 

and Wastewater Disposal) delineates the general strategies for the 

management of the fresh water supply system, and for the disposal of 

wastewater. 

The sources of the contaminants that are found in surface, ground and 

wastewater, both point and nonpoint, are represented in Figure 1.1 [7]. 
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Figure 1.1 – Point and non-point water sources of water pollution (from U.S. Environmental Protection Agency). 
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While efforts are made in order to minimize the production of wastewater 

effluents that are not suitable for direct discharge into the environment, 

currently the operation of water and wastewater plants is a necessity to 

guarantee the adequate disposal of wastewater, and to guarantee that 

water with adequate quality is supplied. 

1.2.2 CONVENTIONAL WATER TREATMENT SOLUTIONS 

Water treatment technologies may be divided in three categories: 

physical, chemical and biological [3, 5]. The extent and type of technology 

that is used depends mostly on the nature of the influent that reaches the 

water treatment plant, and of the goal, e.g. suitable for disposal, water 

consumption, reutilization in an industrial process, among others. 

Physical processes include technologies such as filtration, flotation, 

sedimentation, mixing, flocculation and screening. These processes were 

the first that were historically applied to wastewater treatment, mostly for 

the removal of suspended solids, although removal of other pollutants 

may occur as a side effect. Biological processes include technologies 

such as aerobic and anaerobic digestion, using different types of 

suspended or fixed biological reactors. In this case, the removal of 

biodegradable organics and excess nutrients is achieved by the 

development of adequate conditions for the growth and contact of a 

microorganic population that fulfils this need. Finally, chemical processes 

include oxidation using chlorine or ozone, disinfection using chemical 

oxidants or UV radiation, coagulation, adsorption, ion exchange and 

chemical precipitation. The application of chemical processes aims at the 

removal of organic compounds not converted by biological means, as well 

as the removal of pathogens. 

The implementation of a water or wastewater treatment plant must take 

into consideration several factors in order to determine what technologies 

should be employed. Some examples include flow rate, properties of the 

influent, objectives for water quality of the effluent (which depends of its 

final use: disposal, reutilization, consumption and applicable 
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legislation/regulations), land availability, cost and variability of the flow, 

among others. In general, a typical water treatment plant might be divided 

in segments in the following manner: preliminary, primary, secondary and 

tertiary treatments. 

Preliminary treatment is constituted by a series of operations that aim at 

the removal of elements that may disrupt the operation of the processes 

ahead. This may include screening for the removal of debris and coarse 

suspended matter or flotation for the removal of large quantities of oil or 

grease. Primary water treatment typically includes physical operations 

such as sedimentation and filtration, and is generally used as a precursor 

to the secondary treatment. This aims at the removal of suspended solids 

and biodegradable organics, usually consisting of biological processes 

coupled with sedimentation, and adequate processes for the treatment of 

generated activated sludges, if necessary. Finally, advanced or tertiary 

water treatment technologies is generally applied when a high quality of 

water is mandatory, and includes processes such as chemical oxidation 

and coagulation, ion exchange, adsorption, reverse osmosis and 

disinfection. Examples of classic water and wastewater treatment plants 

process flow designs are presented in Figures 1.2 [8] and 1.3 [3], 

respectively. 

 

Figure 1.2 – Water treatment plant: example of a flow diagram. 
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Figure 1.3 – Wastewater treatment plant: example of a flow diagram. 

Nevertheless, new challenges for water and wastewater treatment have 

been developing in recent years, either due to the discovery of new 

pollutants or of previously unknown harmful effects of already known 

pollutants found at very low concentrations. These new challenges are 

described further ahead, together with the current proposals for the 

treatment of these emerging contaminants, and specifically the methods 

that are being studied in the present work. 

1.3 EMERGING POLLUTANTS 

Emerging water pollutants may be defined as contaminants that are not 

commonly monitored in water and lack regulation, but have been recently 

recurrently detected, and which present a suspected or confirmed harmful 

character [9]. These may include chemical substances that were not 

previously known or went undetected due to low concentrations or lack of 

adequate analytical methods, or those that were not considered harmful, 

either by their chemical characteristics or due to the concentrations at 

which they were found. Thus, factors such as changes in human 

behaviour, demographic changes, landscape changes, novel uses of 

water resources, new technologies, microbial adaptations, climate 

changes and new methods for detection or analysis are listed as causes 

for the emergence of these type of pollutants [9]. In fact, in recent years a 

growing interest in these pollutants has been rising, regarding their 
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occurrence [10-29], their fate [11, 13, 24, 30-41] and their harmful effects 

[22, 24, 30, 33, 34, 42-66]. 

While reference to emerging pollutants are found outside the official 

legislation, major health and environmental organizations have published 

compilations listing those emerging pollutants which are considered 

priority in terms of risk assessment, monitoring and remediation [67, 68]. 

The emerging pollutants of concern might be divided in different ways, 

considering their chemical nature, their use, their source, or their harmful 

potential. However, these classifications generally do not aim at the listing 

of the complete lot of emerging pollutants, but rather their grouping under 

convenient umbrella terms. The most common categories found in the 

literature are listed in Table 1.1. 

In the present work the emerging pollutants were divided into two classes: 

organic and inorganic. Microbiological contamination is not generally 

addressed by catalytic technologies, and thus was not discussed here. 

Table 1.1 – Classification of emerging pollutants. 

Classification factors Categories 

Nature [67] 
Organic 

Inorganic 
Microbiologic 

Use [12-14, 31, 69-71] 

Pharmaceuticals 
Life-style 

Industrials 
Hormones 
Pesticides 

PPCP (Pharmaceuticals and personal care 
products) 

Source [13, 14] 

Industries 
Hospitals 

Domestic wastewater 
Farming 
Cattle 

Atmospheric deposition 

Harmful effect [1, 9, 68, 
72-75] 

EDC (Endocrine disruptive compound) 
Carcinogenic 

Mutagenic 
Acutely toxic 

Chronically toxic 
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1.3.1  ORGANIC MICROPOLLUTANTS 

The list of emerging organic micropollutants is extremely long and 

constantly growing. In this work, we have opted to present a concise 

description of their origins, harmful effects and fate during water treatment 

and in the environment. 

These compounds may be grouped relatively to their origin or nature [74]. 

The classes obtained pertain to natural compounds [76-83], hormones 

[84], surfactants [85-88], pharmaceuticals and personal care products 

(PPCPs) [89-99], industrial chemicals [100-103], combustion by-products 

[74] and pesticides [104-114]. Such a wide variety of sources explains 

why these compounds are considered ubiquitous in natural waters and 

the environment [74]. 

The category of pharmaceutical and personal care products includes a 

variety of products which are commonly used in hospitals and 

households. Regarding pharmaceuticals, this includes antibiotics, 

steroids, hormones, analgesics, and other therapeutic drugs [9, 12, 14, 

21, 23, 27, 33, 34, 56, 59, 64, 69, 71, 115-128].  

Since these products are designed to interact with biological systems and 

are bioaccumulating, their potential to cause a harmful effect is rather 

large [117]. 

The pharmaceutical products may occur in the environment, or in 

wastewater, from different sources. Among these, the most important 

ones include the direct disposal of surplus production by industries, 

excretion of substances, from human households or medical institutions, 

aqua cultures, landfill leachates, soil runoff from manure used as fertilizer, 

waste from fish farming and livestock production [13, 117, 118, 123].  

Personal care products refer to products which are used by the general 

population, which may include fragrances, cosmetics, personal hygiene 

products and caffeine or other stimulants, and which generally enter the 

environment through their disposal to wastewater treatment facilities, 
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either from households or from specialized industries [23, 58, 64, 69, 71, 

122, 126, 129]. 

The fate of PPCPs is related to their origin. While those that originate in 

the industry, households, hospitals or landfill leachates will be disposed 

into the appropriate channels for wastewater treatment, others may end 

up directly on the soil or in water [25, 27, 33, 69, 117, 118, 120, 124, 130]. 

Nevertheless, even though a part of these contaminants is directed onto 

the appropriate wastewater treatment facilities, their removal may not be 

complete due to inefficient technologies, which are not prepared to handle 

compounds of refractory nature. It has been observed that some of these 

compounds are not removed during water and wastewater treatment, or 

that they are being metabolized onto different products, which are not 

necessarily less dangerous than their parent compounds [14, 26, 27, 71, 

115-117, 119, 121, 123, 125, 126, 131-135]. 

Industrial chemicals regarded as emerging organic pollutants include 

those that are used for several applications: phthalates used as 

plasticizers [116, 136], polychlorobiphenyls used as coolants and 

plasticizers [116], polycyclic aromatic hydrocarbons originating from 

combustion processes [116], bisphenol A used as an antioxidant and a 

polymerization inhibitor [69, 116], nonylphenol used as a surfactant [69], 

galaxolide used in the manufacture of soaps and detergents [69], tris(2-

chloroethyl) phosphate used as a plasticizer, flame retardant and viscosity 

regulator [69], perfluorooctane sulfonate and perfluorooctanoic acid used 

as surfactants [137], perfluorinated compounds used in cleaning agents, 

flame retardants, paper coatings and packaged food containers [137], 

alkylphosphates used in agriculture [137], and polybrominated diphenyl 

ethers as flame retardants [138], among several others [67]. 

Furthermore, the release of these chemicals might also occur as a side 

effect of the utilization of the industrially prepared products, such as 

during operation, cleaning or disposal [35, 51, 56, 64, 69, 120, 137]. 

Several chemical compounds which are used in industrial processes are 

discharged into the environment, either due to lack of regulation or due to 
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their resistance to the conventional water treatments used [35, 51, 56, 59, 

64, 69, 120, 139-141]. 

Pesticides and herbicides include a variety of chemical products which are 

used in agriculture to control the uprising of biological plagues, either 

fauna or flora, which may render entire crops useless. 

Compounds used as pesticides and herbicides include atrazine, 

triphenyltin hydroxide, alachlor, metolachlor, acetochlor, triethylamine, 

oxyfluorfen, acrolein, bensulide, clethodim, dimethipin, diuron and 

molinate[67]. Several metabolites of these pesticides are also considered 

as emerging organic pollutants, since they are commonly detected in 

water, due to their degradation due to natural biological action, or other 

physicochemical processes, or during water treatment; furthermore, it has 

been observed that these metabolites might be more harmful to the 

environment and human health than the original contaminants [64, 67, 

124, 142, 143]. 

The main source of pesticides and herbicides in the environment is the 

run-off from agricultural sites to the soil and groundwater, or to surface 

waters [64, 120, 124, 144, 145]. 

Generally, pesticides and herbicides that are subjected to water treatment 

might be removed by oxidizing technologies, such as ozonation, but the 

formation of by-products which may be more harmful than the parent 

compound occurs regularly [37, 64, 115, 120, 124, 146, 147]. 

1.3.1.1  HARMFUL EFFECTS 

Regarding the harmful effect of the organic substances of importance to 

this study, many of them can be grouped into a class known as Endocrine 

Disrupting Compounds (EDC). A type of EDCs that that are found in 

aqueous streams and has been often cited as the most important is the 

PPCP class [12].  

EDCs are defined by the Environmental Protection Agency (EPA) as 

“exogenous agents that interfere with the synthesis, secretion, transport, 
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binding, action, or elimination of natural hormones in the body that are 

responsible for the maintenance of homeostasis, reproduction, 

development and/or behaviour.” [148]. This type of interference with the 

endocrinal system, which is one of the three major regulatory systems in 

the bodies of humans and other animals, the other two being the nervous 

and the immune systems is particularly harmful. 

Although considered an emerging contaminant by the water industry, 

natural and synthetic EDCs’ disrupting activity has been known for several 

decades. Reports of disturbances on animals’ endocrine system can be 

found as early as 1930 [71]. Concerns related to the environmental 

presence of these compounds began around 1970 [148]. Some harmful 

effects found on animals and humans are listed on Table 1.2. 

There is some controversy related to these associated effects. For 

example, the decline in sperm count as an effect of exposure to EDCs has 

been refuted later on, suggesting these compounds might not be directly 

responsible for past suspicions [149]. Moreover, some might argue that 

the minute concentrations found in water are not relevant when compared 

to those found in food supplies or naturally formed estrogens, especially 

since the human contact with these compounds in water is limited to the 

amounts consumed, and not directly as in the case of fishes or other 

aquatic fauna [71].  

Attention should also be paid to disinfection by-products, which may also 

disturb the endocrine system’s normal function, and thus their formation 

must be monitored when oxidative removal of EDCs is planned or studied. 

It has been stated that EDCs must not only refer to substances that 

actuate similarly to natural hormones, but to all the substances that 

disturb the endocrine system normal function [148]. 

Public interest in the presence of EDCs in the environment has increased 

as a result of the discovery of trace concentrations (at micro or nano gram 

level) in wastewater treatment plants’ effluents, which have been shown to 
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have a possible impact, directly of by accumulation, in human health and 

in the ecosystems [150, 151]. 

Other compounds, such as pesticides and herbicides, generally present 

chronic or acute toxicity to the exposed populations, at different levels of 

concentration. The toxic effects of pesticides have been known since the 

mid 1900’s, when the harmful effect of DDT was made popular [152]. The 

toxicity of insecticides aldrin, dieldrin, and endrin were observed to result 

in high mortality rates at lower concentrations than DDT or strobane. 

Furthermore, the reproduction of pheasant population was shown to be 

hurt by the inclusion of these insecticides in their diet [153]. The use of 

organochlorine and organophosphate pesticides have been observed to 

be detrimental to the  neurodevelopment of exposed in utero animals and 

children [154]. Organochlorine pesticides have also been observed to be 

inhibitors of the ATPase activity in fishes [155]. Aldrin and dieldrin, and 

other polychlorinated pesticides, were also observed to exhibit toxicity in 

animal populations, and were also shown to hurt the reproducibility of the 

studied species [156]. Exposure of algae and plants to pesticides 

including triazines, sulfonylureas, phenoxyalkanes, pyridines, substituted 

ureas, amine derivatives and imidazolinone showed that many of these 

compounds are harmful to phytopopulations on different levels [157]. The 

negative effect of the exposure of humans to pesticides due to their use in 

food crops has also been reported [158]. 
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Table 1.2 – Harmful effects of EDCs found in the environment. 

Associated Effect Reference 

Feminization of gulls [159-161] 

Sexual abnormalities in alligators [104, 105] 

Cancers related to hormones [109] 

Infertility, abortion, birth defects, 

ovarian failure and growth 

retardation. 

[162] 

Decline on sex ratios [149, 163] 

Interference with the immune 

system and two-way interaction with 

the reproductive system 

[42] 

Influence on the degree of 

estrogenic and androgenic 

bioactivity in rodents 

[164] 

Influence on the metamorphosis of 

amphibians 
[106-108, 165] 

Reproductive disorder and 

population decay on marine 

gastropods 

[100] 

Reproductive anomalies and 

masculinization of fishes 
[101-103, 166-170] 

Unfavourable reproductive effects in 

humans 
[171, 172] 

Decrease in human sperm count [173-175] 

Increase in breast , prostate and 

testicular cancer 
[148, 173, 176-179] 
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1.3.1.2  REMOVAL ALTERNATIVES 

According to Nakada et al. [134], an aromatic ring is consistently 

found in the structure of recalcitrant organic pollutants throughout the 

different categories, suggesting that their hydrophobicity might be of 

importance when regarding their handling. The reports on the polarity and 

hydrophobicity of EDCs seem to vary from compound to compound. 

However, the trend seen indicates that the removal rates in conventional 

treatments are highly dependent of their nature [71, 72, 74, 75, 134]. In 

general, they seem to be considerably resistant to conventional water and 

wastewater treatments [74]. 

Conventional wastewater treatment techniques present only a 

limited capacity for the removal of EDCs and other refractory emerging 

organic pollutants, being that, at best, the processes aim at the removal of 

carbon, nitrogen and phosphorous. The removal of these substances is 

merely a side effect. Comparing influent with effluent at wastewater 

treatment plants it is noticeable that a percentage of these pollutants 

remain in the water, either as unbroken molecules or as a metabolites of 

the original molecule. The extent of the removal that is noticeable 

depends on the compound studied, and the mechanisms by which EDCs 

are eliminated in conventional treatment schemes are not well identified, 

although processes like bio and chemical degradation, adsorption, 

removal with activated sludge, coagulation and volatilization have been 

suggested [72, 74, 180]. 

The application of advanced water treatments, in-situ or at urban 

treatment plants, is a subject of attention from the scientific community. 

There is a need to develop techniques that allow the removal of 

substances refractory to conventional treatments, or that can be 

associated with existing treatments, facilitating their action towards these 

substances. 

Several methods have been proposed for the dedicated removal of 

EDCs and emerging toxic compounds. These seem to be focused for 
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application in wastewater treatment plants. Physical methods proposed 

are based in rejection by membranes. Biological methods proposed are 

similar to those found for biodegradation of organic matter in conventional 

treatment. Chemical methods proposed include adsorption to activated 

carbon, advanced oxidation and reduction processes [75, 134]. The 

chemical methods will be subject of detailed attention as they are related 

with the goals established for this work. 

1.3.1.3  SELECTED ORGANIC POLLUTANTS 

Three emerging organic pollutants were selected for this work: atrazine, 

metolachlor and nonylphenol. 

Atrazine (ATZ) is a triazine herbicide used to control weeds in various 

crops [181]. Its molecular formulation is presented in Figure 1.4. 

 
Figure 1.4 – Molecular formulation of the herbicide Atrazine. 

Atrazine is widely used worldwide in agricultural and forestry applications, 

with an estimated use of 70000-90000 tons per year [182]. Due to its 

carcinogenic potential [183], and the exposure of humans by contact with 

contaminated groundwater [184] due to its resistance to microbial 

degradation, slow hydrolysis, low vapour pressure and aqueous solubility, 

the control of atrazine and its metabolites in water is very important. 

Furthermore, it has been detected in natural waters and has been shown 

to affect the reproduction of aquatic flora and fauna [185]. Due to its low 

biodegradability, it is often resistant to conventional water treatments 

[186], including oxidative treatments [187, 188]. 

Metolachlor (MTLC) is a chloroacetanilide and is one of the most common 

herbicides used to control weeds in several food crops around the world, 
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with between 77-99 million lb applied to crops in 2001 together with other 

chloroacetanilide pesticides [189, 190]. Its molecular formulation is 

presented in Figure 1.5. 

 
Figure 1.5 – Molecular formulation of the herbicide Metolachlor. 

While metolachlor is partially degraded in soil in between 15-50 days [191] 

through hydrolytic reactions and microbial degradation [192], it is rather 

stable in water [193]. Due to high mobility in water and slow 

biodegradation, it is commonly found in natural waters [194, 195], 

including surface waters [196] and ground water [197]; moreover, it has 

been detected in fresh water used for consumption (prior to treatment) 

[198], and in drinking water [199]. It is listed as a possible carcinogen and 

is included in EPA’s third Contaminants Candidate List [67]. The 

metabolites of metolachlor are also included in this list [67], since they 

have been shown to be as (or more) toxic than the original pollutant [45]. 

Nonylphenol (NLP) is a surfactant that is widely used in detergents, 

plastics, pesticides applications, and as a stabilizer [200]. Its molecular 

structure is represented in Figure 1.6. 

 
Figure 1.6 – Molecular formulation of the surfactant nonylphenol. 

Nonylphenol and corresponding metabolites are refractory to conventional 

water treatment technologies [201, 202] and are toxic to aquatic 
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population [203, 204], presenting activity as endocrine disrupting 

compound [205], possibly related to the observed decline of human and 

wildlife reproductive health [206]. Its presence has been detected in 

sewage sludge and sediments, wastewater, landfill leachates, surface 

water and conventionally treated drinking water [207]. 

1.3.2 INORGANIC POLLUTANTS 

There are several inorganic chemical compounds which are listed by 

environmental organizations as water pollutants, with a large portion of 

them being already included in regulations and legislation [9]. These 

include some nitrogen, bromine, chlorine or fluorine containing inorganic 

chemicals, as well as metallic compounds such as lead, mercury, arsenic, 

cadmium, aluminium, and copper, among others. 

Many of these inorganic compounds are naturally present in water due to 

leaching from rocks and sediments [208, 209] and from degradation of 

plants and animal tissues [210]. Nevertheless, anthropogenic activity has 

introduced very large amounts of these compounds into water. Such 

processes include combustion [211], use of flame retardants [212], use of 

artificial fertilizers [213], various construction and mining activities [214], 

among others. 

1.3.2.1 HARMFUL EFFECTS 

Several health risks have been associated with the inorganic 

contaminants occurring at concentrations larger than the background 

levels. The presence of high levels of fluoride in drinking water has been 

observed to lead to dental and skeletal problems in the general population 

[215-217]. High nitrate concentrations have been linked to infantile 

methemoglobinaemia (blue baby syndrome) [218], while the chronic 

exposure to high concentrations of nitrates might lead to cancer in adults 

[219]. Similarly, long term consumption of water with high boron content 

has been linked with cardiac-vascular, nervous and alimentary system 

problems in adults [220]. Furthermore, some inorganic contaminants have 
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been show to act as EDCs. The reproductive levels of animal populations 

have been shown to be affected by the exposure to high levels of fluorine, 

while boron is known to be toxic to animal reproductive systems [221]. 

High concentrations of nitrate in natural systems are also known to lead to 

eutrophication, which may lead to the death of fish due to an overgrowth 

of the algae population [3]. 

1.3.2.2  REMOVAL ALTERNATIVES 

The removal of inorganic contaminants during water and wastewater 

treatment might be possible by biological methods, adsorption, membrane 

filtration or coagulation; however, these methods present drawbacks such 

as low efficiency and sludge generation [222-224]. Thus, the development 

of efficient methods that lead to the conversion of these inorganic 

pollutants to non-hazardous products. 

1.3.2.3 SELECTED INORGANIC POLLUTANTS 

Bromate was selected as model pollutant for the development of a 

catalytic process for its removal from water. The molecular formulation of 

bromate is presented in Figure 1.7.  

Bromates removal from drinking water has been subject to recent 

attention, since they were classified by the International Agency for 

Research on Cancer in Group 2B (possibly carcinogenic for humans) 

[225]. In fact, it is estimated that 3.9 μg/L correspond to a cancer risk of 

10
-5 

for life-time exposures [226]. Additionally, other source of information 

indicates that life-time exposures to 5, 0.5 and 0.05 μg/L lead to cancer 

risks of 10
-4

, 10
-5

, and 10
-6

, respectively [227]. The main risks are 

associated with the kidneys, both as targets for cancer and for toxic action 

of bromate. The peritoneum and the thyroid are also considered as cancer 

targets, and there is also the possibility that exposure to bromate may 

result in low sperm counts [228]. 
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Figure 1.7 – Molecular formulation of bromate anion. 

As a consequence of the mentioned classification, the World Health 

Organization (WHO) and the United States Environmental Protection 

Agency (USEPA) have established a provisional guideline for bromates in 

drinking water of 0.01 mg/L [226, 227]. Bromate ions are very stable in 

water, and their presence is mainly due to the ozonation of bromide 

containing water during the respective treatment for human consumption. 

Bromide has various natural and anthropogenic sources, such as 

seawater intrusion, pesticide run-off, industrial wastes and impurities from 

road de-icing salts [229]. 

The alternatives for bromate removal from drinking water are biological 

treatment, photocatalysis, electrochemical reduction and catalytic 

reduction [224]. The catalytic route presents advantages in terms of 

efficiency and rate of removal, without producing secondary waste 

streams with the accumulated remnants [224]. 

1.4 NOVEL TREATMENT TECHNOLOGIES 

Since the focus of the scientific community on the problematic of 

emerging pollutants has been rising in recent years, several technologies 

have been developed towards this common objective, such as 

photocatalysis [230], catalytic ozonation [231], catalytic reduction [232, 

233], filtration by membranes [18, 234-236], electrofenton [237], 

electroxidation [238] and other electronic methods [239], phytoremediation 

[240], as well as combinative processes [241], among others. 

In this work two catalytic technologies were studied for the removal of 

emerging pollutants from water using structured catalysts: the catalytic 
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ozonation of organic pollutants, and the catalytic reduction of bromate 

under hydrogen. 

1.4.1 CATALYTIC OZONATION 

Catalytic ozonation may be defined as an advanced oxidation 

process (AOP) that uses a catalyst to initiate the decomposition of 

molecular ozone into highly reactive compounds, which will oxidize the 

concerned recalcitrant pollutants. The definition of AOP is very wide and 

gathers technologies that, although similar in goals, present diverse 

mechanisms and applications. Hence, these are currently defined as 

aqueous phase oxidation processes that rely on the higher reactivity of 

intermediate species towards the degradation of pollutants recalcitrant to 

typical oxidants [242]. Usually these processes use a combination of 

oxidation reactants (O3 and H2O2), catalysts or irradiation technologies 

(ultraviolet, ultrasound) as means to produce the desired intermediates 

[243, 244]. The compounds whose formation these reactions aim at is 

normally the hydroxyl radical, which presents very high typical reaction 

rates with organic molecules, in the range of 10
6 

to 10
9
 M

-1 
s

-1
 [245, 246]. 

Additionally, the hydroxyl radical presents lower selectivity towards 

pollutants compared to more common oxidants, and thus is more efficient 

on their complete mineralization, attacking not only the parent compound, 

but also the intermediates formed [243-245]. However, low selectivity can 

become a disadvantage when we are aiming at the removal of one 

specific class of pollutant in the presence of other organic compounds, as 

is commonly found in real water matrices. The removal efficiency may be 

reduced due to the consumption of radicals in the degradation of these 

other compounds [72]. Several AOPs have been applied to the removal of 

EDCs and other emerging organic micropollutants, including catalytic 

ozonation [25, 55, 58, 75, 131, 147, 187, 188, 231, 242, 246-264]. 

1.4.1.1  OZONE IN WATER  

Although ozonation alone is technically an AOP since ozone 

spontaneous ly decomposes in aqueous phase to produce hydroxyl 
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radicals, the concentrations achieved at pH below 10 are very low and do 

not play an important part on the degradation of pollutants [265]. Besides, 

the control of pH during water treatment is not desirable, due to 

engineering concerns. 

Single ozonation is used in water and wastewater treatment as a 

disinfection technique, particle remover or chemical oxidizer of organic 

solutes and, more rarely, of inorganic solutes [243, 266, 267]. For the 

removal of organic micropollutants in drinking water and refractory 

chemical oxygen demand (COD), single ozonation proves to be a limited 

solution. Thus, for these situations, the application of an AOP that 

promotes the formation of more active compounds is regarded as a 

possible solution. The use of ozone is not as widespread as the use of 

chlorines because it leaves no residuals in the treated water and has an 

higher cost associated to the need for in-situ generation of ozone, as it is 

an highly unstable compound [267]. However, problems encountered with 

chlorines and chloramines by-products have increased the world wide 

interest in the use of ozone for these processes. On the other hand, it is 

possible that the discovery of the formation of bromates as a by-product of 

ozonation will have a refraining effect on the development of new 

technologies [231]. In aqueous solution containing organic contaminants, 

it is suggested that ozone may react with substances following two distinct 

routes, a direct and an indirect one [243, 268, 269]. The direct reaction 

route consists of the straight oxidation of the pollutant. 

The indirect reaction route combines several steps and intermediates, 

where the substances found in aqueous solution can act either as 

promoters or as inhibitors [269-272]. The main steps identified are the 

initiation step, the chain reaction step and the termination step. The first 

one, as the name suggests, consists on the initiation of a chain reaction 

triggered by species as the OH
-
 ion, at values higher than pH 10 [243, 

270, 271]. This reaction creates two radicals, one superoxide anion O2
•-
, 

and one hydroperoxide HO2
•
.Afterwards, the chain reaction step, also 

known as the propagation step, takes place. Here, several different 
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radicals play a part. The superoxide anion formed on the first step reacts 

with the aqueous ozone to form the hydroxyl radical OH
•
. The hydroxyl 

radical can then react with either aqueous ozone or the organic solute. In 

the former case, the formation of the hydroperoxide radical closes a cycle 

and allows the reaction to start again. This is also where the reaction 

cycle in pure water ends. Staehelin and Hoigné [269] state that it’s much 

more probable, when in presence or organic solutes, that the hydroxyl 

radicals react with these, and not with ozone. When the hydroxyl radical 

reacts with the functional groups in the organic molecules present in 

aqueous solution, organic radicals can be formed. These also convert 

hydroxyl radicals into superoxide radicals, promoting the chain reaction, 

and thus are regarded as promoters. In the presence of oxygen, the 

organic radicals may further react, eliminating the O2
•-
/HO2

•
 radicals and 

forming hydroxyl or hydroperoxil radicals which will allow the chain 

reaction to proceed. As mentioned above, an organic solute can also act 

as a scavenger for the hydroxyl radical, behaving as an inhibitor. In this 

case, the propagation step is not continued due to the lack of formation of 

O2
•-
/HO2

•
 radicals. An inorganic solute such as CO3

2-
 or HCO3

-
 may also 

terminate the reaction. When this situation occurs, the termination step is 

reached.. An alternative termination step may occur when two radicals 

react to produce oxygen and water. 

1.4.1.2  MECHANISM OF CATALYTIC OZONATION 

The use of a catalyst in the  ozonation of water or wastewater aims at the 

decomposition of ozone in aqueous phase into more active and less 

selective intermediate radicals towards the degradation of solutes which 

are not mineralized by molecular ozone, independently of the pH of 

operation. 

A variety of different heterogeneous catalysts have been applied to the 

catalytic ozonation process, generally based on metal oxides or carbon 

materials [231]. 
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Metal or metallic oxides which have been experimented as catalysts for 

the ozonation process include iron [273], ceria [274-277], cobalt [278], 

manganese [188, 278-281] and alumina [282-285]. 

Several studies using carbon materials have been carried out, including 

activated carbon [275, 277, 286-297], carbon xerogels [276] and carbon 

nanomaterials [274, 275, 293, 298, 299], such as carbon nanotubes (see 

Figure 1.8). 

In the current study the focus is on the application of carbon 

nanomaterials to the catalytic ozonation process, since it is expected that 

their mesoporosity and low tortuosity will facilitate the diffusion of the 

reactants and the catalytic performance [300]. Furthermore, it has been 

suggested that the modification of the textural and chemical properties of 

carbon nanomaterials might enhance their catalytic activity in liquid phase 

oxidation [301-303]. 

 
Figure 1.8 – Schematic representation of a multiwalled carbon nanotube. 

The mechanism of catalytic ozonation in the presence of carbon materials 

has been described as a combination of bulk and surface reactions [291, 

304, 305]. A similar mechanism should occur when nanocarbon materials 

(NCM) are used as catalyst [306]. The mechanism for the formation of 

highly-reactive radicals and how they react with the organic pollutants has 

been described in the literature [243, 291, 305, 307]: 
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In aqueous solution ozone decomposes into hydroxyl radicals, process 

that is initiated by the presence of OH
-
 (equation 1). 

 
In the presence of carbon materials, the organic pollutant can be 

adsorbed (eq. 2). Dissolved ozone either reacts with the surface of the 

catalyst to yield free radical species released to the solution (eq. 3), which 

will react with the organic pollutant in the bulk (eq. 4), or ozone is 

adsorbed on the surface of the catalyst, yielding active surface groups 

(eq. 5), which will in turn react with the adsorbed pollutant (eq. 6). 

 
 

 
 

 
 

 
 

 
It is also possible that the adsorbed pollutants react with aqueous species 

(eq. 7 and 8). 

 
 

 
 

Some different general reaction mechanisms between ozone and organic 

compounds are presented by von Gunten [308]. The reaction begins with 

an electrophilic addition of ozone to the compound, forming an 

intermediate which then decomposes following one of the five different 

pathways: oxygen atom transfer, electron transfer, formation of an oxyl 

radical, ozone insertion or ring formation. 

𝑂3

𝑂𝐻
  𝑂𝐻.          (1) 

𝑁𝐶𝑀 + 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 → 𝑁𝐶𝑀 − 𝑂𝑟𝑔𝑎𝑛𝑖𝑐     (2) 

𝑂3

𝑁𝐶𝑀
   𝑂𝐻.     (3) 

𝑂𝐻. + 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡     (4) 

𝑂3 + 𝑁𝐶𝑀 → 𝑁𝐶𝑀 − 𝑂     (5) 

𝑁𝐶𝑀 − 𝑂 + 𝑁𝐶𝑀 −𝑂𝑟𝑔𝑎𝑛𝑖𝑐 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡     (6) 

𝑁𝐶𝑀 − 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 + 𝑂3 → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡     (7) 

𝑁𝐶𝑀 − 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 + 𝑂𝐻. → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡     (8) 

- 
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Von Sonntag et al. [309] reported some considerations about the reaction 

of hydroxyl radicals with organic matter. Two pathways are presented, the 

first consisting on the addition to a carbon double bound and the second 

on the abstraction of a carbon bound hydrogen atom. Legube and Leitner 

[231] refer three main mechanisms for the reaction of OH radicals with 

organic matter: H abstraction, OH addition and electron transfer. 

Ikehata and El-Din [254] also consider the same three main pathways for 

the oxidation of organic compounds by hydroxyl radicals. Focusing on 

hydrogen abstraction, which plays a major role in most cases, the 

generation of the organic radicals and their interactions with oxygenated 

species are studied. Particularly, the reaction with hydrogen peroxide and 

molecular oxygen, which yields hydroxyl and peroxyl radicals, 

respectively, is observed. These reactions will either lead to the 

mineralization of the organic matter or will contribute to the known 

aqueous ozone decomposition chain. 

Buffle et al [310] argue that pharmaceutical compounds with high 

reactivity to ozone will be oxidized by it, and those with low reactivity will 

be target of hydroxyl radicals. The ozone’s oxidation of organic matter is 

reported by Rivera-Utrilla et al. [311, 312] as being due to the interaction 

with its aromatic rings. This idea is confirmed and further developed by 

von Gunten et al. [308]. Observation of experimental data taken from 

literature stating rate constants for the oxidation of pharmaceutical 

compounds suggests that oxidation of organic micropollutants by 

molecular ozone is only an efficient process when an unprotonated and 

uncomplexated amino group, an activated aromatic system, a double 

bond or a sulfidic group are present. Moreover, increase of the number of 

aromatic rings and electron donating groups will lead to enhanced 

reactivity, while electron withdrawing groups decrease reactivity. 

Compounds which consist of saturated ring systems are difficult to oxidize 

with molecular ozone. Halogenation leads to low electron density at the 

carbon centre, which results in low reactivity with ozone and hydroxyl 
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radicals. Several works present results agreeing with these conclusions 

[291, 313-316]. 

Beltrán et al. [305] while developing a mechanism for the decomposition 

of ozone in the catalytic ozonation process made some considerations 

about whether the degradation of organic pollutants occurred on the 

catalyst surface or in the liquid bulk. It was suggested that the interaction 

may occur between adsorbed compounds or in the liquid bulk. However, it 

seems that the reaction which would lead to the total mineralization of the 

pollutants, the hydroxyl radicals being the main oxidizer, would 

predominately occur on the liquid bulk, since intermediate organic 

compounds formed during ozonation seem to have low affinity to the 

activated carbon’s surface. The reactions between ozone compounds and 

organic matter taking place on the catalyst’s surface generally yield 

hydrogen peroxide or hydroxyl radicals and saturated carboxylic acids. Liu 

et al. [306] studied the degradation of oxalic acid by catalytic ozonation 

when using MWCNT as a catalyst. The degradation of oxalic acid by 

oxygenated radicals is suggested to take place both on the carbon’s 

surface and on the liquid bulk. Faria et al. [316] state that the reaction of 

ozone, or a highly reactive oxygenated radical, with organic compounds 

on the catalytic ozonation process, might occur either in the solution bulk 

or on the catalyst’s surface after adsorption. The study of the ozonation of 

aniline suggests that aromatic compounds with unshared electron pairs 

are highly prone to electrophilic attack by molecular ozone. The less 

selective hydroxyl radical is shown to also be able to react with organic 

compounds, in this case aniline, albeit with a different reaction path and 

thus different intermediate products. Both mechanisms are favored at 

basic pH values since the electrophilic nature of the molecules is 

enhanced. These ideas were confirmed by the work of Oliviero et al. 

[317]. 
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1.4.2 CATALYTIC REDUCTION 

The heterogeneous catalytic reduction of water pollutants (e.g. nitrates) 

using metallic catalysts has already been demonstrated to be an efficient 

process, using different supports for the metal phase, such as: activated 

carbon cloths [318], activated carbon [319-323], multi-walled carbon 

nanotubes [324, 325], titanium oxide [326-328], cerium oxide [329-331] 

and carbon-coated monolithic supports [332-334]. 

The mechanism for catalytic reduction of nitrate ion over metallic catalysts 

under hydrogen of is proposed to occur through the dissociation of 

hydrogen on the surface of the catalyst, and reaction with the adsorbed 

reactants ; however, a bimetallic system might be necessary for complete 

reduction to be achieved [335, 336]. 

Nevertheless, few systems have been tested in the reduction of bromate 

ion, which was the selected pollutant for the assessment of the catalytic 

activity of developed structured catalysts applied to the reduction under 

hydrogen. The reduction of bromate to hypobromide and subsequently to 

bromide in the presence of activated carbon, through the formation of 

surface oxides, has been reported [228, 229, 337, 338]. The adsorption 

and reduction of bromate is proposed to be influenced by the particle size, 

the pore volume and the presence of surface oxygenated groups, 

particularly carboxylic groups. The influence of the surface oxygen content 

on the activated carbon capacity for bromate reduction has also been 

reported, as well as the influence of pH and of some organic and 

inorganic species usually present in water [229]. However, the reaction 

rates for these systems are not satisfactory, and it is not always clear 

whether actual conversion of bromate or just adsorption is taking place. 

A silicon-based structured microreactor was recently used to test the 

catalytic activity of Ru supported on carbon nanofibers for the reduction of 

bromate [224]. Although redox reactions involving oxidation of water are 

possible, they are too slow and bromate is too stable in water. Thus, 

methanol was used as a proton donor. Turn-over frequencies of 0.032 s
-1 
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were achieved for this system, but deactivation was observed. It was 

proposed that RuO2 is responsible for the reduction of bromate, being 

oxidized to RuO3. The latter is then reduced to the former species by the 

alcohol present in solution. However, hydroxylation occurs 

simultaneously, which leads to deactivation of the catalyst.  

A different reaction mechanism is proposed in two other studies. Mills and 

Meadows [339] applied a ruthenium oxide heterogeneous catalyst to the 

reduction of bromate in water, with and without the addition of an organic 

alcohol to the solution. The influence of the initial bromate concentration, 

loading of the catalyst and the presence of other anions in solution were 

evaluated. It was also observed that the presence of an alcohol in the 

solution led to faster reduction of bromate into bromide ion. It was 

suggested that the Ru heterogeneous catalyst used is capable of 

promoting the hydrolysis of water, thus leaving hydrogen available for 

reaction with bromate ions on the surface of the catalyst, which ultimately 

lead to the reduction of bromate into bromide coupled with the release of 

oxygen. Nevertheless, they observed that the addition of an alcohol 

increased the reaction rate due to its faster oxidation relatively to water. 

Chen et al. [340] used palladium supported on alumina as heterogeneous 

catalyst for bromate reduction in the presence of hydrogen. Other 

supports were also tested, including silica and activated carbon. 

Adsorption of bromate is stated as essential for initiation of the reaction, 

acting as the controlling step. The influence of pH was also tested, since 

negatively charged surfaces may cause repelling of bromate anions and 

consequent decrease of the bromate reduction rate. Metallic palladium 

supported on alumina showed the best activity, which correlates with the 

hydrogen adsorption capacity of the metal. A mechanism similar to the 

one proposed by Mills and Meadows [339] was considered, in which the 

slow oxidation of water over the catalyst was overcome by the introduction 

of oxygen into the reaction system. Thus, they propose that hydrogen is 

adsorbed and dissociated on the surface of palladium, and then reacts 

with adsorbed bromate. 
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Finally, the reduction of bromate has also been tested using Pd supported 

on macro structures, such as honeycomb monoliths, sintered metal filters 

or carbon felts, which were previously covered with carbon nanofibers 

[341], where the influence of the type of macro structure used as support 

for the carbon nanofibers was assessed. A life cycle assessment of the 

application of these type of catalysts to the reduction of bromate in water 

was also performed [342]. Similarly, other mono and bimetallic catalysts 

were also tested, using the same types of structured carbon nanofibers 

supports [343]. Furthermore, the N-doping of the carbon nanofibers on a 

structured support did not influence the activity of supported Pd or Ru 

catalysts [344]. 

1.5 STRUCTURED CATALYSTS 

Structured catalysts consist in catalytic materials that present structural 

organization at different levels. The most typical example for a structured 

catalyst consists in the macrostructured monoliths used in automobile 

catalytic converters, as pictured in Figure 1.9 [345]. 

 
Figure 1.9 – Monoliths used as support for structured catalysts typically 

used in automobile catalytic converters. 

Structured catalysts might also include ordered structures at different 

levels, such as nano [343, 346-350] or microstructured catalysts [351, 

352]. The use of macrostructured catalysts present several advantages, 

such as low pressure drop, possibility of increased mass transfer and 

ease of handling [353]. 
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While several applications of structured catalysts for gas-phase reactions 

are current industry standards or alternatives, such as the application of 

monoliths in automobile catalytic converters, and other reactions [345, 

354-364], their application as catalysts in three-phase system is still under 

exploration. The use of a macrostructured reactor of the honeycomb 

monolith type as seen in Figure 1.9 is expected to present advantages in 

the decrease of mass transfer resistances between the phases. The first 

studies regarding the multiphase flow inside capillary channels date as far 

back as 1935 [365]. From 1960 onward, several studies were carried out 

to detail the characteristics of the flow that form inside capillary channels 

[366-369]. Several different hydrodynamic regimes were identified for 

three-phase flow, as presented in Figure 1.10. 

 
Figure 1.10 - Sketch of observed flow patterns in capillary channels. (a,b): 

bubbly flow, (c,d) segmented flow (a.k.a. bubble train flow, Taylor flow, 

capillary slug flow), (e) transitional slug/churn flow, (f) churn flow, (g) film 

flow (downflow only), (h) annular flow [370]. 

The hydrodynamic regime of interest for the enhancement of mass 

transfer is the Taylor flow regime, which is characterized by the formation 

of a segmented flow, with well-defined gas bubbles and liquid slugs 

passing through the channel, occupying most of the horizontal section. 

The influence of the operation conditions on the hydrodynamic 

characteristics of the regime, and subsequent effect on the mass transfer 
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has been subject of attention in recent years [370-391]. The 

hydrodynamic characteristics that define Taylor flow are depicted in 

Figure 1.11. The enhancement of mass transfer between the phases has 

been suggested to be due mostly to factors such as liquid slug and gas 

bubble lengths [371-374, 379-381, 388, 389, 392], recirculation vortexes 

formed inside the liquid slugs [373, 374, 381-383, 387] and formation of a 

thin liquid film around the gas bubbles inside the channel [353, 379, 381, 

391, 393]. These parameters are widely influenced by the operation 

conditions at which the catalytic reactors are being operated. 

 

 
Figure 1.11 – Hydraulic parameters of interest in Taylor flow: A) liquid 

slug length; B) gas bubble length; C) film thickness; D) liquid slug velocity; 

E) gas bubble velocity. 

The application of structured reactors to three-phase environmental 

catalysis is a field that is still under exploration. Some studies have been 

published in catalytic ozonation [394, 395] and catalytic reduction [333, 

334, 341-344, 396].  

Regarding the preparation of structured catalysts, different types may be 

developed for environmental applications, containing various active 

phases such as metal oxides [364, 397, 398] or carbon materials of 

varying natures [399-402]. Furthermore, carbon on monolith supports may 

be further loaded with a metallic phase [355, 403-405]. Examples of a 
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metal oxide structured catalyst may be found in Figure 1.12, and of a 

carbon structured catalysts in Figure 1.13. 

 

 
Figure 1.12 – Alumina whiskers loaded on a honeycomb monolith wall 

[406]. 

 
Figure 1.13 – Carbon nanofibers layer on a honeycomb monolith wall 

[402]. 

Thus, due to the advantages presented in terms of operation and 

performance, the use of structured catalysts containing carbon (for 

catalytic ozonation) or a metallic phase (for catalytic reduction) is an 

interesting alternative aiming at the large scale application of novel 

catalytic processes for the removal of emerging pollutants in water. 
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1. MATERIALS AND METHODS 

1.1 DESCRIPTION 

In this chapter the materials and methods used in the study of the 

application of structured catalysts to the ozonation reaction are described. 

The description includes the characterization of the materials that were 

commercially acquired, those that were obtained through collaboration with 

foreign research groups through the European project MONACAT, and 

those that were prepared in our laboratory by other collaborators and that 

were made available for the study of the ozonation reaction. The 

characterization techniques that were used in the course of this work to 

further characterize these materials, either pre- or post-reaction are 

described. 

Furthermore, the experimental installations and procedures are detailed, as 

well as the analytical techniques used to assess the performance of the 

catalysts in the ozonation process, both in semi-batch and in continuous 

reaction. 

1.2 CATALYSTS 

1.2.1 POWDER CATALYSTS 

In the development of the work here presented, several powder catalysts 

were used; namely multiwalled carbon nanotubes (MWCNT), activated 

carbon (AC) and carbon xerogels (CX). 

The pristine MWCNT and AC were acquired from the manufacturers, 

respectively Nanocyl and Norit. Carbon xerogels samples were prepared in 

the LCM laboratory.  

The modified MWCNT were prepared in the LCM laboratory and kindly 

made available by Raquel P. Rocha in order to be used in the ozonation 
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reaction. The preparation methods are described in detail in the literature [1, 

2]. In general, the treatments applied aimed at the inclusion of different 

elements on the surface of the MWCNT; the treatment with nitric acid (CNT-

N) was carried out to introduce acidic oxygen-containing functionalities, the 

treatment with sulphuric acid (CNT-S) was carried out to introduce sulphur-

containing functionalities, the treatment with nitric and sulphuric acid was 

carried out to introduce a mixture acidic O- and S- containing functionalities 

(CNT-NS) and finally the treatment with urea was carried out to introduce 

basic nitrogen-containing surface functionalities (CNT-NUT). The original 

sample is identified as CNT-O, in the context of these samples. 

Characterization of the textural and chemical properties of the pristine 

MWCNT were carried out according to the techniques described in section 

Characterization techniques. The characterization of the modified MWCNT 

was obtained from the related literature [1, 2]. 

The textural characterization of the MWCNT, obtained through the 

adsorption isotherms of nitrogen at 77K are presented in Table 1.1 

Table 1.1 – Textural characterization of the pristine and modified MWCNT 

samples. 

Sample SBET (m
2
 g

-1
) 

CNT-O 326 

CNT-N 400 

CNT-NS 394 

CNT-S 293 

CNT-NUT 386 

 

The characterization of the chemical properties of the MWCNT is presented 

in Table 1.2, obtained by TPD analyses and evaluation of the pHpzc. 



Structured catalytic systems for water purification; Part II – Ozonation 
Materials and methods 

57 
 

Furthermore, XPS analyses of the N- and S- containing MWCNT were 

carried out. The deconvolution of the XPS N1s and S2p peaks allowed the 

identification and relative quantification of the species present on the 

surface of the MWCNT. The results were confirmed by elemental analysis. 

In the case of the CNT-S sample, only one species was identified at 169 eV, 

corresponding to sulphonic groups. In the case of the CNT-NUT sample, 

pyridinic groups (N6) were identified at 389.7 eV, and pyrrolic (N5) groups 

were identified at 400.2 eV. The amount of nitrogen was calculated to be 

0.91% by elemental analysis and 0.69% by XPS. The difference in the 

relative amounts is likely linked to the reduced penetration of the XPS when 

compared with the elemental analysis, in which the sample is thoroughly 

analysed. 

Table 1.2 – Chemical characterization of the pristine and modified MWCNT 

samples. 

Sample CO (µmol g
-1

) CO2 (µmol g
-1

) SO2 (µmol g
-1

) pHpzc 

CNT-O 187 33 - 6.8 

CNT-N 1852 1233 - 2.2 

CNT-NS 2035 1397 203 4.8 

CNT-S 381 195 579 2.5 

CNT-NUT 703 76 - 6.7 

 

The carbon xerogel used in the work here presented were prepared in the 

LCM laboratory, and kindly made available for testing in the ozonation 

reaction, by Dr. Juliana P. S. Sousa. The detailed preparation methods are 

described in the literature [3]. In brief, a gel was prepared using resorcinol 

and formaldehyde, together with a nitrogen precursor either urea or 

melamine. Before gelation, the pH of the solution was adjusted to the 

desired value (5.3, 6.0, or 6.9). Afterwards, the gels were carbonized at 

different temperatures under nitrogen flow (500, 700 or 900 °C). The 
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materials prepared with urea were named CXU, and those prepared with 

melamine were named CXM, followed by the pH of the solution prior to 

gelation, and the carbonization temperature. 

The carbon xerogel samples selected for the present work were 

CXM_6.9_700, CXM_6.9_900, and CXU_6.9_700, since they have 

relatively similar textural properties and different types and amounts of 

nitrogen surface groups. In addition, a carbon xerogel sample without 

nitrogen was prepared from resorcinol and formaldehyde at pH=6.9, and 

carbonized at 500 ºC (CX_6.9_500). 

Analyses of the carbon xerogels samples used in this work, which were 

selected among a variety of samples due to their similar textural properties, 

while maintaining a wide range of nitrogen content, were obtained in the 

related literature [3]. The textural and chemical properties of the carbon 

surface are presented in Table 1.3. 

Table 1.3 – Chemical characterization of the undoped and N-doped carbon 

xerogels. 

Sample 
SBET 

(m
2
 g

-1
) 

Vmicro 

(cm
3
 g

-1
) 

Smeso 

(m
2
 g

-1
) 

NEA 

(% wt.) 

CO 

(µmol g
-1
) 

CO2 

(µmol g
-1
) 

pHpzc 

CXM_6.9_700 287 0.10 35 4.0 454 489 7.1 

CXM_6.9_900 331 0.07 156 3.6 395 169 7.6 

CXU_6.9_700 461 0.12 122 2.9 1292 579 7.4 

CX_6.9_500 486 0.10 174 - 1226 444 7.0 

NEA: Total nitrogen content determined by elemental analysis; CO: 
amount of CO released during TPD; CO2: amount of CO2 released during 
TPD; pHPZC: pH at the point of zero charge. 
 

XPS analysis revealed the presence of three nitrogen functionalities on the 

surface of the selected nitrogen-doped carbon xerogel samples: pyridine-

like N atoms (N6, BE=398.7±0.3 eV), pyrrole-like N atoms (N5, BE= 

400.3±0.3 eV), and quaternary nitrogen (NQ, BE=401.4±0.5 eV). Due to the 
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difficulty in distinguishing clearly the N5 and NQ components [4], the total 

amount of nitrogen was considered. 

The carbon nanofibers used in the work here presented were prepared, and 

made available, by the group of Prof. Enrique Garcia-Bordejé, at Instituto de 

Carboquímica, part of the Consejo Superior de Investigación Científica, in 

the context of the European Commission financed project MONACAT.  

The characterization of these materials has been made available by the 

CSIC group. The superficial surface area was found to be ~200 m
2
 g

-1
, with 

the contribution of micropores ~ 90 m
2
 g

-1
. The nitrogen on the surface of 

the carbon was found to be on the form of pyridinic (N6) and pyrrolic (N5) 

groups, and as quaternary nitrogen (NQ). 

1.2.2 STRUCTURED CATALYSTS 

The structured catalysts used in this section were prepared and made 

available by different groups, in the context of the European Commission 

financed project MONACAT: the group of L. Kiwi-Minsker at the Ecole 

Polytechnique Federále de Lausanne (sintered metal fibres); the group of 

M. Ronning at the Norwegian University of Sciente and Technology (carbon 

felts); the groups of E. Garcia-Bordejé at the Instituto de Carboquímica, part 

of the Consejo Superior de Investigación Científica (honeycomb cordierite 

monoliths). 

Carbon nanofibers (CNF) were grown on three different macroscopic 

structures: sintered metal fibers (SMF), carbon felt (CF) and honeycomb 

ceramic monoliths (HM). CNF growth was carried out directly on calcined 

SMF, while a metal catalyst was deposited previously to CNF growth on CF 

by direct impregnation of a NiNO3 solution and, on HM, by previously 

washcoating an alumina sol, calcining and impregnation of the NiNO3 

solution. The growth was carried out by decomposition of ethane:hydrogen 

mixtures at temperatures in the range 873-948 K. Different post-treatments 

were selected to prepare CNFs with different surface chemical properties in 

order to study how the surface chemistry affects the performance of the 
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catalysts in the ozonation of organic pollutants. Nitrogen-containing groups 

were introduced on CNF grown on monoliths by in-situ doping by growing 

CNFs at 873 K with a 200 cm
3
 min

-1
 gas mixture of C2H6 and NH3 in a ratio 

(50:50). 

The CNF/structured catalysts were characterized by SEM, TEM and N2 

adsorption, and the observation presented here were obtained from the 

related literature [5-10]. 

Figure 1.1 presents photographs of the three types of structured catalysts 

used, as received from the project partners. 

 

Figure 1.1 – Photographs of the different types of CNF covered structures 

used as catalysts in the ozonation experiments (HM, CF, SMF). 

Figure 1.2 shows microscopy images of CNFs grown on sintered metal 

fibers, ceramic monoliths and carbon felts, respectively. The CNFs are 

entangled forming a uniform layer in terms of thickness and coverage. The 

CNFs showed neither blistering in ultrasound nor leaching in corrosion 

tests. Therefore, the materials are suitable for water treatment. Table 1 

summarizes the characteristics of the prepared samples. The CNF layer 

has a surface area of around between 12 (for SMF) and 200  m
2
 g

-1
 (for 

HM) and all the pores are in the range of mesoporosity with an average 

diameter of ca. 20 nm. The mesoporosity and low tortuosity of CNF 

aggregates favours the diffusion of pollutants to all the catalytic surface area 

of CNF [11]. The diffusion is more sluggish for inside micropores, as occurs 

in the case of commercial activated carbons. 
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TEM images in Figure 1.3 clearly show the presence of CNFs on the 

cordierite monoliths. Similar images were obtained for the other supports. 

 

 

 
Figure 1.2 - Layer of entangled carbon nanofibers grown on three different 

macroscopic supports: (a) Inconel sintered metal fibers, (b) cordierite 

monoliths (c) carbon felt, observed by SEM. 
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Figure 1.3 - TEM images at two different magnifications of the CNFs grown 

on cordierite monoliths. (a) image of a entanglement of CNFs; (b) high 

magnification image of a representative CNF showing the stacked graphitic 

planes. 

Textural characterization of the CNF layers on the different structured 

supports is presented in Table 1.4. CNF loading was calculated by weight 

difference and by thermogravimetric analysis. 

In the case of the N-CNF covered monoliths, XPS analyses of the N1s peak 

are found in the literature [8]. In these analyses, four different nitrogen 

surface functionalities were detected: pyrrol (N5), pyridine (N6), quaternary 

nitrogen (NQ) and nitrogen oxide (N-Ox). A N/C ratio of 12.8% was 

measured by elemental analysis. 
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Table 1.4 - Characteristics of the received structured catalysts. 

Name
1
 % CNF 

BET
1
 

(m
2
 g 

-1
) 

HM_Cordierite
2
 - ~1 

HM_Alumina
2
 - ~20 

HM_CNF_400cpsi_10mm 5 – 23 ~200 

HM_CNF_400cpsi_22mm 10 – 15 ~200 

HM_CNF_64cpsi_22mm 11.4 ~200 

HM_N-CNF_64 cpsi_22mm 7.9 ~200 

SMFinconel3.5_CNF 3.5 - 16 

SMFssNi3_CNF 3.0 - 12 

NTNU_CF - - 1 

NTNU_CF_CNF 40-100 ~100 

1
BET surface area obtained considering just the CNF contribution 

2
Bare cordierite sample and alumina washcoated sample. 

1.3 CHEMICALS 

The synthetic water samples doped with atrazine were prepared using 

atrazine Pestanal analytical standard (Sigma-Aldrich) and ultrapure water 

(MilliQ). Atrazine degradation intermediates were purchased from Sigma-

Aldrich as Pestanal analytical standards. Metolachlor and 2-ethyl-6-

methylaniline were acquired from Sigma-Aldrich (PESTANAL Analytical 

Standard). Solutions were subject to a brief period in an ultrasound bath to 

achieve better dissolution. tert-Butanol (t-BuOH) was purchased from 

Sigma-Aldrich (>99.5%). Oxalic (≥99%), oxamic (≥99%) and pyruvic acids 

(≥98%) were also acquired from Sigma-Aldrich. 
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1.4 CHARACTERIZATION TECHNIQUES 

The characterization of the original materials prepared outside of the LCM 

laboratory was carried out by the project partners. The detailed description 

of the techniques may be found in the appropriate literature [5-10, 12-16]. 

The characterization of the original materials prepared in the LCM 

laboratory were characterized by the person responsible for the preparation, 

and the techniques may be found in the appropriate literature [1-3, 17]. 

The characterization of the post-reaction or commercial acquired materials 

was carried out in the context of the work here presented, and the materials 

and methods used are here described. 

Temperature programmed desorption (TPD) experiments were carried out 

using an Altamira AMI-300 apparatus. Approximately 100 mg sample was 

placed inside a U-shaped quartz cell through which 25 cm
3
 (STP) min

-1
 of 

helium were constantly flushed. Temperature was increased at 5 K min
-1

 up 

to 1350 K. The released CO and CO2 were measured in the exhaust using 

a Dymaxion Dycor mass spectrometer. Calibration of CO and CO2 was 

made at 623 K by injecting 58 μL of each gas in order to obtain ten peaks of 

known concentration in the mass spectrometer. 

XPS analyses of the carbon materials were performed using a Kratos AXIS 

Ultra HSA, with VISION software for data acquisition and CASAXPS 

software for data analysis. The analysis was carried out with a 

monochromatic Al Kα X-ray source (1486.7 eV), operating at 15 kV (90 W), 

in FAT mode (Fixed Analyser Transmission), with a pass energy of 40 eV 

for regions ROI and 80 eV for survey. Data acquisition was performed with 

a pressure lower than 1x10
-6

 Pa. The modelling of the spectra was 

performed using the XPSPEAK41 program, in which an adjustment of the 

peaks was performed using peak fitting with Gaussian-Lorentzian peak 

shape and Shirley type background subtraction. 

Isotherms of N
2
 adsorption at -196 ºC on the carbon materials for 

calculation of the specific surface area were made using a Quantachrome 
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NOVA 4200e apparatus. Specific surface areas were calculated using the 

BET method, taking into account the nitrogen adsorption for pressures 

below p/p0 = 0.30. 

Contact angles with water were measured after 0.25, 0.5, 3, 28 and 100 h of 

contact with water and ozone, and compared with the original material. A 

Dataphysics OCA 20 apparatus was used. The pieces were dried in an 

oven at 110 
o
C for 16 h after contact with water and after measurement of 

the contact angles. 

Thermogravimetric (TG) analysis was performed using a STA 490 PC/4/H 

Luxx Netzsch thermal analyzer, by heating the sample in air flow from 50 
o
C 

to 900 
o
C at 5 K min

−1
. 

1.5 ANALYTICAL METHODS 

Concentration of atrazine and its degradation intermediates was followed 

using a Hitachi Elite LaChrom HPLC equipped with a UV DAD. Separation 

was achieved using a Lichrocart C18-RP Purospher Star (250 mm × 4.6 

mm, 5 μm) column and a H2O:methanol mobile phase. The mobile phase 

flow was 1 mL min
-1 

and the composition was gradually changed from 50:50 

to 30:70 v/v in 21 min. ATZ concentration was calibrated and measured at 

222 nm and ATZ intermediates at 215 nm. 

The concentration of metolachlor and degradation products was followed by 

HPLC, using a Hitachi Elite LaChrom apparatus equipped with a diode array 

detector. The separation of MTLC was achieved using a Lichrocart C18-RP 

Puroshper Star (250 mm × 4.6 mm, 5 μm) column and an isocratic 

60%ACN-40%H2O mobile phase at 1 mL/min. Quantification of metolachlor 

was made at 198 nm.  

Concentration of nonylphenol was followed by HPLC, using a Hitachi Elite 

LaChrom apparatus equipped with a diode array detector. The separation of 

nonylphenol was achieved using a Lichrocart C18-RP Puroshper Star (250 

mm × 4.6 mm, 5 μm) column and a gradient mobile phase consisting of 

70% acetonitrile in milliQ ultrapure water to 90% acetonitrile in 14 minutes 
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and to 100% acetonitrile in 20 minutes, at flow rate 1 mL min
-1

. Detection of 

nonylphenol was made at 196 nm. 

Likewise, the formation and concentration of organic acids, including in the 

experiments using oxalic acid, typical end-of-chain degradation products, 

was followed using a Hitachi Elite LaChrom HPLC equipped with an UV-Vis 

detector. Separation of the organic acids was achieved using an Alltech OA-

1000 chromatography column using an isocratic 5mM H2SO4 mobile phase 

at 0.5 mL min
-1

. Quantification of the organic acids was made at 200 nm. 

The release of ionic compounds into the solution was followed using a liquid 

chromatography system equipped with a conductivity detector to measure 

both anions and cations. The separation was achieved witha Dionex ICS-

2100 Ion Chromatography System using a Dionex IonPac AS11-HC column 

(250 mm × 4 mm), under an isocratic elution with a solution of NaOH 30 mM 

at a flow rate of 1.5 mL min
-1

, and a Dionex DX-120 Ion Cromatography 

System using an IonPac CS12A column (250 mm × 4 mm) working with a 

solution of methanesulfonic acid 20 mM as the mobile phase at a flow rate 

of 1.0 mL/min, for anions and cations respectively. The system was 

equipped with a conductivity detector, which performance was improved by 

electrolyte suppression using ASRS 300 or CSRS ULTRA II self-

regeneration suppressors for anions and cations, respectively. 

Acute toxicity analyses were performed using an Azure Environment 

Microtox apparatus and procedure ISO/DIS 11348-3. The microorganisms 

used were the luminescent bacteria Vibrio Fischeri from Hach Lange, which 

is used as representative of aquatic environments [18, 19]. The bacteria 

were exposed to samples after activation and 15 minutes incubation at 15 

o
C, and the decrease in activity as function of the luminescence was 

measured after 30 minutes. The standard index used to evaluate acute 

toxicity, the EC50, was not calculated because, at the concentrations used in 

this study, a large number of the samples did not reach 50% of inhibition of 

the luminescent activity. Instead, the inhibition of activity measured is 

presented. 
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Total organic carbon, measured with a Shimadzu TOC-5000A apparatus, 

was used to assess the mineralization of MTLC. 

Finally, dissolved ozone concentration was measured using the indigo 

method [20]. 

1.6 CATALYSTS EVALUATION 

1.6.1 SEMI-BATCH OZONATION 

Semi-batch ozonation experiments were carried out to assess the 

performance of the catalysts in the ozonation procedure, in powder form. 

Ozonation and adsorption experiments of were performed in semi-batch 

stirred tank reactor shown schematically in Fig. 1.4 (made available by Dr. 

Alexandra Gonçalves), which already existed in the LCM laboratory.  

 
Figure 1.4 – Scheme of the experimental set-up used in semi-batch 

ozonation experiments. 

The mass of catalyst, when applicable, was of 100 mg in a 700 mL solution 

of the pollutant. Initial pollutant concentration was 10 mg L
-1 

in the case of 

atrazine, 20 mg L
-1

 in the case of metolachlor and 6 mg L
-1

 in the case of 
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nonylphenol, under reaction conditions. Ozone was produced from pure 

oxygen at 50 g(O3) m
-3

(STP) using a BMT 802X ozone generator and 

continuously fed to the reactor through a glass diffusor at 150 cm
3
(STP) 

min
-1

. The solution was constantly stirred using a magnetic stirrer at 200 

rpm. Ozone in the gas phase was analysed using a BMT 964 gas phase 

analyser. For adsorption experiments the ozone generator was turned off 

and pure oxygen was fed into the reactor to maintain identical hydraulic 

conditions. Temperature in the reactor was controlled using a Julabo 

thermostatic bath. Experiments using a radical scavenger were performed 

using a tenfold concentration of t-BuOH in relation to that of the pollutant. 

1.6.2 CONTINUOUS OZONATION 

A new system was set up during the development of the work here 

presented, in order to test the structured catalysts in the continuous 

ozonation process, as represented in Figure 1.5.  

 

Figure 1.5 – Scheme of the experimental set-up newly designed and set up 

in the LCM laboratory for assessment of the performance of structured 

catalysts in the continuous ozonation process. 
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The system was designed to allow the use of the structured catalysts in a 

three-phase (gas-liquid-solid in contact inside a bubble column) or a two-

phase configuration (gas-liquid in contact in a bubble column; liquid-solid in 

contact in the internal loop). To this end, the system consists on a bubble 

column type reactor, to which an internal loop was coupled. Inside the loop, 

a smaller column allows the placement of the catalyst, when needed. Thus, 

besides allowing the testing of the catalyst in the two configurations 

mentioned above, it is also possible to carry out reactions in semi-batch 

mode (closed loop), and also to change the liquid flow rate going through 

the bubble column and the catalyst (by changing the loop flow rate) without 

altering the residence time of the system. 

Standard experiments were carried out as follows: ozone was fed through a 

diffuser in the bottom of the column, and the solution was introduced near 

the bottom using a peristaltic pump. The monolith was placed inside the 

column and both gas and liquid phases go through the channels, co-

currently in upflow. Biphasic experiments were carried out by placing the 

monolithic catalyst inside the reactor’s internal loop. Liquid phase was 

pumped at 12 cm
3 

min
-1

 and the gas phase at 15 cm
3
 min

-1
. Ozone was 

generated from pure oxygen at 50 g O3 m
-3 

using a BMT 802N ozone 

generator.  The internal recirculation loop was kept at 60 cm
3 

min
-1

 using a 

peristaltic pump. These conditions were selected in order to obtain the best 

homogeneous distribution through the channels of the monolith. For large 

bubble sizes (2-3 mm diameter) it was found that the bubbles coalesced 

beneath the monolith, eventually breaking through the channel that offered 

a smaller pressure drop. However, for bubble sizes with diameters inferior 

to the channel diameter, a bubbly flow develops inside the channels of the 

monolith, putting away any advantage in using a three-phase system [21]. 

Thus, a bubble size with approximately the diameter of the monolith 

channels was chosen as a compromise between the two situations. The 

mean superficial liquid velocity (~0.30 cm s
-1

) and the bubble rise velocity 

(~10 cm s
-1

 [22]) used should place the hydrodynamic regime as Taylor flow 
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[21, 23, 24]. The bubble column has a diameter of 22 mm and the liquid 

column has a height of 60 cm, leaving free head room inside the column. 

In section Operation conditions, the experiments where the influence of the 

flow rates on the conversion of dissolved ozone and in the removal of oxalic 

acid was assessed, were carried out using a slightly different configuration. 

To allow for a larger range of liquid flow rates, and to avoid the interference 

of the internal loop in the concentration of dissolved ozone, experiments 

were performed using the system as a classic bubble column type reactor; 

i.e. the internal loop was not used in those cases. However, when the 

influence of the flow rates was assessed in the ozonation of emerging 

organic micropollutants, the standard reaction conditions were again 

applied. 
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2. COMPARISON OF DIFFERENT STRUCTURES 

2.1 DESCRIPTION 

In this chapter, different structured catalysts were tested in the ozonation 

reaction. The different catalysts were firstly ground to controlled particle 

size and tested in the semi-batch ozonation of oxalic acid in a completely 

stirred tank reactor. Afterwards, these catalysts, in their integral form, 

were tested in a newly designed experimental set-up, which consists of a 

bubble column reactor using an internal loop. In this setup, both semi-

batch and continuous ozonation experiments were performed. 

It was found that the performance of the structured catalysts is 

comparable to that of activated carbon or multiwalled carbon nanotubes, 

which are two of the most studied carbon-based catalysts for the 

ozonation reaction. It was observed that different structures, and different 

CNF layers, achieve considerably varied performances in this reaction.  

The use of the structured catalysts in a three-phase setup, in order to 

achieve hydrodynamic regimes that can enhance the mass transfer 

between the phases, was found to be much more easily applied when 

using a honeycomb-like monolithic structure. The use of carbon felts and 

sintered metal fibres, due to high pressure drop, resulted in bypass of the 

gas phase through the sides of the catalyst. Thus, the honeycomb 

structures were selected as supports for further testing in the ozonation 

reaction. 

The structured catalysts used in this section were prepared and made 

available by different groups, in the context of the European Commission 

financed project MONACAT: the group of L. Kiwi-Minsker at the Ecole 

Polytechnique Federále de Lausanne; the group of M. Ronning at the 

Norwegian University of Sciente and Technology; the groups of E. Garcia-

Bordejé at the Instituto de Carboquímica, part of the Consejo Superior de 

Investigación Científica. 
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Part of the work described in this section has been published in the 

following reference: 

J. Restivo, J.J.M. Órfão, M.F.R. Pereira, E. Vanhaecke, M. Rönning, T. 

Iouranova, L. Kiwi-Minsker, S. Armenise, E. Garcia-Bordejé, Water Sci. 

Technol., 65 (2012) 1854. 

2.2 SEMI-BATCH OZONATION OF OXALIC ACID 

The evaluation of the catalytic activity of the carbon nanofibers (CNF) 

covered structured catalysts were made, on a first approach, through the 

ozonation of oxalic acid in semi-batch operation using the catalyst in 

powder form. These experiments were conducted using a slurry reactor. 

For this end, the structured catalysts were ground to controlled particle 

size 0.1-0.3 mm when possible, or finely grounded in the case of the 

carbon felts and activated carbon fibres. The loadings of the different 

structured catalysts were calculated in order to obtain 100 mg of the 

carbon catalyst in solution. When the bare supports, prior to CNF growth, 

were used in the ozonation experiments, the selected amount was 

equivalent to what was used in the corresponding experiments with the 

CNF-covered structured catalysts. Oxalic acid was selected as a model 

compound due to its known refractory behaviour to oxidation by dissolved 

molecular ozonation, and the natural pH of a 1 mM solution (3.0) does not 

promote the homogeneous decomposition of ozone; besides, it is well 

known that several catalysts enhance its ozonation in the liquid phase [1-

9]. Experiments were performed in semi-batch since the activity of several 

carbon materials in this system is well-known in the ozonation of oxalic 

acid [7, 10-20]. Thus, the comparison between the structured catalysts 

and catalysts in powder form was possible. 

The dimensionless oxalic acid concentration during semi-batch 

experiments using particulated activated carbon fibres (ACF) samples is 

presented in Figure 2.1. 



Structured catalytic systems for water purification; Part II – Ozonation 
Comparison of different structures 

75 
 

 
Figure 2.1 – Dimensionless oxalic acid concentration during semi-batch 

ozonation experiments using sample ACF in a slurry reactor. 

While non-catalytic ozonation removed approximately 10% of oxalic acid 

from solution after 180 min, the presence of the catalyst largely improved 

the degradation achieved. In fact, after 180 min, more than 60% of oxalic 

acid was removed from solution. It should be noticed that adsorption had 

a negligible contribution to the removal of oxalic acid.   

Similar experiments were carried out using grounded CF samples. Since 

the support structure of the CF catalysts is constituted in itself of carbon, 

the activity of the support prior to the growth of the CNF layer was 

assessed. The dimensionless oxalic acid concentration during ozonation 

experiments using CF samples is presented in Figure 2.2. 

It is clear that, as was observed with sample ACF, the adsorption of oxalic 

acid is not contributing to the removal of oxalic acid during the catalytic 

experiments. It is observable that the CF support has some catalytic 

activity in the ozonation reaction. However, this contribution may be 

considered negligible when compared with the remarkable activity of the 

CNF covered catalyst, which removed approximately 95% of oxalic acid, 

while the CF support only achieved removals of less than 20%. 
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Figure 2.2 – Dimensionless oxalic acid concentration during semi-batch 

ozonation experiments using samples CF in a slurry reactor. 

The honeycomb-like monolithic supports were also tested in the ozonation 

of oxalic acid in the slurry semi-batch reactor. In this case, possible 

activity of the support could arise due to the contribution of the alumina 

and/or nickel layers, which are laid upon the catalyst in the CNF growth 

process. In the experiment in slurry reactor, the activity of the support with 

the alumina washcoat was evaluated. The dimensionless oxalic acid 

concentration during ozonation experiments using HM samples is 

presented in Figure 2.3. 

In the case of the HM structured catalysts, it is clear that the alumina 

washcoat presented significant catalytic activity in the ozonation process. 

It is known that such metallic oxides are potential catalysts for this 

reaction [21-24]. However, the catalytic activity of the HM catalyst post 

CNF growth is noticeable higher than that of the support. It should be 

taken into consideration that, for both the HM and CF structured catalysts, 

the growth of the CNF layer upon the support might reduce accessibility of 

the reactants to the surface of the support. Thus, even though they might 

show activity when used independently, this may not represent an actual 
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contribution to the oxalic acid removal achieved when the CNF-covered 

catalysts were used. 

 
Figure 2.3 – Dimensionless oxalic acid concentration during semi-batch 

ozonation experiments using samples CF in a slurry reactor. 

Due to difficulties in grounding the samples SMF, these were not tested in 

the slurry semi-batch reactor, and their activity will be discussed later. 

The dissolved ozone concentration was also followed in the experiments 

performed in the slurry semi-batch reactor. The measured concentrations 

during catalytic and non-catalytic experiments are presented in Figure 2.4. 

The presence of a catalyst in the reaction system clearly leads to a lower 

dissolved ozone concentration, which can be attributed to the conversion 

of ozone into other species, which are responsible for the increase in the 

removal of oxalic acid [7, 15]. In fact, the activity of the tested catalysts 

roughly follows their ability to convert dissolved ozone. When the three 

different structured catalysts are compared, differences in their activity are 

clear. The activity decreases in the order CF>HM>ACF. The lower activity 

of sample ACF is attributed to its microporosity, since this sample results 

from the carbonization of textile fibres, and not from the growth of carbon 

nanomaterials on a structured support. Regarding samples CF and HM, it 

would be expected that the catalyst with larger superficial area would 
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perform better in this reaction. However, sample HM, with SBET of ~200 m
2
 

g 
-1

, showed worse performance than sample CF, with with SBET of ~100 

m
2
 g 

-1
. Thus, the better performance of CF can only be attributed to 

differences between the CNF layers. Such differences may be related to 

the structure type of the CNF, density and thickness of the layer, or their 

distribution across the support [25].  

 
Figure 2.4 – Dissolved ozone concentration during ozonation experiments 

carried out in a slurry semi-batch reactor. 

The performances of the grounded structured catalysts are somewhat 

comparable to those obtained with other carbon materials in similar 

systems. The ozonation of oxalic acid using pristine activated carbon (AC) 

achieved removals close to 90% in 180 min [7], while multiwalled carbon 

nanotubes (MWCNT) was able to achieve complete removal in 

approximately 60 min [15]. 

On a second phase, the catalysts were used in their integral structured 

form as catalysts for the ozonation of oxalic acid. For this end, a newly 

prepared experimental set-up was used, which consisted on a bubble 

column with an internal recirculation loop (detailed in Methods and 

materials section). The performance of the structured catalysts in the 

catalytic ozonation of oxalic acid, using a two-phase closed loop system 

(semi-batch) is presented in Figure 2.5. For comparison purposes, 
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activated carbon and multiwalled carbon nanotubes were also used in this 

system, as a packed bed. 

 
Figure 2.5 – Dimensionless oxalic acid concentration during semi-batch 

ozonation experiments using integral structured catalysts in bubble 

column reactor in two-phase configuration. 

The presence of carbon-based catalysts in the system clearly improved 

the removal of oxalic acid when compared with the single ozonation 

process. All the catalysts constituted by carbon nanomaterials performed 

better than the conventional activated carbon counterpart, which can be 

attributed to the higher mesoporosity and higher amount of delocalized π-

electrons on the surface of the former [15]. The best performing catalyst, 

similarly to what was observed with the grounded catalysts, was the 

CF_CNF sample. The SMF_CNF, in the first 45 min, was the second most 

efficient. However, after 60 min, the concentration of oxalic acid reached a 

plateau, which suggests there is some deactivation of the catalyst. The 

HM_CNF catalyst showed slightly worse performance than CNF_CF in 

the first 45 min, but considerably surpassed it in the latter stages of 

reaction. The MWCNT packed bed showed the worst performance among 

the carbon nanomaterials in the first 90 minutes of reaction. However, it 

surpassed catalyst SMF_CF in the latter stages of reaction. The ACF 

sample practically did not show any activity in this case, achieving similar 
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results to those in the single ozonation experiment. Nevertheless, when 

comparing the different structured reactors, and even the granulated 

materials in packed bed, it is important to consider that there are 

important differences between them, such as mass of carbon nanofibers, 

the porosity, the hydraulic regimes and the height of the catalyst bed. In 

an effort to compare the performance of the various catalysts in the 

ozonation of oxalic acid, the initial zero-order kinetic constants were 

calculated. The obtained constants per gram of catalyst are presented in 

Figure 2.6. 

 
Figure 2.6 – Zero-order kinetic rate constants (calculated for 30 min of 

reaction) for the removal of oxalic acid during experiments using the 

integral structured catalysts in the bubble column reactor as a semi-batch 

system in two-phase configuration. 

It is interesting to observe that, when considering the performance 

obtained taking into account the mass of CNF, the HM_CNF catalyst is 

less efficient than the activated carbon and multiwalled carbon nanotubes 

in a packed bed. The most efficient catalyst, considering the amount of 

CNF, is, clearly, the SMF_CNF catalyst. Nevertheless, Figure 2.5 showed 

that this catalyst was not active during the whole reaction time (180 min). 
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2.3 CONTINUOUS OZONATION OF OXALIC ACID 

Finally, continuous catalytic ozonation experiments were performed in 

order to compare the activity of the structured catalysts with that of the 

granulated carbon materials, activated carbon and multiwalled carbon 

nanotubes, in a packed bed. The bubble column reactor with a, internal 

loop was used to these experiments, in a two-phase configuration 

(detailed in Methods and materials). 

The removal of oxalic acid as measured when steady-state was reached 

is presented in Figure 2.7.  

 
Figure 2.7 – Removal of oxalic acid measured at steady-state during 

continuous ozonation experiments using grounded catalysts as packed 

bed and an integral structured catalyst. 

A similar behaviour of the catalysts is observed in continuous catalytic 

ozonation experiments as what was observed when the same materials 

were tested in a semi-batch system. 

Nevertheless, an important feature of the utilization of structured catalysts 

in this reaction is the expected improvement in performance when the 

system is used in a three-phase configuration (as explored in detail in 

section Operation conditions) [26-29]. The HM, SMF and CF structures 
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were tested in a three-phase configuration. However, the SMF and CF 

supports were observed to not be suitable for this type of applications. A 

large concentration of gas was observed in the inferior part of the 

catalysts. When a sufficient large enough amount of gas became 

accumulated, it was released through the sides to the catalyst, completely 

bypassing the interior of the catalyst. The pressure drop was shown to be 

too high to efficiently operate these catalysts in our bubble column 

system. Thus, the HM structure was selected for further testing in the 

catalytic ozonation reactions.  

2.4 PARTIAL CONCLUSIONS 

Several different structured catalysts were tested as catalysts for the 

ozonation of organic pollutants, and compared with other conventional 

carbon-based catalysts used in powder form.  

On a first approach, the structured catalysts were ground to controlled 

particle size, when possible, and used in ozonation reactions carried out 

in a semi-batch stirred tank reactor. Afterwards, the structured catalysts 

were used in experiments carried out in a bubble column reactor with a 

closed internal loop, in their integral form, in semi-batch operation and 

two-phase configuration. Finally, the structured catalysts were used in the 

continuous catalytic ozonation reaction in their integral form, using the 

same bubble column reactor with an internal loop, in two-phase 

configuration. It was found that the structured catalysts showed activity 

comparable to that of activated carbon and multiwalled carbon nanotubes, 

even outperforming these in some situations.  

The structured catalysts were then used in a three-phase system, to take 

advantage of the possibility of development of hydrodynamic regimes that 

enhance the mass transfer between the gas, liquid and solid phases. It 

was found that structures of type CF and SMF did not perform well in this 

configuration, due to high pressure drop and consequent coalescence of 

the gas on the bottom of the catalysts, which eventually lead to bypass of 

the gas-phase through the sides of the catalyst. 
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3. OZONATION OF EMERGING ORGANIC 

MICROPOLLUTANTS 

3.1 DESCRIPTION 

In this chapter, the ozonation of three selected organic emerging 

micropollutants is assessed: atrazine, metolachlor and nonylphenol. 

These compounds were selected as models, among a wide variety of 

possibilities, due to the interest associated with the development of the 

MONACAT project, part of the 7th framework program of the European 

Commission, in which part of the research here presented was included.  

On a first approach, semi-batch ozonation experiments were performed to 

study the reaction mechanism and degradation pathways of the selected 

pollutants, specifically the differences between the non-catalytic and the 

catalytic pathway. Afterwards, the same pollutants were used as model 

pollutants in the continuous ozonation process, to which a structured 

catalyst was applied, consisting in a CNF-covered honeycomb monolith.  

In addition to the study of reaction mechanism taking place, the focus of 

this chapter was mainly on the improvement of the mineralization degree, 

and also in the reduction of the potential toxicity of the resulting effluent, 

since the degradation of these pollutants may result in more toxic 

effluents, which is undesirable. These types of toxic effluents may not be 

suitable for discharge, biological treatment, or human consumption. 

It was found that the catalytic process leads, in general, to an improved 

mineralization degree, mostly due to the actions of radical species 

generated from the action of the catalyst in ozone decomposition, either 

on the surface of the catalyst or in the liquid bulk. However, since changes 

in the product distribution take place when a catalyst is used, the toxicity 

level may not always be improved. Nevertheless, it was found that the 

resulting product distribution, and thus the toxicity level, may be controlled 
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through modifications to the operation conditions of the catalytic ozonation 

process, i.e. residence and contact time. 

The structured catalysts used in this section were prepared and made 

available by the group of E. Garcia-Bordejé at the Instituto de 

Carboquímica, part of the Consejo Superior de Investigación Científica, in 

the context of the European Commission financed project MONACAT. 

Part of the work described in this section has been published in the 

following references: 

J. Restivo, J.J.M. Órfão, S. Armenise, E. Garcia-Bordejé, M.F.R. Pereira, 

J. Hazard. Mater., 239–240 (2012) 249. 

S. Derrouiche, D. Bourdin, P. Roche, B. Houssais, C. Machinal, M. Coste, 

J. Restivo, J.J.M. Orfao, M.F.R. Pereira, Y. Marco, E. Garcia-Bordeje, 

Water Sci. Technol., 68 (2013) 1377. 

J. Restivo, J.J.M. Órfão, M.F.R. Pereira, E. Garcia-Bordejé, P. Roche, D. 

Bourdin, B. Houssais, M. Coste, S. Derrouiche, Chem. Eng. J., 230 (2013) 

115. 

X. Fan, J. Restivo, J.J.M. Órfão, M.F.R. Pereira, A.A. Lapkin, Chem. Eng. 

J., 241 (2014) 66. 

3.2 OZONATION OF ATRAZINE 

3.2.1 REACTION PATHWAY AND MECHANISM 

On a first approach, experiments of ozonation of atrazine were carried out 

in a semi-batch completely stirred tank reactor. These experiments were 

carried out to help understand the behaviour of the organic pollutant when 

exposed to ozonation, the reaction pathways and the reaction 

mechanism. Since the main goal of the ozonation and the catalytic 

ozonation processes is the mineralization of the organic pollutant, 

experiments were performed using a high concentration of atrazine that 

allowed following the mineralization degree by TOC, since the 

identification and quantification of all the degradation products was not 
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possible. Mineralization of the organic pollutants is of interest since it is 

known that the oxidation might lead to the formation of more harmful by-

products [1-3].  

The dimensionless concentration of atrazine during ozonation 

experiments is presented in Figure 3.1. 

 
Figure 3.1 – Dimensionless concentration of atrazine and of TOC during 

semi-batch ozonation experiments. 

Atrazine is quickly oxidized under our reaction conditions, even when no 

catalyst was present in the system. When multiwalled carbon nanotubes 

(MWCNT) were used as catalyst, the ozonation of atrazine was slightly 

delayed, probably due to competition of MWCNT in the reaction with 

dissolved ozone. Nevertheless, in both cases, atrazine is completely 

removed from the system in under 60 min. In fact, ozone is known to 

promptly react with atrazine, mainly through dealkylation on a first 

immediate step [4-8]. The main effect of the presence of the MWCNT 

catalyst in the system is seen in the increase of the mineralization 

achieved, as measured by the removal of TOC. Some of the 

intermediates which are formed during the ozonation of atrazine are 

known to show very slow reaction rates with molecular ozone [8]. 
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Nevertheless, after 360 min, almost 40 %of TOC has been removed from 

solution. The small increase in the final stages are attributed to the 

contribution of the grinding of the carbon materials by the magnetic 

stirring, which contributes to the TOC value of the solution, which was 

observed in blank experiments using only water and the carbon material.  

When the atrazine molecule is considered, the ratio between the organic 

carbon that is present in the s-triazine ring with the total organic carbon 

found in the molecule is 3 8⁄ . This suggests that the TOC removal that was 

observed in the catalytic ozonation experiment in Figure 3.1 might be 

attributed to mineralization of the compounds released from the alkyl 

groups, rather than the s-triazine ring, since it is smaller than the amount 

of carbon found outside the ring. The formation of the organic 

intermediates was followed during ozonation experiments. The generation 

of several products was observed; however, it was only possible to 

identify three of these compounds: desisoropylatrazine (DIA, C5H8ClN5, 

173.604 g mol
-1

), desethylatrazine (DEA, C6H10ClN5, 187.630 g mol
-1

) and 

desisopropylethylatrazine (DEIA, C3H4ClN5, 145.55 g mol
-1

). Several other 

expected intermediates [1, 5, 9-12] were compared with the products 

found during analysis, but no correspondence was found: ammelide, 

cyanuric acid, and the dechlorinated versions of DIA, DEA and DEIA. 

Furthermore, the formation of several organic acids was also observed. 

However, only oxalic acid corresponded to our tested standards, which 

included oxamic, acetic, pyruvic, glycolic, sulfanilic, salicylic, oxaloacetic, 

lactic, fumaric, gyoxilic and benzenossulfonic acids. Some of the observed 

organic acids that were formed presented very low concentrations, and 

thus their unquestionable identification was not possible. The 

concentrations of DEA, DIA and DEIA during the ozonation experiments, 

with or without MWCNT catalyst, are presented in Figure 3.2.  
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Figure 3.2 – Concentration of intermediates of atrazine degradation 

during semi-batch ozonation experiments. 

The concentration of the identified intermediates varies between the non-

catalytic and the catalyst ozonation experiments. While the behaviour of 

DIA was similar in both experiments, with formation of less than 0.25 mg 

L
-1

, which were removed from solution in under 30 min, the concentrations 

of DEA and DEIA were higher in the catalytic ozonation experiments. 

Nevertheless, DEA is removed from solution in 60 min in the single 

ozonation case, and in 300 min in the catalytic ozonation case. DEIA is 

accumulated in solution during both experiments, reaching around 1.0 mg 

L
-1

 and 2.5 mg L
-1 

in single and catalytic ozonation experiments 

respectively, at the end of reaction. To further understand the changes in 

product distribution, the relative amount of the observed unquantified 

compounds is presented in Figures 3.3. The relative amounts were 

obtained through comparison of the peak areas found in HPLC 

chromatograms. The maximum for each peak was found throughout the 

compared experiments. Then, the areas found for each peak in each 

sample are presented as a ratio of that maximum peak area. The values 

taken into account to find the maximum for each compounds included the 

non-catalytic and catalytic experiments performed with and without a 

0 60 120 180 240 300 360 420 480
0.0

0.5

1.0

1.5

2.0

2.5

3.0

C
 (

m
g
 L

-1
)

t (min)

 DEIA O
3

 DEA O
3

 DIA O
3

 DEIA O
3
 + MWCNT

 DEA O
3
 + MWCNT

 DIA O
3
 + MWCNT



Structured catalytic systems for water purification; Part II – Ozonation 
Ozonation of emerging organic micropollutants 

90 
 

radical scavenger (discussed ahead). Thus, it is possible to compare the 

behaviour of each compound between the experiments, but not to 

compare the amounts found for different compounds. 

The observed behaviour of the intermediate compounds on Figure 3.3 

between the non-catalytic and the catalyst experiments was widely 

different. UOC1 was seen to be formed and removed from solution in 15 

min during single ozonation, and in 45 min during catalytic ozonation. The 

maximum was reached during catalytic ozonation. UOC2 was formed in 

similar amounts in both systems, and was not removed in 480 min. 

However, the catalytic system was clearly starting to remove UOC2 in the 

latter stages of reaction, which did not happen in the single ozonation 

system. UOC3 and UOC4 behaved similarly to UOC2; however, the 

amounts formed during catalytic ozonation are smaller than those formed 

during single ozonation. UOC5 was formed and completely removed from 

solution in 180 min during single ozonation and in 360 min during catalytic 

ozonation. UOC6 was not removed from solution in 480 min in both 

reaction systems; nevertheless, the amount found during catalytic 

ozonation was smaller than during single ozonation, and a slight removal 

in the latter stages of reaction could be observed during the catalytic 

experiment. UOC7, UOC8 and UOC9 are formed and removed from 

solution, similarly in both experiments, in 10, 180 and 240 min. The 

maximum value for these compounds was found in the single ozonation 

experiments.  
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Figure 3.3 – Relative amount of unquantified organic intermediates of 

atrazine degradation during semi-batch ozonation experiments: a) 

compounds UOC1 to UOC5; b) compounds UOC6 to UOC9. 

In general, the compounds which were formed and completely removed in 

under 480 min in both experiments were degraded faster during the single 

ozonation experiment. These compounds are likely being oxidized by 

molecular ozone. Thus, during the catalytic experiments, the competition 

0 60 120 180 240 300 360 420 480
0.0

0.2

0.4

0.6

0.8

1.0

 

 

re
la

ti
v
e
 a

m
o
u

n
t

t (min)

 UOC1 Single ozonation

 UOC2 Single ozonation

 UOC3 Single ozonation

 UOC4 Single ozonation

 UOC5 Single ozonation

 UOC1 O
3
 + MWCNT

 UOC2 O
3
 + MWCNT

 UOC3 O
3
 + MWCNT

 UOC4 O
3
 + MWCNT

 UOC5 O
3
 + MWCNT

a)

0 60 120 180 240 300 360 420 480
0.0

0.2

0.4

0.6

0.8

1.0

b)

 

 

re
la

ti
v
e
 a

m
o
u

n
t

t (min)

 UOC6 Single ozonation

 UOC7 Single ozonation

 UOC8 Single ozonation

 UOC9 Single ozonation

 UOC6 O
3
 + MWCNT

 UOC7 O
3
 + MWCNT

 UOC8 O
3
 + MWCNT

 UOC9 O
3
 + MWCNT



Structured catalytic systems for water purification; Part II – Ozonation 
Ozonation of emerging organic micropollutants 

92 
 

caused by the presence of MWCNT slows down the removal of these 

products. The compounds which were not completely removed during the 

experiments in under 480 min, in general, were observed to be slowly 

oxidized by the catalytic system, while they were observed to accumulate 

in solution in the single ozonation system. Thus, molecular ozone is not 

able to degrade these compounds, due to its selective nature in oxidation 

reactions, while the catalytic system is able to produce ozone-derived 

species, in surface or in solution, which are less selective and more 

reactive, and are able to oxidize such accumulating compounds. The 

larger accumulation of DEIA in the catalytic system can be attributed to 

the unselective degradation of the compounds which the single ozonation 

system was not able to oxidize. The larger removal of TOC found in the 

catalytic experiment may also be attributed to the same effect. 

Nevertheless, changes in the final distribution of the products of solution 

show that there are mechanistic differences between the non-catalytic and 

the catalytic system. 

Ozonation experiments were performed in order to understand the 

degradation pathways of atrazine in our reaction system, using DEA, DIA 

and DEIA as the initial compound in solution. Several pathways have 

already been proposed in the literature [1, 5, 9-11]. In general, atrazine 

degradation leads to the formation of DEA and DIA through dealkylation 

(or oxidation of alkyl groups [13]), which through further oxidation yields 

DEIA. DEIA may then be dechlorinated, forming the equivalent Cl-

substituted compound with an OH group. Further substitution with OH 

leads to formation of ammelide, and finally cyanuric acid. The degradation 

of cyanuric acid and eventual mineralization may proceed after the 

opening of the s-triazine ring. The C-N bonds which constitute this ring are 

remarkably difficult to break, as seen in the catalytic ozonation of oxamic 

acid [14]. The direct substitution of the Cl atom in atrazine, DEA or DIA is 

also possible. However, dechlorinated atrazine, DEA, DIA, DEIA, cyanuric 

acid or ammelide were not found during the reactions here described 

when compared with standards. Since our experiments showed several 
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compounds which were not identified/quantified, and that did not 

correspond to dechlorinated versions of the identified compounds, it is 

interesting to understand where they are originating. While DEIA did not 

originate any other compound, as expected, DEA originated DEIA, UOC1 

and UOC2. DIA originated DEIA, UOC3, UOC4 and UOC6. Thus, UOC7, 

UOC8 and UOC9 are formed directly from atrazine, or they may originate 

from the oxidation of one of these three compounds. UOC7, UOC8 and 

UOC9 are detected in solution after as little as 2 min of reaction. UOC3, 

UOC5 and UOC6 are only detected in solution after 10 min of reaction 

minimum, or up to 20 min in the case of UOC6, which suggests that they 

are not formed directly from atrazine. 

The concentration of oxalic acid during ozonation of atrazine is presented 

in Figure 3.4. 

 
Figure 3.4 – Concentration of oxalic acid measured during atrazine 

ozonation experiments in semi-batch. 

There are no major differences in oxalic acid concentration between the 

two systems. After an initial increase, the concentration of oxalic acid 

oscillates around a steady value, if slightly increases. While oxalic acid, 

and other organic acids, are likely formed from side-chain reactions of the 
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alkyl groups of the atrazine molecule, the formation of volatile organic 

compounds should not be discarded, since it is possible that instead of 

mineralization, the removal of TOC might be due to the release of such 

products through the gas outlet [15]. However, efforts to measure the 

formation of CO2 in the gas outlet as a product of mineralization were not 

met with useful results, due to the very low concentrations expected. 

The release of inorganic ionic compounds into solution during ozonation 

of atrazine was also measured, and the observed concentrations are 

presented in Figure 3.5. 

 
Figure 3.5 – Concentration of inorganic ionic compounds measured 

during atrazine ozonation experiments in semi-batch. 

The experiments carried out without catalyst have resulted in a larger 

release of inorganic compounds, both anionic and cationic in nature, to 

the solution. Regarding chlorine, in the case of the single ozonation 

experiments, the concentration rises quickly after 60 min, and reaches a 

plateau close to 1.5 mg L
-1

. Considering the initial atrazine concentration, 

the maximum amount of chlorine that may be released from atrazine is 

0.0315 mM. Considering the maximum concentration of DEIA found 

during single ozonation experiments, 1.0 mg L
-1

, it is possible to determine 
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that the amount of chlorine in this molecule corresponds, in its maximum, 

to 0.00413 mM. Thus, it is possible to conclude that the remaining 

accumulated products during single ozonation experiments must be 

dechlorinated compounds. During the catalytic experiments, the value of 

chlorine does not reach the maximum value in 480 min of reaction. 

Regarding nitrogen released in inorganic ionic compounds, the amount of 

nitrogen contained in the atrazine molecule, considering its initial 

concentration, is 0.23 mmol. The maximum amount of nitrogen measured 

in nitrate and ammonium in solution corresponds to 0.059 mmol. Thus, a 

large percentage of nitrogen is still contained in the organic compounds 

accumulated in solution, in the s-triazine ring or in alkyl groups. The 

amount of nitrogen in the s-triazine ring is 0.138 mmol. Thus, the 

accumulated products must have nitrogen present in the remaining 

structures of their molecule, approximately 0.033 mmol of nitrogen. 

The evolution of toxicity during semi-batch ozonation of atrazine was also 

evaluated through standard Microtox tests of bacterial activity inhibition 

[16, 17], and is presented in Figure 3.6.  

 
Figure 3.6 – Inhibition of bacterial activity during Microtox tests of bacteria 

exposed to effluent samples obtained during semi-batch ozonation of 

atrazine. 
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The toxic potential of the resulting effluents was seen to increase when 

the initial solution was exposed to ozone, regardless of the presence of 

the MWCNT catalyst. The products resulting from the degradation of 

atrazine present a larger toxic potential, individually or in combination, 

than the parent compound. On the other hand, it has been found that the 

degradation of atrazine by natural sunlight results in a decrease of its 

toxicity [2]. Similarly, it has also been reported that, when using 

phototrophic organisms as models, the degradation products of atrazine 

are less toxic than the parent compound [3]. It has been suggested that 

the dechlorination of atrazine and of its intermediates is responsible for 

the decrease of the toxic activity of the species [1]. The diaminated form 

of atrazine (DEIA) has also been reported to be considerably less toxic 

than atrazine, DEA and DIA [3]. However, the results here obtained differ 

from those reported in the literature. The decomposition of atrazine 

resulted in more toxic effluent. Since the individual compounds have been 

reported to be less toxic, the observed values must be attributed to the 

potential toxicity of the different mixtures that are obtained. During single 

ozonation experiments, a great increase in the inhibition of bacterial 

activity was observed after 180 min of reaction, from 8% to 55%. 

However, after 360 min, the measured toxicity of the resulting effluent was 

much smaller, but still above that of the initial solution, at 19%. After 480 

min, the inhibition value raised up to almost 52%. After 180 min of 

reaction, the dechlorination process was seen to be practically complete 

(Figure 3.5). Thus, the changes observed throughout the reaction cannot 

be attributed to this reaction. However, there is a constant increase in the 

amount of nitrate in solution, which may indicate that some dealkylation 

reactions still taking place might be changing the distribution of products 

in solution, which in turn may result in different levels of toxicity. In the 

case of the catalytic ozonation experiment, the increased registered after 

180 min of reaction is much slighter than in the case of single ozonation, 

from 8% to 14%. At 360 min, the toxicity value peaked at 17%, but was 

lowered to 13% at 480 min. At 180 min, DIA and UOC5 are still found in 

solution, unlike in the case of the single ozonation system. Their 
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disappearance may lead to the formation of more toxic products, which 

could explain the higher toxicity found at 360 min, or a more toxic mixture 

of pollutants. Nevertheless, the toxicity decreases as the accumulated 

products in solution also decrease in concentration (UOC2, UOC3 and 

UOC4), as seen at 480 min. 

While it is clear that the presence of the MWCNT catalyst, besides leading 

to a more extensive mineralization of atrazine and its degradation 

products, results in a wide change of the distribution of the accumulated 

products in solution after long reaction times, it is important to notice that 

the catalytic process resulted in much less toxic effluents when compared 

with the single ozonation process. 

To shed light on the effects of the catalytic route in the degradation of 

atrazine, and what reactions are taking place to lead to a change in the 

product distribution observed, experiments were performed using t-BuOH 

as a radical scavenger in solution. The presence of a radical scavenger 

during the catalytic experiments is meant to stop the action of radicalar 

species which are being generated in solution through the decomposition 

of ozone [18]. The measured concentrations of atrazine and TOC during 

experiments using t-BuOH are presented in Figure 3.7. 

Regarding the degradation of atrazine, no significant differences were 

observed when compared with the experiments carried out without radical 

scavenger in solution (Figure 3.1). The slightly slower removal of atrazine 

in the case of the experiment with catalyst is analogous to what was 

observed in the experiments without radical scavenger. The competition 

for ozone of the MWCNT results in less dissolved ozone available to react 

with atrazine. The mineralization degree observed in experiments with 

radical scavenger, in the case of single ozonation, did not significantly 

change. However, the removal of TOC observed in the catalytic 

experiment was widely different, which suggests that the catalytic 

mineralization of atrazine and of its degradation products occurs partially 

through reactions occurring on the liquid phase, due to the action of 

radicalar species resulting from the decomposition of ozone. 
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Figure 3.7 – Dimensionless concentration of atrazine and of TOC during 

semi-batch ozonation experiments with a radical scavenger in solution. 

Changes in the distribution of the degradation products of atrazine are 

expected. Also, the prevalence of reactions involving radical species is 

expected to lead to a different product distribution, since ozone is known 

to selectively attack specific bonds in the atrazine molecule [19]. The 

measured concentrations of the quantifiable intermediate organic 

degradation products (DEIA, DEA and DIA) during ozonation of atrazine in 

the presence of a radical scavenger are presented in Figure 3.8.  

The behaviour of DIA in the ozonation experiments with and without 

radical scavenger did not differ significantly. In fact, it is expected that DIA 

reacts promptly with ozone [8]. A very large increase in the measured 

concentration of DEA is observed when compared with the experiments 

without a radical scavenger, for both reaction systems. Unlike observed in 

the previous experiments, the concentration of DEA was larger when 

single ozonation was applied, and this compounds was not completely 

removed in 480 min. In the catalytic system, a smaller amount of DEA 

was measured in solution, and complete removal was achieved after 420 

min. The reaction of DEA with radicalar hydroxyl species is expected to be 

much faster than the direct reaction with ozone [8]. The experiments with 

radical scavenger showed a slower decay of DEA, which fits well with the 
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expected behaviour. Nevertheless, the much higher amounts formed 

during radical scavenger experiments shows that the presence of the 

scavenger shifted the degradation pathways of atrazine, producing larger 

amounts of this compound. The concentrations of DEIA found in solution 

are slightly higher in the experiments with radical scavenger in the case of 

single ozonation. However, the catalytic ozonation experiment yielded 

smaller amounts of DEIA. The smaller amounts may be related with the 

slower degradation of intermediate products with originate DEIA, such as 

DEA, due to the scavenging of radicals in solution. The relative amounts 

of the unidentified organic intermediate products of the degradation of 

atrazine are presented in Figure 3.9. The values presented were 

calculated in relation to the maximum value for each compound found in 

the catalytic and non-catalytic experiments, with and without a radical 

scavenger. 

 
Figure 3.8 – Concentration of intermediates of atrazine degradation 

during semi-batch ozonation experiments in the presence of a radical 

scavenger. 

The most evident difference between the experiments with and without 

radical scavenger is that the addition of t-BuOH, in general, resulted in 

smaller amounts of these intermediates, with the exception of UOC9 
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which peaked in the early stages of the single ozonation experiment. 

UOC1, UOC6 and UOC7 were not formed during the single ozonation 

experiment, and were formed in small concentrations during catalytic 

ozonation. Their formation is thus linked to reactions with radicalar 

species in solution. UOC2, in both radical scavenger experiments, 

accumulates through the reaction. In the case of single ozonation, an 

increase in the amount found in solution is noticeable throughout the 

whole experiment, while in catalytic ozonation the amount reaches a 

plateau after 180 min, with a slight decrease in the latter stages. A similar 

behaviour was observed in the experiments without radical scavenger. 

Since the four experiments yielded similar results, it is likely that the 

formation of UOC2 is related to direct ozonation mechanisms. The 

removal of this compound in the catalytic ozonation system, albeit small, 

seems to be related to reactions occurring on the surface of the catalyst.  

UOC3 appears in much smaller amounts in both radical scavenger 

experiments. Since it appears to be accumulated during reactions, the 

smaller amounts probably show that solution radicalar reactions are 

involved in its formation. UOC4 and UOC5 accumulated throughout the 

single ozonation experiment. In the catalytic ozonation experiment a 

similar behaviour was observed, albeit at a slightly higher concentration. 

Nevertheless, a decreasing tend is noticeable in the latter stages of 

reaction. Similar behaviour was observed in experiments without the 

radical scavenger, and thus their degradation may be attributed to surface 

oxidation reactions. UOC8 is seen in smaller amounts in the catalytic 

ozonation experiment, being completely removed after 180 min, while in 

the single ozonation experiments its removal was only observed after 360 

min. Its formation and removal should be due to action of direct ozonation 

in solution. UOC9 is accumulated in solution in the single ozonation 

experiment, which was not observed in the experiment without radical 

scavenger. However, its removal was complete in the catalytic ozonation 

experiment, although slower than when no radical scavenger was present. 

Surface and bulk reactions with radical species may be taking part in its 
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removal from solution. The formation of other less reactive radicals in 

solution might also play a role in the oxidation of some intermediates, 

more selectively than other more active radical species [1].  

 

 
Figure 3.9 – Relative amount of unquantified organic intermediates of 

atrazine degradation during semi-batch ozonation experiments with a 

radical scavenger ( a) compounds UOC1 to UOC5; b) compounds UOC6 

to UOC9). 

The concentration of oxalic acid during ozonation of atrazine is presented 

in Figure 3.10, in experiments using a radical scavenger. 
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Figure 3.10 – Concentration of oxalic acid measured during atrazine 

ozonation experiments in semi-batch using a radical scavenger. 

The concentration of oxalic acid in the single ozonation experiment carried 

out in the presence of a radical scavenger was below the limit of 
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radical solution reactions are responsible for the formation of oxalic acid, 

depending on the reaction system. Nevertheless, the possibility that the 

difference in the concentrations of oxalic acid is due to changes in the 

reaction path occurring in earlier stages of reaction cannot be excluded. 

The products which lead to the formation of oxalic acid may not be 
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present in solution in the case of the single ozonation experiment carried 

out in the presence of t-BuOH. 

The concentrations of inorganic anionic compounds found during 

experiments carried out in the presence of t-BuOH are presented in 

Figure 3.11. 

 
Figure 3.11 – Concentration of inorganic ionic compounds measured 

during atrazine ozonation experiments in semi-batch with a radical 

scavenger. 
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Cl position [13]. Nevertheless, the surface reactions taking place in the 

catalytic ozonation experiments were shown to be the main responsible 

for the release of chlorine in the catalytic reaction, which suggests that 

different mechanisms are taking place in the different reaction systems. 

The release of nitrate in the catalytic ozonation experiment is higher than 

in the single ozonation experiment in the early stages of reaction, but after 

300 min, the tendency is reversed, due to a change in the release rate 

that happens at around the 60 min mark in the catalytic experiment. 

However, the increasing trend is kept for both reactions throughout the 

whole experiment. Similarly to what was observed in the case of chlorine, 

the evolution observed in the catalytic ozonation experiment did not 

significantly change, whether the radical scavenger was used or not. On 

the other hand, during the single ozonation experiment with radical 

scavenger, the release of nitrate achieved a slightly higher value at the 

end of the 480 min when compared with the experiment without radical 

scavenger. The more selective nature of the ozone oxidative action [20] 

suggests that, when the action of radical species is hindered, the higher 

release of nitrate is related to the attack of molecular ozone in specific 

bonds that result in the release of this anion. The release of ammonium 

was very small when compared with the other anions, which was also 

observed in the experiments without radical scavenger. 

The inhibition of activity of luminescent bacteria, Vibrio Fischeri, in the 

standard Microtox test, was evaluated using samples obtained from the 

ozonation reactions carried out in the presence of t-BuOH (Figure 3.12). 
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Figure 3.12 – Inhibition of bacterial activity during Microtox tests of 

bacteria exposed to effluent samples obtained during semi-batch 

ozonation of atrazine in the presence of a radical scavenger. 

The measured toxicity of the initial atrazine solution was not altered due to 

the inclusion of t-BuOH, which indicates that the evaluation of the toxicity 

in these experiments may be compared with that of the experiments 

without a radical scavenger. It is evident that, as before, the single 

ozonation process leads to a more toxic effluent than its catalytic 

counterpart. In the single ozonation experiment, a constant increase was 

observed, reaching over 60% of inhibition at 480 min. In the experiment 

without t-BuOH, drastic variations were observed throughout the 

experiment, which were not present in this case, suggesting that the 

changes in the product distribution result in changes in the toxicity of the 

effluent. The catalytic experiment resulted in a similar trend throughout the 

experiment, whether radical scavenger was or not used. However, the 

former reached slightly lower levels of toxicity at 480 min. The surface 

reactions taking place clearly have a major role in the reduction of the 

toxicity of the effluent. 
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A detailed discussion of the role of adsorption of atrazine on the surface of 

MWCNT and of the kinetics of the catalytic ozonation of atrazine is 

presented in Appendix A. 

In summary, the presence of a catalyst in the ozonation of atrazine does 

not significantly affect the degradation of the pollutant. However, the 

mineralization degree is widely improved, through the action of radical 

species. The presence of the catalyst also affects the distribution of the 

products of degradation found in solution, through both surface and bulk 

reactions. The changes in the distribution of the products by the MWCNT 

lead to the production of a less toxic effluent. 

3.2.2 CONTINUOUS CATALYTIC OZONATION OF ATRAZINE 

After an intensive study of the reaction mechanisms of the catalytic 

ozonation of atrazine performed in semi-batch, the catalytic ozonation 

process was studied as a potential application for the removal and 

mineralization of atrazine in continuous operation. For these experiments, 

a bubble column reactor with an internal loop was used (detailed 

experimental conditions in section Materials and methods). The reaction 

was first carried out without any catalyst, and afterwards in the presence 

of one CNF-covered honeycomb monolith, with CNF loading ~10.2 wt.%. 

In Figure 3.13, the removal of atrazine and the mineralization degree, 

represented by TOC removal, are presented, for the single ozonation and 

catalytic ozonation carried out in continuous operation, using a structured 

catalyst in the latter. 

While the removal of atrazine was slightly worse in the catalytic 

experiment, which was expected taking into account what was observed 

in semi-batch experiments, the mineralization degree achieved was 

slightly better when a catalyst was used. Nevertheless, the TOC removal 

was still small, while single ozonation did not lead to mineralization of 

atrazine at all. The concentration of the quantified organic intermediates 

did not vary greatly between the non-catalytic and the catalytic 
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experiments. The concentration of DEA and DEIA were slightly lower in 

the catalytic ozonation experiment, while the concentration of DIA was 

slightly higher. For short contact times during the semi-batch ozonation 

experiments, similar distribution of the products was observed. The 

considerations regarding the mineralization mechanisms of atrazine made 

for the semi-batch process should be still valid in the case of the 

continuous ozonation experiments. 

 
Figure 3.13 – Removal of atrazine and TOC during continuous ozonation 

experiments (left axis) and concentration of the quantifiable organic 

intermediates (right axis) measured at steady-state. 

The concentration of oxalic acid was also measured in the continuous 

ozonation experiments, and is presented in Figure 3.14, together with the 

measured concentrations of inorganic ions found in solution. 
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observed differences in oxalic acid between the non-catalytic and the 

catalytic ozonation experiments were not observed in the semi-batch 

experiments. In fact, the measured concentration of oxalic acid was much 

higher in this case, which suggests differences in the mechanisms taking 

place. It is possible that in this system, different reaction pathways are 

taking place, and thus increasing the production of oxalic acid. On the 

other hand, the catalytic system is expected to actively remove oxalic acid 

from solution. 

 
Figure 3.14 – Concentration of oxalic acid and inorganic anionic 

compounds measured at steady-state during continuous ozonation 

experiments. 
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Figure 3.15 – Relative amount of unquantified organic compounds during 

continuous ozonation experiments, as measured at steady state. 
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longer contact times with the catalyst indicates that the catalytic ozonation 

process has potential to achieve high degrees of mineralization. 

The toxicity of the resulting effluent during continuous ozonation 

experiments was also monitored, using the standard Microtox test. The 

inhibition of activity of luminescent bacteria is presented in Figure 3.16, 

when exposed to samples resulting from the non-catalytic and the 

catalytic process. 

It is clear that the ozonation process yields a more toxic effluent than the 

initial solution, containing only atrazine. Moreover, the catalytic ozonation 

results in an even more toxic effluent. While the increase in toxicity during 

ozonation was also observed in semi-batch experiments, the catalytic 

ozonation process was expected to result in less toxic effluents than its 

non-catalytic counterpart. The observed behaviour must be related to the 

fact that the retention times used in this experiments are representative of 

short reaction times in semi-batch, and at these times, changes in the 

reaction path of atrazine produce a more toxic combination of 

intermediate compounds, together with atrazine, in solution. 

 
Figure 3.16 – Toxicity levels measured as inhibition of activity of 

luminescent bacteria when exposed to samples taken from the continuous 

ozonation experiments at steady-state. 
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In summary, it was shown that the application of a structured catalyst 

during continuous ozonation has the potential to further improve the 

mineralization of atrazine. Furthermore, the distribution of the intermediate 

products generated during the process was shown to be altered in the 

presence of a catalyst. In general, the distribution followed what was 

expected, after the observation made in semi-batch experiments. 

Nevertheless, some differences were observed, which suggest that 

different reaction paths may be taking place, most likely due to the 

difference in the reactors used for the semi-batch and the continuous 

experiments. 

3.3 OZONATION OF METOLACHLOR 

3.3.1 REACTION PATHWAY AND MECHANISM 

The study of the ozonation of metolachlor was initiated, similarly to what 

was done with atrazine, with experiments carried out in a semi-batch 

completely stirred tank reactor, in order to understand the behaviour of the 

organic pollutant when exposed to ozone, and the effect of the catalyst in 

the reaction. High concentrations of metolachlor were used, which allowed 

the determination of the mineralization degree through analysis of TOC. 

The mineralization of metolachlor, rather than just its removal from 

solution, is of interest since it is known that the oxidation of the pollutant 

might yield a more toxic effluent [2, 21, 22]. 

In Figure 3.17 the evolution of the dimensionless concentration of MTLC 

during the semi-batch catalytic ozonation experiment are presented, 

together with the results obtained for the blank test (single ozonation). In 

addition, the adsorption of metolachlor on the surface of MWCNT in also 

presented in Figure 3.17, as well as the dimensionless concentration of 

metolachlor during ozonation experiment carried out in the presence of a 

radical scavenger, tert-BuOH. 
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Figure 3.17 – Dimensionless concentration of metolachlor and of TOC 

during semi-batch ozonation experiments. 

It is noticeable that the addition of MWCNT did not accelerate the 

decomposition of the pesticide when compared with single ozonation, 

which suggests that the degradation of MTLC is mainly due to the direct 

reaction with ozone. The formation of non-selective hydroxyl radicals 

might have a negative effect on the degradation of the parent pollutant, 

since less ozone is available to directly react with MTLC. However, the 

difference between the two experiments is negligible when only the parent 

compound is considered. The addition of the radical scavenger tert-BuOH 

did not significantly alter the rate of MTLC degradation, whether there was 

or was not a catalyst present. This suggests that under the current 

experimental conditions MTLC is reacting mainly with ozone. Although 

adsorption on MWCNT is rather extensive, as seen in the experiment with 

no ozone, the main mechanism for the catalytic ozonation of metolachlor 

is by oxidation. 

Although MTLC is easily degraded, total mineralization is not readily 

achieved. The influence of the presence of MWCNT in solution during the 

ozonation experiments is easily noticeable. Further mineralization of the 

organic carbon in solution is attributed to hydroxyl radicals or surface 
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radical species, which production is enhanced by the presence of the 

catalyst. However, it is visible that the degradation of the organic matter 

slows down after 60 minutes of reaction. This occurs because the by-

products of the oxidation of MTLC are less reactive than MTLC. On the 

other hand, there is also a contribution of the powder material to TOC 

concentration that cannot be disregarded [23]. Additional tests (without 

pollutant) were carried out, but this contribution was found to be 

dependent on the composition of the solution. Then, it was not possible to 

unmistakably discount the mentioned effect on TOC values. 

The concentration evolution of 2-ethyl-6-methylaniline during the 

ozonation experiments of metolachlor is presented in Figure 3.18.  

The intermediate compound 2-ethyl-6-methylaniline is a known by-product 

of the oxidation of metolachlor and presents very high values of toxicity 

[21, 22]. This intermediate is formed almost immediately in the beginning 

of the ozonation reaction, and seems to be easily degraded, being 

completely removed after 45 minutes during the single ozonation 

experiment, and after 30 minutes during the catalytic ozonation 

experiment.  

 
Figure 3.18 – Concentration of 2-ethyl-6-methylaniline during semi-batch 

ozonation experiments of metolachlor. 
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To assess the role of molecular ozone and of the highly-reactive radicals 

in the degradation of this compound, semi-batch ozonation experiments 

were made using 2-ethyl-6-methylaniline as the starting pollutant (Figure 

3.19).  

 
Figure 3.19 – Dimensionless concentration of 2-etyl-6-methylaniline and 

of TOC during semi-batch ozonation experiments. 
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decrease in the amount formed during the ozonation of MTLC with a 
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oxidation of organic matter when compared to molecular ozone. The 

presence of the catalyst did improve the mineralization degree, which 

again suggests that the more recalcitrant by-products are to be found 

further in the degradation chain. 

The evolution of three identified organic acids (oxalic, pyruvic and oxamic 

acids) is presented in Figure 3.20, for ozonation and catalytic ozonation. 
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Figure 3.20 – Concentration of oxalic, pyruvic and oxamic cids during 

semi-batch ozonation experiments of metolachlor. 
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The evolution of pyruvic acid is in accordance with what is proposed 

above for oxalic acid. In this case, after 6 hours of reaction, a decrease in 

the concentration during the catalytic ozonation experiment is observed. 

For the single ozonation experiment the acid accumulated continuously 

during the test (8 hours), as mentioned above for oxalic acid. 

Oxamic acid is also recalcitrant to direct ozonation. However, the reaction 

with the highly-reactive radicals produced during the catalytic ozonation 

experiment is not as fast as for oxalic and pyruvic acids [18], which 

explains the accumulation in solution during single and catalytic 

ozonation. The amount detected in solution is far smaller when compared 

to the other quantified acids. 

The mass balance of the carbon measured in the quantified organic 

compounds in relation to the measured TOC value is presented in Table 

3.1. The values of inorganic carbon in solution were residual and are 

negligible in this case. The identified TOC was calculated following 

equation 3.1. Mineralized carbon (TOCmineralized) was calculated from the 

removal of TOC from solution. 

(3.1) 

Table 3.1 – Carbon mass balance in quantified organic compounds during 

semi-batch ozonation of metolachlor. 

t (min) TOCMTLC (mg L
-1

) 
TOC2-ethyl-6-methylaniline 

(mg L
-1

) 
TOCorganic acids (mg L

-1
) TOCidentified/TOC0 

 O3 O3+MWCNT O3 O3+MWCNT O3 O3+MWCNT O3 O3+MWCNT 

0 9.2 9.1 0 0 0 0 - - 

30 0.14 0.44 0.02 0.0003 0.0049 0.013 0.05 0.18 

60 0 0 0 0 0.0063 0.011 0.07 0.25 

120 0 0 0 0 0.0076 0.020 0.14 0.28 

 

𝑇𝑂𝐶𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑑  = 𝑇𝑂𝐶𝑀𝑇𝐿𝐶 + 𝑇𝑂𝐶2−𝑒𝑡ℎ𝑦𝑙−6−𝑚𝑒𝑡 ℎ𝑦𝑙𝑎𝑛𝑖𝑙𝑖𝑛𝑒 + 𝑇𝑂𝐶𝑜𝑟𝑔𝑎𝑛𝑖𝑐  𝑎𝑐𝑖𝑑𝑠 + 𝑇𝑂𝐶𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑      (9) 
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Observing Table 3.1, it is evident that there is a large percentage of 

organic carbon not detected. In fact, it is expected that large amounts of 

organic compounds, which are not quantified here, are still present in 

solution, even after 8 hours of reaction [22, 24-27]. In addition, other 

peaks were detected in the chromatogram resulting from the analysis by 

HPLC-UV. However, since it was not possible to unmistakably identify the 

corresponding compounds, they were not quantified in this study. It is, 

however, important to notice in Table 3.2 that the contribution of 

unidentified TOC to what is measured in solution is decreasing after the 

first minutes, when the parent compound is completely degraded. This 

suggests that, for longer reaction times, a larger amount of the total 

organic carbon is present in the end-of-chain degradation products [22, 

24]. A slightly larger increase in the fraction of identified TOC is seen in 

the catalytic ozonation experiment. This difference between the two 

experiments indicates that the catalytic ozonation experiment is degrading 

the top-of-chain formed intermediates at a faster rate, yielding a larger 

amount of carbon containing organic acids. This, combined with a larger 

portion of the initial TOC mineralized, justifies the more extensive increase 

in identified TOC in the case of the catalytic ozonation experiments. 

Figure 3.21 and Figure 3.22 present the concentration of inorganic ions 

found during semi-batch ozonation experiments. 
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Figure 3.21 – Concentration of chloride and nitrate ions during semi-batch 

ozonation experiments of metolachlor. 

 
Figure 3.22 – Concentration of ammonium and nitrite ions during semi-

batch ozonation experiments of metolachlor. 

The release of chloride and nitrate ions during the experiments is very 

similar whether the catalyst is present or not. The main difference regards 

the production of ammonium and nitrite. A larger amount of nitrite is 
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produced in the catalytic ozonation experiment, while the amount of 

released ammonium decreases. This may be due to the different reaction 

pathways followed by ozone and hydroxyl radicals to degrade organic 

compounds. 

Mass balances of chlorine and nitrogen quantified during the semi-batch 

ozonation experiments are presented in Figure 3.23. The concentration of 

chlorine was calculated by adding the mass of chlorine in the measured 

MTLC and what was found in solution by ion chromatography. The 

concentration of nitrogen was calculated by adding the mass of nitrogen in 

the measured MTLC and that found in solution by ion chromatography as 

nitrite, nitrate and ammonium, and also the mass of nitrogen in the 

measured oxamic acid. 

 
Figure 3.23 – Mass balances of chlorine and nitrogen quantified during 

semi-batch ozonation experiments of metolachlor. 

It is noticeable that all chlorine initially present in MTLC is very quickly 

released to the solution. The initial decrease indicates that the primary  

degradation of MTLC does not involve dechlorination. In fact, a large part 

of chlorine is present in the intermediates formed in the beginning of the 

degradation of MTLC. These chlorine containing compounds are oxidized 
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directly by ozone, since this appears to occur similarly in both experiments 

[22]. After 120 minutes, the chlorine contained in MTLC was completely 

released into solution. Nitrogen presents a similar behaviour to chlorine, 

suddenly decreasing in the beginning of the reaction, due to the 

degradation of MTLC, and then gradually increasing during the 

experiments. This suggests that intermediate nitrogen containing by-

products are being formed and slowly being mineralized. Contrary to 

chlorine, nitrogen increases much slower throughout the experiments. In 

fact, a great part of the expected by-products formed contain nitrogen in 

their structure [22, 24]. 

The measurements of acute toxicity in terms of inhibition of the 

luminescent activity of the bacteria are presented in Figure 3.24. 

 
Figure 3.24 – Inhibition of luminescent activity of bacteria exposed to 

samples taken during semi-batch ozonation of metolachlor. 

The oxidation of the parent compound results in by-products which are 

more toxic for Vibrio Fischeri than MTLC itself. The possibility of a 

synergistic effect among the by-products cannot be excluded [2, 21, 22]. 

Nevertheless, the presence of the catalyst diminishes the effect of 

ozonation on toxicity. This may be due to a smaller amount of compounds 
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toxic to these bacteria presented in solution due to a more complete and 

less selective oxidation of MTLC [22]. 

In summary, the degradation of metolachlor was easily achieved with or 

without the application of a catalyst. However, it was shown that this was 

not the case for the mineralization of the pollutant. In fact, large amounts 

of organic matter are still present in solution even after 8 hours of reaction 

in the semi-batch reactor. The presence of MWCNT in solution catalysed 

the oxidation of the organic matter. The mineralization degree achieved in 

semi-batch reactions was higher, and the reaction was shown to reach 

further down on the degradation chain of the herbicide when compared 

with single ozonation experiments. 

3.3.2 CONTINUOUS OZONATION OF METOLACHLOR 

The continuous catalytic ozonation process was used in the removal of 

metolachlor from water. For these experiments, a bubble column reactor 

equipped with an internal loop was used, as detailed in section Methods 

and materials. The structured catalysts used for these reactions consisted 

on CNF-covered honeycomb monolith, with 22 mm diameter and CNF 

loading of approximately 10.2%. 

Since the system is being operated continuously, several samples were 

taken at steady state (after 2 hours) and the average values are 

presented. These include the removal of MTLC and TOC, the 

concentrations of the released inorganic ions and organic acids in the 

liquid phase, as well as the concentration of 2-ethyl-6-methyaniline. 

In Figure 3.25 the removals of metolachlor and of TOC, as a measure of 

the mineralization degree achieved, are presented, together with the 

measured concentration of 2-ethyl-6-methylaniline at steady state. 
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Figure 3.25 – Removal of metolachlor and TOC, and concentration of 2-

ethyl-6-methylaniline, during continuous ozonation experiments, 

measured at steady state. 

In Figure 3.25 a trend similar to that found during the semi-batch 

ozonation experiments is observed for the removal of MTLC and its 

mineralization. In this case, since the carbon material is well fixed to the 

structured support (previously tested by ultra-sonication), the TOC 

measurements were not affected by the release of carbon material to the 

solution. Thus, the difference between the single ozonation and the 

catalytic ozonation experiments, regarding the TOC values, is wider, when 

compared to the semi-batch experiments. The percentage of TOC 

removal clearly rises with the inclusion of the monolithic catalyst. This 

agrees with the trend that was found during the semi-batch experiments. 

Furthermore, the formation of 2-ethyl-6-methylaniline decreased with the 

presence of the catalyst, and also with longer contact times. This agrees 

with the trend found during the semi-batch experiments. To assess the 

role of the hydroxyl radicals and of molecular ozone in the degradation of 

this intermediate, continuous experiments were made using this 

compound as the starting pollutant (Figure 3.26).  
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Figure 3.26 – Removal of 2-ethyl-6-methylanilineand TOC during 

continuous ozonation experiments, measured at steady state. 

Although the inclusion of the catalyst did not enhance the degradation of 

2-ethyl-6-methylaniline, the mineralization degree is improved. This 

agrees with the trend found during the semi-batch experiments. 

An important difference is found in the organic acids and inorganic ions 

released into solution when compared to those found in the semi-batch 

ozonation experiments. The concentration of the organic acids at steady 

state is presented in Figure 3.27, together with the concentration of the 

inorganic ions at steady state. 

It is likely that, given the residence (~20 minutes) and contact (~1.9 

minutes) times at which the system is being operated, the mineralization 

of MTLC is still in its early stages, as can be attested by the values of the 

parent compound still present in the effluent. It is known that the hydroxyl 

radicals produced during catalytic ozonation are less selective than ozone 
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chloride suggest that the observed variability in the concentrations of this 

ion might be due to experimental errors.  

 
Figure 3.27 – Concentration of organic acids and inorganic ions during 

continuous ozonation experiments, measured at steady state. 

The toxicity values obtained at steady state (Figure 3.28) corroborate the 

suggestion that the compounds formed present higher toxicity for Vibrio 

Fischeri than the parent compound [21, 22].The presence of the 

monolithic catalyst during the reaction reduced the toxicity values when 

compared to the single ozonation experiment. Longer contact times with 

the catalyst produced further reduced toxicity levels.  

In summary, the application of a structured catalyst in the continuous 

ozonation experiments was shown to have potential as a solution for 

practical applications. The presence of the catalyst enhanced the 

mineralization of the organic matter in solution. The increase of the 

contact time with the catalyst further increased the mineralization of the 

organic matter in solution. The ozonation of MTLC was shown to increase 

the toxicity to the bacteria used to simulate the effect of the effluents 

produced in this study on an aquatic environment. However, it was shown 
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that the addition of a catalyst to the system reduces the impact of the 

ozonation process. 

 
Figure 3.28 – Toxicity of the resulting effluent of continuous ozonation of 

metolachlor, as measured at steady state. 

3.4 OZONATION OF NONYLPHENOL 

3.4.1 REACTION PATHWAY AND MECHANISM 

The same approach that was carried out for the other emerging organic 

pollutants was applied to the ozonation of nonylphenol, which was first 

studied using a semi-batch completely stirred reactor. It was observed 

that this pollutant reacted very quickly with ozone, and no nonylphenol 

was detected in solution after as little as 2 min of contact with ozone. For 

large ozone doses, the oxidation of nonylphenol has been observed to be 

quick [28, 29]. Nevertheless, the formation of several intermediate by-

products is expected [28-34]. Even though it was not possible, in this 

case, to quantify the intermediates formed, the TOC content was 
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during the ozonation experiments. The dimensionless TOC concentration 

is presented in Figure 3.29. 

 
Figure 3.29 – Dimensionless TOC concentration in ozonation 

experiments of nonylphenol carried out in semi-batch reactor. 

It is clear that, while nonylphenol is being removed by ozone, the TOC 

content is accumulated in solution, even for very long reaction times. Also, 

while adsorption experiment showed potential for a wide removal of the 

pollutant, such was not observed in the catalytic ozonation experiment, 

suggesting that the by-products of the ozonation reaction are not easily 

adsorbed on MWCNT. 

Even though mineralization was not achieved in the ozonation 

experiments [29], it is likely that changes in the reaction pathway of 

nonylphenol are taking place due to the presence of the MWCNT catalyst. 

In fact, the reaction of ozone and of hydroxyl radicals with nonylphenol 

has been extensively studied and the product distribution is expected to 

be different, due to different reaction mechanisms [29, 34]. Thus, the 

resulting toxicity of the effluent is likely to vary with the use of a catalyst in 

the ozonation process [35-37]. The measured toxicity level as inhibition of 
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activity of luminescent bacteria throughout the ozonation experiments of 

nonylphenol is presented in Figure 3.30. 

 
Figure 3.30 – Measured toxicity during semi-batch ozonation experiments 

of nonylphenol. 

As expected, the measured toxicity suffered great variations throughout 

the ozonation experiments.  

3.4.2 CONTINUOUS OZONATION OF NONYLPHENOL 

The continuous ozonation process was afterwards applied to the removal 

of nonylphenol from water. The removals of nonylphenol and of TOC, as a 

measure of the degree of the achieved mineralization, observed at steady 

state, are presented in Figure 3.31. For these experiments, a bubble 

column reactor equipped with an internal loop was used, as detailed in 

section Methods and materials. The structured catalysts used for these 

reactions consisted on CNF-covered honeycomb monolith, with 22 mm 

diameter and CNF loading of approximately 10.2%. 
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Figure 3.31 – Removal of nonylphenol and TOC during continuous 

ozonation experiments, measured at steady state. 

As was observed in the semi-batch experiments, the removal of 

nonylphenol was complete during the non-catalytic and the catalytic 

experiment. However, it is interesting to notice that an increase in the 

TOC removal is observed. The removal in the catalytic experiment 

reaches 21%, which is a wide improvement when compared with the 2% 

obtained during the non-catalytic experiment. However, this observation 

differs greatly from what was observed in semi-batch experiments, likely 

due to the greater mass of CNF available for reaction, and no contribution 

of the carbon materials to the measured TOC value. 

The toxicity measured at steady state during the continuous ozonation 

experiments is presented in Figure 3.32. 

Much slighter variations of the measured toxicity were observed in the 

continuous experiments, when compared with what was observed in 

semi-batch. However, since the mineralization degree was very improved 

during the catalytic ozonation experiment, it is not expected that similar 

products distributions are present in solution, but rather that the small 

variations are coincidental. 
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Figure 3.32 – Measured toxicity during continuous ozonation experiments 

of nonylphenol. 

In summary, it was observed that while nonylphenol is quickly removed 

from solution during the ozonation process, its mineralization is not readily 

achieved. The changes in the product distribution have a drastic impact in 

the observed toxicity of the effluent. Nevertheless, mineralization was 

improved during catalytic continuous experiments, while the toxicity level 

did not increase much in these experiments.  

3.5 PARTIAL CONCLUSIONS 

The ozonation of three selected emerging organic micropollutants was 

studied. It was observed, in general, that while single ozonation was 

sufficient to remove readily the pollutants from water, their mineralization 

was not fully achieved. The application of carbon based catalysts was 

shown to improve mineralization, through the promoting of reactions 

involving radical species, taking place on the surface of the catalyst and in 

the solution bulk. Moreover, it was observed that the application of a 

catalyst has a wide impact in the distribution of the accumulated products 

in solution, mostly due to this promoting effect, which alters the 
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mechanism of degradation of the organic pollutants. Furthermore, the 

variation of the experimental conditions was observed to alter the 

predominant mechanisms taking place, and also the adsorption of the 

pollutants on the surface of the catalysts. The larger mineralization degree 

and the changes in the product distribution eventually led to changes in 

the toxicity of the effluents. Finally, it was also shown that the continuous 

ozonation process applied using a structured honeycomb monolith as a 

support for the carbon active phase is viable, mainly due to the 

improvement of the mineralization degree when compared with the 

conventional ozonation process. 

  



Structured catalytic systems for water purification; Part II – Ozonation 
Ozonation of emerging organic micropollutants 

131 
 

REFERENCES 

[1] K.H. Chan, W. Chu, Applied Catalysis B: Environmental, 58 (2005) 
165-174. 
[2] Y.-J. Lin, M. Karuppiah, A. Shaw, G. Gupta, Ecotoxicology and 
Environmental Safety, 43 (1999) 35-37. 
[3] G.W. Stratton, Archives of Environmental Contamination and 
Toxicology, 13 (1984) 35-42. 
[4] Y.M. Vera, R.J.d. Carvalho, M.L. Torem, B.A. Calfa, Chemical 
Engineering Journal, 155 (2009) 691-697. 
[5] C.L. Bianchi, C. Pirola, V. Ragaini, E. Selli, Applied Catalysis B, 
Environmental, 64 (2006) 131-138. 
[6] J. Ma, N.J.D. Graham, Water Research, 34 (2000) 3822-3828. 
[7] J. Ma, N.J.D. Graham, Water Research, 33 (1999) 785-793. 
[8] F.J. Beltrán, M. González, B. Acedo, F.J. Rivas, Journal of Hazardous 
Materials, 80 (2000) 189-206. 
[9] C.S. Castro, M.C. Guerreiro, M. Gonçalves, L.C.A. Oliveira, A.S. 
Anastácio, Journal of Hazardous Materials, 164 (2009) 609-614. 
[10] K.H. Chan, W. Chu, Applied Catalysis B: Environmental, 58 (2005) 
157-163. 
[11] B. Balci, N. Oturan, R. Cherrier, M.A. Oturan, Water Research, 43 
(2009) 1924-1934. 
[12] S. Nélieu, L. Kerhoas, J. Einhorn, Environmental Science & 
Technology, 34 (1999) 430-437. 
[13] K.H. Chan, W. Chu, Journal of Hazardous Materials, 118 (2005) 227-
237. 
[14] A.G. Gonçalves, J.L. Figueiredo, J.J.M. Órfão, M.F.R. Pereira, 
Carbon, 48 (2010) 4369-4381. 
[15] S.A. Carr, R.B. Baird, Water Research, 34 (2000) 4036-4048. 
[16] A. Environmental, Microtox Manual (1—4), 1997. 
[17] I.O.f. Standardization—ISO, Water Quality—Determination of the 
Inhibitory Effect of Water Samples on the Light Emission of Vibrio Fischeri 
(Luminescent bacteria test)—Part 3: Method using Freeze-Dried Bacteria, 
Zurich, Switzerland, 2007. 
[18] P.C.C. Faria, J.J.M. Órfão, P. M.F.R., Applied Catalysis B, 
Environmental, 79 (2008) 237. 
[19] C.J. Hapeman-Somich, G. Zong, W.R. Lusby, M.T. Muldoon, R. 
Waters, Journal of Agricultural and Food Chemistry, 40 (1992) 2294-2298. 
[20] C. Gottschalk, J.A. Libra, A. Saupe, Ozonation of water and waste 
water a practical guide to understanding ozone and its application, Wiley-
VCH, 2000. 
[21] O. Osano, W. Admiraal, H.J.C. Klamer, D. Pastor, E.A.J. Bleeker, 
Environmental Pollution, 119 (2002) 195-202. 
[22] V.A. Sakkas, I.M. Arabatzis, I.K. Konstantinou, A.D. Dimou, T.A. 
Albanis, P. Falaras, Applied Catalysis B, 49 (2004) 195-205. 
[23] F.J. Beltrán, J.P. Pocostales, P.M. Alvarez, J. Jaramillo, Journal of 
Hazardous Materials, 169 (2009) 532-538. 
[24] J.J. Pignatello, Y. Sun, Water Research, 29 (1995) 1837-1844. 



Structured catalytic systems for water purification; Part II – Ozonation 
Ozonation of emerging organic micropollutants 

132 
 

[25] H.-y. Li, J.-h. Qu, H.-j. Liu, Journal of Environmental Sciences, 19 
(2007) 769-775. 
[26] M.L. Hladik, A.L. Roberts, E.J. Bouwer, Water Research, 39 (2005) 
5033-5044. 
[27] Z. Qiang, C. Liu, B. Dong, Y. Zhang, Chemosphere, 78 (2010) 517-
526. 
[28] J. Kim, G.V. Korshin, A.B. Velichenko, Water Research, 39 (2005) 
2527-2534. 
[29] B. Ning, N.J.D. Graham, Y. Zhang, Chemosphere, 68 (2007) 1163-
1172. 
[30] A.A. Babaei, A.R. Mesdaghiniai, N.J. Haghighi, R. Nabizadeh, A.H. 
Mahvi, Journal of Hazardous Materials, 185 (2011) 1273-1279. 
[31] N.H. Ince, I. Gültekin, G. Tezcanli-Güyer, Journal of Hazardous 
Materials, 172 (2009) 739-743. 
[32] M. Martínez, C. Aristizábal, G. Peñuela, Journal of Photochemistry 
and Photobiology A: Chemistry, in press. 
[33] M. Neamtu, F.H. Frimmel, Sci Total Environ, 369 (2006) 295-306. 
[34] B. Ning, N.J.D. Graham, Y. Zhang, Chemosphere, 68 (2007) 1173-
1179. 
[35] H. Kuramitz, J. Saitoh, T. Hattori, S. Tanaka, Water Research, 36 
(2002) 3323-3329. 
[36] S. Kohtani, M. Koshiko, A. Kudo, K. Tokumura, Y. Ishigaki, A. Toriba, 
K. Hayakawa, R. Nakagaki, Applied Catalysis B: Environmental, 46 (2003) 
573-586. 
[37] R. Goto, T. Kubota, Y. Ibuki, K. Kaji, A. Goto, Toxicology, 202 (2004) 
237-247. 

 

 



Structured catalytic systems for water purification; Part II – Ozonation 
Influence of operation conditions 

133 
 

4. INFLUENCE OF OPERATION CONDITIONS 

4.1 DESCRIPTION 

In this chapter, the influence of several parameters in the continuous 

catalytic ozonation of organic pollutants, using CNF-covered structured 

catalysts, is assessed. The experimental set-up was hydraulically 

characterized, and the detailed characteristics of the hydraulic regimes 

developing inside the monolith channels in three-phase operation were 

calculated. 

The role of the calculated parameters in the ozonation of organic 

pollutants was then evaluated. To this end, the conversion of dissolved 

ozone, the degradation of oxalic acid and the degradation of three 

selected emerging organic micropollutants were followed during several 

experiments. The organic pollutants used were atrazine (ATZ), 

metolachlor (MTLC) and nonylphenol (NLP). The performances observed 

were then related to the changes caused in the hydraulic regimes by the 

different operation conditions, when possible. On a first approach, the 

advantages of operating the system by placing simultaneously in contact 

the three-phases, gas (ozone), liquid (effluent) and solid (catalyst), were 

discussed. Afterwards, the influence of the size of the bubbles in the gas 

feed, and their relation with the channel size of the monoliths was 

analysed. The performance of the system at different flow rates was also 

evaluated. The increase of the contact area of the catalyst with the gas 

and liquid phases as a mean to increase the potential of the system was 

tested. Furthermore, the behaviour of the system when using a simulated 

natural water matrix, and the role of its individual components were 

assessed. Finally, the effect of the increase in the carbon loading of the 

catalysts was also analysed. 

The detailed experimental methods are described in section Methods and 

materials. The experiments here performed were carried out using 
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catalysts that were prepared by the team of Professor Enrique Garcia-

Bordejé at the Instituto de Carboquímica, in Zaragoza, part of the Consejo 

Superior de Investigácion Científica, in the context of projects MONACAT 

and FREECATS, part of the European Commission’s 7
th
 Framework 

program. Detailed description of these catalysts is presented in section 

Methods and materials. 

The work described in this chapter has partly been published in the 

following references: 

J. Restivo, J.J.M. Órfão, S. Armenise, E. Garcia-Bordejé, M.F.R. Pereira, 

Catalytic ozonation of metolachlor under continuous operation using 

nanocarbon materials grown on a ceramic monolith, J. Hazard. Mater., 

239–240 (2012) 249-256. 

S. Derrouiche, D. Bourdin, P. Roche, B. Houssais, C. Machinal, M. Coste, 

J. Restivo, J.J.M. Orfao, M.F.R. Pereira, Y. Marco, E. Garcia-Bordeje, 

Process design for wastewater treatment: catalytic ozonation of organic 

pollutants, Water Sci. Technol., 68 (2013) 1377-1383. 

J. Restivo, J.J.M. Órfão, M.F.R. Pereira, E. Garcia-Bordejé, P. Roche, D. 

Bourdin, B. Houssais, M. Coste, S. Derrouiche, Catalytic ozonation of 

organic micropollutants using carbon nanofibers supported on monoliths, 

Chem. Eng. J., 230 (2013) 115-123. 

4.2 HYDRAULIC CHARACTERIZATION OF THE REACTION 

SYSTEM 

On a first approach, experiments were conducted to determine the 

residence time distribution (RTD) of the liquid inside the monoliths, and 

how the different channel density affected the distribution of the flow. The 

E(t) curves for the 64 and 400 cpsi monoliths are presented in Figure 4.1. 

These were obtained by derivation of the dimensionless profile of the 

tracer at the output of the reactor, which is presented in Figure 4.2. These 
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experiments were carried out fitting the monolith inside a column with no 

gas being bubbled and minimal dead volume. 

The E(t) and F(t) profiles present a rough appearance which is attributed 

to the fact that the retrieval of each sample for analysis at the outlet took 

around 30 seconds, and thus the values obtained do not represent points, 

but rather a diffuse interval for which the average value is measured. 

The mean residence times obtained by integration of the E(t) curves [1] 

were 4.3 and 6.8 min for the systems using the 64 cpsi monolith, and the 

400 cpsi monolith, respectively . Blank experiment (without catalytic 

monolith) resulted in a residence time of 3.4 min. It is noticeable from 

Figure 4.1 that the 64 cpsi monolith presents a profile closer to that of a 

plug flow reactor, while its counterpart tends towards a flow reaction with 

axial dispersion of the liquid. To assess this, the tanks in series model 

(equation 4.1) was applied [1]: 

𝐹 (𝜃) = 1 − 𝑒−𝑁𝜃 [∑
(𝑁𝜃)𝑖−1

(𝑖−1)!

𝑁
𝑖=1 ] (4.1) 

where F is the dimensionless tracer response at the outlet, ϴ is the ratio 

between the time and the mean residence time, N is the number of tanks 

and i is an auxiliary variable. Following this procedure, it was determined 

that the number of tanks-in-series for which equation 1 fitted the 

experimental data was 2.0 and 100.0, for the 400 and 64 cpsi monoliths, 

respectively. Such values imply that the 400 cpsi monolith behaves much 

closer to a perfectly agitated stirred tank due to axial dispersion, while the 

64 cpsi monolith behaves much closer to a plug reactor. The blank 

experimental data converged with equation 1 for 8.3 tanks in series, being 

placed in between the two experiments with the monoliths. While these 

experiments were conducted using only liquid flowing through the 

channels, it is expected that similar trends are observed for three-phase 

flow. However, it is known that such system would result in wider E(t) 

profiles, indicating a stronger axial dispersion [2]. 
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Figure 4.1 – Evolution of the derivative of the residence time distribution 

of the 64 and the 400 cpsi monoliths. 

 
Figure 4.2 – Evolution of the adimensional tracer output on residence 

time experiments using the 64 and the 400 cpsi monoliths. 

Several aspects of Taylor  flow inside the monolith’s channels are affected 

by variations in the operating conditions of the system, such as slug 

length and shape, bubble length and shape, gas hold-up, pressure drop, 
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characterization of the flow is essential to understand the phenomena 

going on inside the structured catalyst. Several parameters that 

characterize the hydrodynamics of the system for the whole range of 

operation are put together in Table 4.1 and Table 4.2, for 64 cpsi and 400 

cpsi monoliths, respectively (Two-phase mean velocity (Utp), liquid phase 

superficial velocity (Ul), gas-phase bubble velocity inside the monolith’s 

channels (Ub), Capillary number (Ca), Reynolds number (Re), Webber 

number (We), adimensional film thickness (δ/R), slip ratio, gas bubble 

length (Lbubble) and liquid slug length (Lslug)). Figure 4.3 schematically 

represents the characteristic physical parameters of Taylor flow. 

 
Figure 4.3 – Hydraulic parameters of interest in Taylor flow: a) liquid slug 

length; b) gas bubble length; c) film thickness; d) liquid slug velocity; e) 

gas bubble velocity. 
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Table 4.1 – Hydrodynamic characteristic parameters obtained for the 400 

cpsi monolith. 

Utp (m s
-1

) Ul (m s
-1

) Ub (m s
-1

) Ca Re We δ/R Slip ratio Lslug (m) Lbubble (m) 

0.16 0.00022 0.16 2.2 x 10
-5

 1.6 x 10
2
 0.003 1.04 x 10

-3
E-03 717 0.045 0.0111 

0.24 0.00044 0.24 3.3 x 10
-5

 2.4 x 10
2
 0.008 1.37 x 10

-3
 542 0.044 0.0090 

0.30 0.00066 0.30 4.2 x 10
-5

 3.0 x 10
2
 0.013 1.62 x 10

-3
 459 0.043 0.0079 

0.46 0.00132 0.46 6.3 x 10
-5

 4.6 x 10
2
 0.029 2.13 x 10

-3
 346 0.041 0.0064 

0.62 0.00219 0.61 8.5 x 10
-5

 6.2 x 10
2
 0.052 2.61 x 10

-3
 280 0.040 0.0055 

0.69 0.00263 0.68 9.4 x 10
-5

 6.9 x 10
2
 0.065 2.81 x 10

-3
 260 0.040 0.0052 

0.75 0.00307 0.75 1.0 x 10
-4

 7.5 x 10
2
 0.077 2.99 x 10

-3
 244 0.040 0.0050 

0.90 0.00417 0.89 1.2 x 10
-4

 9.0 x 10
2
 0.110 3.38 x 10

-3
 214 0.039 0.0046 

0.98 0.00482 0.97 1.3 x 10
-4

 9.8 x 10
2
 0.131 3.58 x 10

-3
 201 0.039 0.0044 

1.07 0.00570 1.07 1.5 x 10
-4

 1.1 x 10
3
 0.158 3.83 x 10

-3
 187 0.038 0.0041 

1.17 0.00658 1.16 1.6E x 10
-4

 1.2 x 10
3
 0.186 4.05 x 10

-3
 176 0.038 0.0040 

 

Table 4.2 – Hydrodynamic characteristic parameters obtained for the 

64 cpsi monolith. 

Utp (m s
-1

) Ul (m s
-1

) Ub (m s
-1

) Ca Re We δ/R Slip ratio Lslug (m) Lbubble (m) 

0.16 0.00022 0.16 2.1 x10
-5

 6.3 x 10
2
 0.013 1.04 x 10

-3
 712 0.0036 0.0442 

0.24 0.00044 0.23 3.2 x10
-5

 9.4 x 10
2
 0.030 1.37 x 10

-3
 536 0.0035 0.0357 

0.30 0.00066 0.30 4.1 x10
-5

 1.2 x 10
3
 0.049 1.61 x 10

-3
 453 0.0034 0.0314 

0.45 0.00132 0.44 6.1 x10
-5

 1.8 x 10
3
 0.109 2.13 x 10

-3
 338 0.0033 0.0253 

0.60 0.00219 0.59 8.2 x10
-5

 2.4 x 10
3
 0.195 2.61 x 10

-3
 271 0.0032 0.0216 

0.66 0.00263 0.66 9.1 x10
-5

 2.6 x 10
3
 0.239 2.80 x 10

-3
 250 0.0031 0.0203 

0.72 0.00307 0.72 9.9 x10
-5

 2.9 x 10
3
 0.284 2.98 x 10

-3
 233 0.0031 0.0194 

0.85 0.00417 0.85 1.2 x10
-4

 3.4 x 10
3
 0.396 3.36 x 10

-3
 203 0.0030 0.0175 

0.92 0.00482 0.91 1.3 x10
-4

 3.7 x 10
3
 0.464 3.56 x 10

-3
 190 0.0030 0.0167 

1.00 0.00570 1.00 1.4 x10
-4

 4.0 x 10
3
 0.555 3.81 x 10

-3
 175 0.0030 0.0158 

1.08 0.00658 1.08 1.5 x10
-4

 4.3 x 10
3
 0.645 4.03 x 10

-3
 164 0.0029 0.0151 

 

In this work, the hydrodynamic parameters were estimated from the 

modelling works found in the literature, regarding three-phase flow inside 

capillary channels. The film thickness is a function of the velocity of the 
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gas and liquid phases throughout the channels. However, the gas bubble 

velocity inside the channels is also dependent on the film thickness, since 

this factor alters the gas hold-up inside the channels [24]. Thus, for a 

given system and liquid flow rate, it is necessary to follow a numerical 

approach to determine these two parameters. The iterative method 

proposed by Howard and Walsh [16] was followed. The iterative method 

consists in the following steps: 

 approximation of bubble velocity, 

 calculation of hydrodynamic related adimensional numbers Ca, 

Re and We (equations 4.2, 4.3 and 4.4, respectively), 

 determination of relative film thickness (equation 4.6), 

 determination of gas-phase bubble velocity inside the monolith’s 

channels (equation 4.7), 

 correction of first approximation of bubble velocity. 

The adimensional parameters Ca, Re and We are widely used in the 

description of flows inside capillary tubes, and are described in equations 

4.2, 4.3 and 4.4, respectively [25]: 

𝐶𝑎𝑇𝑃 =  
𝜇.𝑈𝑇𝑃

𝜎
  (4.2) 

𝑅𝑒𝑇𝑃 =  
𝜌.𝑈𝑇𝑃.𝐷

𝜇
 (4.3) 

𝑊𝑒𝑇𝑃 =  
𝜌.𝑈𝑇𝑃

2 .𝐷

𝜎
 (4.4) 

where µ is the viscosity (Pa.s), UTP (m/s) is the two-phase mean velocity, 

defined as UTP=Ul+Ub, D (m) is the channel hydraulic diameter, ρ (kg/m
3
) 

is the density and σ (N/m) is the surface tension. The hydraulic diameter 

of a square channel is defined in equation 4.5: 

𝐷ℎ =
4𝐴

𝑃
  (4.5) 

where A is the cross section area and P is the wet perimeter. 

Han and Shikazono [25] have developed an expression to estimate the 

adimensional film thickness that is formed around the gas bubble inside 
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the monolith channels, as a function of the above defined hydrodynamic 

parameters, described by equation 4.6: 

𝛿

𝑅
=

1.34𝐶𝑎2 3⁄

1+3.13𝐶𝑎+0.54𝐶𝑎0.672𝑅𝑒0.589−0.352𝑊𝑒0.629  (4.6) 

where δ is the thickness of the film (m) and R (m) is the radius of the 

channels. This equation was built upon previous works by Taylor [26], Liu 

et al. [6] and Aussillous and Quéré [27]. The velocity of the gas bubbles 

inside the monolith’s channel can be predicted through equation 4.7, as 

described by Howard and Walsh [16]: 

𝑈𝑏

𝑈𝑇𝑃
=

[
𝑅𝑏

2

𝑅2(
𝜇𝑓

𝜇𝑏
−2)+2]

[
𝑅𝑏

4

𝑅4(
𝜇𝑓

𝜇𝑏
−1)+1]

 (4.7) 

where Ub is the velocity of the bubble inside the monolith’s channels, µf is 

the viscosity of the film and µb is the viscosity of the bubble. 

Liquid slug length can be estimated using equation 4.8, developed by Liu 

et al. [6]: 

𝑈𝑇𝑃

√𝐿𝑠𝑙𝑢𝑔
= 0.088𝑅𝑒𝑔

0.72𝑅𝑒𝑙
0.19 (4.8) 

where Reg and Rel correspond to the Reynolds number for the gas and 

the liquid phase, respectively. 

Similarly, gas bubble length can be estimated directly through equation 

4.9, presented by Kreutzer et al. [12, 28]: 

𝐿𝑏𝑢𝑏𝑏𝑙𝑒

𝑑𝑐ℎ𝑎𝑛𝑛𝑒𝑙
= (

𝑔

−0.00141−1.556( 𝑙)2ln ( 𝑙
) (

𝑔

1− 𝑔
) (4.9) 

where εg and εl refer to the gas and liquid hold-ups. For characteristic 

lengths below 250 mm, the gas hold-up can be determined from equation 

4.10 and 4.11 [12, 29]: 

𝜀𝑔 =
0.03𝛽𝑔

0.5

1−0.97𝛽𝑔
0.5 (4.10) 

𝛽𝑔 =
𝑈𝑔

𝑈𝑔+𝑈𝑙
 (4.11) 
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Observation of Table 4.2 and Table 4.3 leads to several readings. First of 

all, the values for Ca are very low, due to the fact that the system is being 

operated at low flow rate, using fluids of low viscosity. Accordingly, the 

Reynolds number sits firmly in the laminar region for one-phase flows. 

Nevertheless, both parameters raise almost one order of magnitude 

during the experiments varying the liquid flow rate, never overpassing the 

limits for application of equation 4.5, Ca<0.3 and Re<2000, except for the 

higher velocities in the 64 cpsi monolith [25]. The Weber number 

experiences a larger increase since it is related to the square of the mean 

superficial velocity. The values for liquid and gas velocity inside the 

monolith channels sit the regime inside the region for Taylor or slug flow 

[30], while the bubble velocity is higher than that of the liquid phase, as 

expected [24]. 

Very important in order to understand the behavior of our system are the 

variations in the film thickness and in the slip ratio, the latter defined as 

the ratio between bubble velocity and liquid phase velocity, which are 

represented in Figure 4.3 as a function of the superficial liquid velocity. 

 
Figure 4.4 – Evolution of the slip ratio and adimensional film thickness for 

the 64 and 400 cpsi monoliths as function of the liquid superficial velocity. 
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The adimensional film thickness is seen to increase with the liquid flow 

rate, and consequently with the gas bubble velocity, as was expected. 

Such behavior has been previously observed experimentally or 

determined by simulation in several works [3, 9, 15, 16, 25]. The thickness 

of the liquid film is known to be controlled by the viscous and the surface 

tension forces; viscous forces are dominant at higher velocities, making 

the film thickness increase, while surface tension forces are more 

important for thinner channels, resulting on a thinner film [25]. The latter is 

observable in Figure 4.4; when the monolith with higher channel density 

was used, the calculated film thickness is slightly smaller. 

The expression used for the determination of the film thickness above was 

determined using measurements obtained from experiments carried out 

using a circular capillary. Kreutzer et al. [4] note that this expressions 

correctly predict the thickness of the film around the corners of a square 

capillary that has been coated with a catalytic layer, as is the case in this 

work, since this results in the rounding of the corners. However, some 

deviation for the regions away from the corners has been observed [15]. 

Thus, using data from previously published experimental works [31-33], 

Kreutzer et al. [4] observe that the adimensional film thickness (δ/R) at 

low Ca (<0.04) is practically independent from the Ca value, varying 

between 0.95 and 0.99. 

The slip ratio is diminishing with the increase of the liquid flow rate. This 

phenomenon is more drastic for lower values of liquid flow rate, but it is 

still valid for the region of higher values. Abiev et al. [5] defined a 

convenient relation to evaluate, through the slip ratio, the flow mode 

between the gas and liquid phase. This relation is presented in equation 

4.12: 

𝐽 = 2 −
𝑈𝑏

𝑈𝑙
 (4.12) 

where the fraction between bubble velocity and liquid velocity corresponds 

to the slip ratio. For values of J above 0, it is expected that circulation 

occurs inside the liquid slugs. For values of J below 0, bypass of the liquid 
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around the bubbles is predicted, with no circulation inside the liquid flows 

[5]. Since the system studied in this work is operating at Ub/Ul>>>2, the 

flow mode taking place should undoubtedly the bypass of the liquid 

around the gas bubbles. 

The liquid slug and gas bubble lengths for the 64 cpsi and 400 cpsi 

monoliths at various liquid flow rates are plotted in Figure 4.5. 

 
Figure 4.5 – Liquid slug and gas bubble lengths inside the 64 and 400 

cpsi monoliths for different liquid superficial velocities. 

For both cases the slug length and the bubble length decrease, and 

consequently the unit cell length as well, when the liquid flow increases. 

Yet, each present different proportions for the different channel densities. 

For the 64 cpsi monolith, the bubble length is much larger than the slug 

length. The opposite occurs in the case of the 400 cpsi monolith. In larger 

channels, the viscous forces assume a less important role in the behavior 

of the flow, while the dynamic forces can predominate. In smaller 

channels, the reverse should occur, as the different behavior of this 

parameter suggests. Nevertheless, the absolute values are greatly 

influenced by the configuration of the inlet of the fluids into the monolith 

[12, 13]. Such effects have yet not been properly studied but, in any case, 
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the trends found here seem to fit the experimental data [6]. It has been 

shown that liquid slug lengths can influence greatly the recirculation vortex 

inside the slugs. Such a vortex has been observed even for very small 

slugs, with its size decreasing with the increase of Lslug/dchannel [20]. 

In the region before the gas and liquid phases come in contact with the 

monolith inside the bubble column, some ozone is transferred from the 

gas to the liquid phase. In the system used in this work, both phases are 

inserted into the bottom of a bubble column, travelling around 15 cm 

before reaching the catalytic monolith. The amount of ozone transferred to 

the liquid phase during this path can affect the mass transfer process 

inside the monolith, since the concentration in the liquid slugs and in the 

liquid films will differ, which can lead to saturation of the films and of the 

liquid slugs [34]. Similarly, the mass transfer coefficients can give some 

insight into what is happening inside the channels in regard of which 

parameters are influencing the catalytic activity of the coated monolith. 

Accordingly, the mass transfer coefficients were determined for the 

system using different bubble sizes and flow rates, using the values 

obtained for ozone consumption in the gas phase and dissolved ozone 

concentration in the liquid phase, through equation 4.13: 

𝐾𝑙𝑎 =
𝑟

(𝐶∗−𝐶)
  (4.13) 

where Kla is the mass transfer coefficient, r is the observed mass transfer 

rate,  C is the concentration of ozone in the liquid phase and C* 

concentration of ozone in the liquid phase in equilibrium with the partial 

pressure of ozone in the gas phase [1]. 

The values obtained for the mass transfer coefficient for the experiments 

where no catalyst was present are represented in Figure 4.6. 
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Figure 4.6 – Calculated mass transfer coefficients for the system with 

catalyst present at varying bubble sizes, gas and liquid flow rates. 

As expected, the mass transfer coefficient is higher when smaller bubbles 

are used, since the interfacial area between the two phases is much 

higher. Furthermore, the increase in the gas flow when large bubbles 

were used also resulted in an increased mass transfer coefficient. While 

generally the increase in the liquid flow rate resulted in an increase of the 

mass transfer coefficient [35], for high values of Ql when the system using 

larger bubbles was used, a plateau is reached after around 80 mL min
-1
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column that is connected to the main bubble column, inside a recirculation 

loop. Thus, the gas phase contacts with the liquid phase in the bubble 

column, and the ozonized solution contacts with the solid catalyst inside 

the recirculation loop. In the latter, the structured catalyst is placed inside 

the main bubble column, where there is a direct contact between the gas, 

liquid and solid phases. The recirculation loop is kept working in the same 

conditions as in the two-phase experiments to replicate the hydraulic 

conditions. 

Experiments using oxalic acid as a model compound were performed, in 

which a CNF-covered honeycomb monolith with a CNF weight loading of 

~6.04% was used as catalyst. The removals obtained at steady state are 

presented in Figure 4.7, where the removal obtained without catalyst 

(single ozonation) is also presented. 

 
Figure 4.7 – Comparison between the steady-state removals of oxalic 

acid obtained under continuous operation by single ozonation, and 

biphasic and triphasic catalytic ozonation experiments. 
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aspect is the improvement of the performance when the catalytic 

ozonation experiment was carried out with simultaneous contact between 

the three phases, more than doubling the removal at steady state. The 

increase in removal due to the use of a catalyst was already expected, 

since the refractory nature of oxalic acid to direct oxidation through 

reaction with dissolved molecular ozone is well known [36-44]. 

Furthermore, at the used value of solution pH (natural pH, 3), the 

decomposition of ozone into more reactive compounds is known to be 

very slow [45]. 

Similarly, the same comparison was made using three model organic 

pollutants (atrazine, metolachlor and nonylphenol, detailed description of 

their oxidation in section Ozonation of emerging organic micropollutants). 

The removal of the parent pollutants, and their mineralization degree, as 

measured by TOC removal, is presented in Figure 4.8. 

 
Figure 4.8 – Removal of selected emerging organic pollutants and 

respective mineralization degrees during continuous ozonation 

experiments; comparison between non-catalytic, two-phase and three-

phase catalytic systems. 
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Concerning the removal of the selected pollutants, no clear trend was 

observed regarding the operation of the system in its different 

configurations. In fact, these pollutants are known to be easily oxidized 

during the single ozonation process, as reported for atrazine [46-49], 

metolachlor [47, 50] and nonylphenol [47, 51, 52]. Therefore, the main 

objective of the application of a catalyst during the ozonation process is to 

increase the mineralization degree. As was observed previously for the 

semi-batch ozonation of the selected pollutants, the catalytic system 

achieves a larger mineralization degree than the non-catalytic system. It is 

interesting to notice that, in a similar manner to what was observed with 

oxalic acid, the TOC removal was increased when the system was 

operated in its three-phase configuration. This observation is confirmed 

when the behaviour of the oxidation by-products is analysed, as seen in 

Appendix B. 

While it is clear that the application of the system in a three-phase 

configuration, with the gas, liquid and solid phases in simultaneous 

contact, improves the mineralization of the selected pollutant when 

compared with the two-phase system, the resulting toxicity may not 

decrease accordingly. Since the product distribution may change between 

the two systems, it is possible that the three-phase system, while 

converting a larger amount of organic products into inorganic compounds, 

may alter the distribution of the compounds present in the water in a way 

that yields a more toxic effluent, which has been reported in some cases 

[46, 50, 53], and can also be observed in section Ozonation of emerging 

organic micropollutants. Thus, the resulting toxicity as measured by 

Microtox, in terms of inhibition of activity of the bacteria used for the test, 

for the continuous ozonation experiments using the three selected organic 

pollutants, is presented in Figure 4.9. 

The toxicity exhibited by the resulting effluent from the different systems 

showed different behaviours for the different pollutants. In the case of 

atrazine, independently of the system used, the inhibition of the bacteria 
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increases relative to the initial solution, due to the production of 

intermediate products which are more toxic than the parent pollutant [54].  

 
Figure 4.9 – Inhibition of bacterial activity determined by Microtox after 

exposure to the effluent resulting from the continuous ozonation of the 

selected organic pollutants using a two-phase and a three-phase 

configuration of the catalytic system, at steady-state. 

The catalytic systems result in an even more toxic effluent, with the three-

phase system reaching a maximum of 37% inhibition. Even though the 
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production of those that have a wider contribution to this factor. In the 

case of metolachlor, while the oxidation of the pollutant resulted in 

increased toxicity in the effluent, the catalytic process efficiently reduced 

this factor. In fact, for the three-phase configuration, which also 

corresponded to the wider mineralization degree observed, the toxicity 
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resulting effluent. In the case of nonylphenol, very small changes were 

observed, which do not assume relevant significance when the associated 

measurement error is considered. 

When the two-phase system and the three-phase system were compared, 

it is clear that the operation of the system with the gas, liquid and solid 

phases in simultaneous contact enhances the oxidative potential of the 

reaction system, increasing the removal of oxalic acid, and the 

mineralization degree of the three selected pollutants. However, in the 

case of the emerging organic pollutants, the increase in their 

mineralization does not always lead to a less toxic effluent due to changes 

in the distribution of the accumulated products found in the resulting 

effluent. The large increase in the removal of oxalic acid, and of the 

selected organic pollutants, when the structured catalyst was placed in 

direct contact with the gas and the liquid phases simultaneously, shows 

that there is a beneficial effect to the performance of the catalytic process 

in this configuration. It is well known that the formation of specific 

hydraulic regimes in multiphase flows inside capillary channels, such as 

Taylor flow, will lead to lessened resistances to mass transfer between the 

phases [4, 5, 8-10, 14, 15, 17, 21, 23, 55-61]. This phenomenon can be 

attributed to different factors, such as liquid slug and gas bubble lengths 

[4, 12, 14, 21, 23, 28, 61-64], recirculation vortexes formed inside the 

liquid slugs [5, 17, 20, 23, 62, 63] and formation of a thin liquid film around 

the gas bubbles inside the channel [25, 28, 57, 62, 65]. While the positive 

influence exerted by this configuration is clear for the catalytic reaction 

here studied, the influence of these factors on the performance of the 

structured catalyst is to be discussed in further detail below. 

4.4 GAS FEED BUBBLE SIZE  

Some experiments were performed to assert whether the size of the 

bubbles being flown from the bottom of the bubble column had any 

influence in the performance of the catalytic system, when the honeycomb 

monolith’s channel size was kept constant. An example picture of the 
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bubbles inside the column that was used to calculate their dimension, as 

detailed in the Methods and materials section, is presented in Figure 4.10.  

 
Figure 4.10 – Bubbles inside the bubble column using the glass diffuser 

with larger pores captured for measurements of bubble sizes. 

The distributions of bubble sizes obtained from pictures of the bubbles 

using two different glass diffusers are shown in Figure 4.11 (glass diffuser 

with smaller pores) and Figure 4.12 (glass diffuser with larger pores). 

 
Figure 4.11 – Size distribution of the bubbles inside the bubble column 

using the glass diffuser with smaller pores. 
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Figure 4.12 – Size distribution of the bubbles inside the bubble column 

using the glass diffuser with larger pores. 
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diffuser which produced smaller bubbles in the bubble column. For the 64 

cpsi monolith, which has much larger channels, this phenomenon was not 

observed. Therefore, it was possible to conduct experiments using the 

different bubble sizes with this monolith, keeping the other parameters 

constant (gas-phase and liquid-phase flows and ozone concentration). To 

assess the performance of the catalyst, the concentration of dissolved 

ozone was followed in experiments with no pollutant present in the water 

matrix. Thus, it is expected that for better performing catalytic systems, 

the conversion of dissolved ozone should be higher due to the 

decomposition of ozone into other compounds, namely hydroxyl radicals, 

for the more efficient operation conditions. The comparisons were made 

taking into account the dissolved ozone concentrations obtained in blank 

experiments, i.e. with no catalyst nor any pollutant present in the system, 

and the residence time calculated for each of the different liquid flow rates 

used. The improvement in mass transfer to the catalytic wall should be 

more important than the improvement in the transfer of ozone from the 

gas to the liquid phase, since the concentration in the liquid phase is 

already quite high when the gas and liquid phases enter the monolith 

channels in our reaction system. Thus, an eventual increase in liquid 

phase ozone concentration should not be important enough to mask an 

increase in the conversion of ozone at the catalytic wall, for more efficient 

operation conditions. In order to understand the role of the various 

operation parameters in the efficiency of the catalytic system, experiments 

were carried out to assert the behavior of the decomposition of ozone by 

the employed catalysts. The mass transfer inside the monolith’s channels 

between the gas-phase and the catalytic wall occurs in a two-step 

process, i.e. gas to liquid film, and liquid film to wall. Furthermore, mass 

transfer between the caps of the gas bubbles and the liquid slugs, and 

subsequent transfer of dissolved gas from the liquid slug to the catalyst 

wall must also be considered. It has been proposed in the literature [4] 

that the last two steps could be considered resistances in series, and in 

parallel to the first step. However, each step of the mass transfer process 

is not perfectly independent inside the monolith, and thus it is impossible 
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to measure the contribution of each term to the overall mass transfer rate. 

The general approach for evaluation of mass transfer, with or without 

reaction, was to estimate the rates in function of the hydrodynamics of the 

flow inside the monolith’s channels. In Figure 4.13, the conversion of 

dissolved ozone, obtained for different liquid flow rates (Ql), for 

experiments using varying bubble sizes fed at the bottom of the bubble 

column and a 64 cpsi monolith (N-CNF 7.9 wt.%) are presented. To 

remove the influence of the internal loop in the concentration of dissolved 

ozone, and to provide wider flexibility in the liquid flow rates used, in these 

experiments, the bubble column was operated without the internal loop, 

as seen in section Methods and materials. The liquid flow rate was varied 

between 5 and 130 mL min
-1

. 

 
Figure 4.13 – Conversion of dissolved ozone obtained at varying liquid 

flow rates, using different bubble sizes fed at the bottom of the bubble 

column and a 64 cpsi monolith. 
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no catalyst nor pollutant in solution. Such behaviour can be explained by 

the large distances between the gas bubbles and the monolith walls inside 

the channels, in the case of the smaller bubbles. In fact, while the 

dbubble/dchannel ratio is close to 1 for the larger bubbles, its value decreases 

to ~1/3 for the smaller bubbles. Such a ratio should be too small for 

formation of Taylor flow inside the channels of the monolith, since the gas 

hold-up inside the channels would be very small, resulting in the 

development of the regime characterized by small bubbles flowing inside 

the channels without interaction with the monolith walls (bubbly flow) [4]. 

Thus, it was concluded that for optimal operation of the system, the 

appropriate diffuser has to be selected for each channel density; i.e. 

production of smaller bubbles at the feed on the bottom of the bubble 

column for the 400 cpsi monoliths, and larger bubbles for the 64 cpsi 

monoliths. 

4.5 FLOW RATES 

The influence of the flow rates employed, liquid and gas, through the 

structured catalysts, using different monoliths and pollutants, was studied 

for the catalytic ozonation reaction. The observed catalytic performances 

were then related to the hydraulic conditions inside the monolith channels. 

These hydraulic conditions were estimated using experimental data 

obtained during the experiments and information found in the literature, 

namely correlations between the most important parameters and the 

experimental conditions used in the operation of multiphasic honeycomb 

reactors in catalysis. The description of these parameters and the 

methods used for their calculation can be found in the Hydraulic 

characterization of the reaction system section, included in this chapter.  

On a first step, the influence of the gas flow rate fed into the bottom of the 

bubble column was asserted in experiments using a 64 cpsi monolith 

(CNF 11.4 wt.%), for three gas flow rates, ranging from 15 to 75 cm
3
 min

-

1
. The liquid flow rate was varied between 5 and 130 mL min

-1
. The 

modification of the liquid flow rate results in several hydrodynamic 



Structured catalytic systems for water purification; Part II – Ozonation 
Influence of operation conditions 

156 
 

changes in the system, which has various consequences in the observed 

behavior. First off, there will be a change in the mass transfer between the 

gas and the liquid phase during the column length before the catalytic 

monolith. The changes in dissolved ozone for the various liquid flow rates, 

with gas flow rate kept at 15, 35 and 75 cm
3
/min and bubble size at 3.1 

mm is shown in Figure 4.14. The ozone concentration in this figure is 

normalized by the residence time. The observed amounts of dissolved 

molecular ozone converted by the catalyst for each experiment are 

presented in Figure 4.15. The comparisons were made taking into 

account the dissolved ozone concentrations obtained in blank 

experiments, i.e. with no catalyst nor any pollutant present in the system, 

and the residence time calculated for each of the different liquid flow rates 

used. 

 
Figure 4.14 - Concentration of dissolved ozone obtained at varying liquid 

and gas flow rates, in experiment without catalyst. 
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Figure 4.15 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using a 64 cpsi monolith. 
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the monolith. Furthermore, the velocity of the bubbles that reach the 

monolith is only dependent of their own characteristics, namely their size 

[66], and is not related to the flow rate. The results in Figure 4.15 suggest 

that between the 35 and 75 cm
3
.min

-1
 experiments, the horizontal 

distribution of the gas bubbles should be similar. 

 

Figure 4.16 – Changes to horizontal distribution of the gas bubbles 

throughout the monolith channels at 15, 35 and 75 cm
3
/min gas flow rate 

(area inside the grey circle corresponds to the channels through which the 

gas bubbles passed at the different flow rates). 

The changes to ozone conversion observed in Figure 4.15 with the 

increase of the liquid flow rate may be attributed to the hydrodynamics of 

the flow inside the channels of the monoliths. The hydrodynamic behavior 

of the three phase flow inside the channels is dependent on several 

operation conditions, such as the channel morphology, channel diameter 

and phase velocities [31, 67].  Accordingly, Figure 4.17 presents the 

changes in dissolved ozone for various liquid flow rates, with gas flow rate 

kept at 15 cm
3
.min

-1
 and bubble size at 1.1 mm, using two monoliths with 

400 cpsi and 0.9 mm square channels. 
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Figure 4.17 – Conversion of dissolved ozone obtained at varying liquid 

flow rates, using two 400 cpsi monolith. 
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Analysis of Figures 4.18 and 4.19 shows that, in both configurations, the 

conversion of molecular dissolved ozone is maximized for lower slip 

ratios. Such behaviour is related to the bypass regime occurring inside the 

monolith channels, which is known to be prevalent for high values of slip 

ratio [5]. In bypass regime, there is no recirculation in the gas bubbles, 

which is a main factor in the improvement of the mass transfer between 

the gas and the liquid phase inside the monolith channels [4, 5]. The 

differences in the behaviour observed for the varying gas flow rates using 

the 64 cpsi monolith, as seen in Figure 4.18, are similar to those observed 

in Figure 4.15, already discussed in this section. 

 
Figure 4.18 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using a 64 cpsi monolith, as a function of the slip ratio. 
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Figure 4.19 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using two 400 cpsi monoliths, as a function of the slip 

ratio. 
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Figure 4.20 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using a 64 cpsi monolith, as a function of the slug 

length. 

 
Figure 4.21 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using two 400 cpsi monoliths, as a function of the slug 

length. 
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It is clear that the maximum dissolved ozone conversion is obtained, in all 

cases, for the smaller slug lengths calculated for both monolith 

configurations. Similarly, the gas bubble length is also an important 

parameter in the mass transfer between the phases inside the monolith 

channels. The conversion of dissolved ozone obtained for the 64 cpsi 

monolith, at varying gas and liquid flow rates, is presented in Figure 4.22.  

The conversion of dissolved ozone obtained for two 400 cpsi monolith, at 

varying liquid flow rates, is presented in Figure 4.23.  

Similarly to what was observed when the liquid slug length was 

considered, in Figures 4.20 and 4.21, the highest values for ozone 

conversion were obtained for the smaller calculated gas bubble lengths. 

 
Figure 4.22 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using a 64 cpsi monolith, as a function of the gas 

bubble length. 
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Figure 4.23 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using two 400 cpsi monoliths, as a function of the gas 

bubble length. 
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of the slug to the other) is strongly dependent on the length of the liquid 

slugs. Van Baten and Krishna [9] reported that the increase in mass 

transfer to the catalytic wall due to shorter slug lengths occurs due to an 

increase in the length of the liquid film around the gas bubbles, since they 

measured a contribution of these films to the mass transfer between 60 

and 80% of the total. A similar observation is made by Ganapathy et al. 

[11]. On a later work, Van Baten and Krishna [55] observed that shorter 

liquid slugs resulted in higher values of Sherwood number, and that the 

wall-film interface presented poorer mass transfer values than the wall-

slug interface, contrary to what was reported beforehand [9]. In fact, 

Kreutzer et al. [59] suggest that longer films, i.e. long gas bubbles, result 

in their saturation, in cases where the gas presents high diffusivity on the 

liquid phase. Thus, longer contact times between the gas bubbles and the 

films do not improve mass transfer, with predominance of the mass 

transfer from the liquid slugs to the monolith walls, which was also 

observed by Nijhuis et al. [65]. The authors go on to attribute the 

improvement of the mass transfer between the phases in Taylor flow to 

the short distances between the vortex inside the liquid slugs and the 

interfaces with the solid and gas phases, and to the recirculation inside 

the liquid slugs which results in convection of all the liquid to the channel 

walls, with similar residence time for all the particles [59]. The 

dependence of the toroidal vortex inside the liquid slugs on the slug length 

was also observed by Abiev [20]. Shao et al. [64] also agree that the 

recirculation inside the liquid slugs is responsible for the increase in mass 

transfer and that long gas bubbles lead to saturation of the films, and thus 

a decrease in the mass transfer between the phases. However, while the 

authors agree that short slugs improve the observed mass transfer, they 

argue that this is mostly due to an increase in the specific contact area, 

rather than due to changes in the recirculation time. A similar view was 

reported by Onea et al. [61].  

Thus, in general, the slug and gas bubble length seems to play a pivotal 

role in controlling the mass transfer between the phases inside the 
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monolith. Short slug lengths seem to favour the process due to promotion 

of the liquid recirculation inside the slugs, and also due to a stronger 

contribution to the transfer of the reactants to the catalytic wall when 

compared with the liquid films surrounding the gas bubbles. For long gas 

bubbles, the contact time between the gas bubbles and the films 

increases, leading to saturation of the films, thus hindering the mass 

transfer through this interface. The most important path for transport 

between the gas and the liquid phase is from the end-caps of the gas 

bubbles to the liquid slugs, when the film is saturated. When saturation 

does not occur, the most important path between the gas and liquid 

phases is from the bubbles to the liquid films that surround them. Shorter 

liquid slugs and gas bubbles also result in larger interfacial area for mass 

transfer between these two phases, which may also contribute to the 

increase in efficiency of the catalytic process. However, since a high 

concentration of ozone in the liquid-phase is reached before the phases 

come into contact with the monolithic catalyst, this factor may not be 

playing a major role in the improvement of the efficiency of the system. 

Consequently, it is to be expected that the maximum value for converted 

molecular dissolved ozone, observed for both monolith configurations, 

was obtained for the calculated shorter liquid slug length and gas bubble 

length. Nevertheless, it should be noticed that this region coincides with 

the region where the slip ratio was also the most appropriate for the 

maximum efficiency of the process (Figures 4.18 and 4.19). However, the 

slip ratio is particularly important when the transfer between the gas and 

liquid phases is the controlling step of the overall performance, which may 

not be the case. 

Another important hydraulic parameter is the thickness of the liquid film 

that is being formed around the gas bubbles inside the channels of the 

monoliths. The observed values of converted molecular dissolved ozone 

at varying liquid flow rates using a 64 cpsi monolith are presented in 

Figure 4.24, and those obtained using two 400 cpsi monoliths are 

presented in Figure 4.25. 
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It is clear that, in both cases, the conversion of dissolved molecular ozone 

is increasing with the adimensional film thickness. However, this 

behaviour is contrary to what was expected, if considering this parameter 

alone. Kreutzer et al. [21] observed that mass transfer increased with the 

decrease of the film thickness. Van Baten and Kirshna [55] observed a 

similar effect, but argue that the improvement in mass transfer for thin 

liquid films is related to the faster saturation of the films. This leads to 

smaller contribution of the mass transfer through the film, which the 

authors have found to be less favourable than the slug-wall interface for 

the mass transfer process. Kreutzer et al. [34], on a later work, also state 

that the thinning of film only brings visible positive effects if saturation 

does not occur.  Thus, whether due to shorter diffusional path or due to 

saturation of the film, the mass transfer between the three phases should 

improve with the thinning of the liquid film around the gas bubbles. The 

fact that, according to Figures 4.24 and 4.25, the conversion of molecular 

dissolved ozone does not improve, in your system, with the thinning of this 

film, suggests that this factor is not playing an important role in controlling 

the efficiency of the process, probably since the transfer of ozone from the 

gas phase to the liquid phase is not playing a major role in the control of 

the process efficiency in our operation conditions. It should also be taken 

into account that for small values of Ca, the variation of the film thickness 

might be too small to have a measurable impact on the observed mass 

transfer [4]. 
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Figure 4.24 - Conversion of dissolved ozone obtained at varying liquid 

and gas flow rates, using a 64 cpsi monolith, as a function of the 

adimensional film thickness 

 
Figure 4.25 - Conversion of dissolved ozone obtained at varying liquid 

flow rates, using two 400 cpsi monoliths, as a function of the adimensional 

film thickness. 
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Similar experiments were performed using oxalic acid as a model 

compound for the efficiency of the catalytic ozonation process in the 

removal of recalcitrant organic pollutants from water, as detailed in the 

Methods and materials section. The conversion of oxalic acid obtained, 

normalized by the residence time of the liquid phase in the system, is 

presented in Figure 4.26, for experiments using a 64 cpsi monolith at 

different liquid and gas flow rates. 

 

Figure 4.26 - Conversion of oxalic acid obtained at varying liquid and gas 

flow rates, using a 64 cpsi monolith. 

As expected, the conversion of oxalic acid obtained at steady state follows 

the trend observed for the conversion of the dissolved molecular ozone in 

the experiment in the same conditions, but without the model organic 

pollutant (Figure 4.15). In fact, it is well known that oxalic acid is refractory 

to direct ozonation by molecular dissolved ozone, but, on the other hand, 

it is very reactive with compounds which are formed from the 

decomposition of ozone in water [39]. Among these compounds, it is 

thought that the most reactive ones are the hydroxyl radicals OH
• 
formed 
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factor in the catalytic ozonation of organic pollutants [50, 68]. The main 

species that are contributing for the enhancement of the degradation of 

the model organic pollutant are further discussed in section Ozonation of 

emerging organic micropollutants. In any case, the formation of these 

species is directly related to the conversion of dissolved molecular ozone, 

which is also here observed to be correlated with the removal of oxalic 

acid from solution.  

It is also clear in Figure 4.26 that the larger improvement in the observed 

removal of oxalic acid is more noteworthy in the cases when the gas flow 

rate was higher. This is probably related to the phenomenon presented in 

Figure 4.16. For lower gas flow rates, there is a smaller horizontal cross-

section of the monolith that is being used for multiphasic flow, thus the 

improved mass transfer between the phases due to Taylor flow effects 

should only take place in this area. Logically, since this area is smaller in 

this case, the visible effect in the degradation of oxalic acid is smaller. 

It is also important to mention that the conversion of oxalic acid from 

solution is due to mineralization, as was observed by TOC 

measurements, and that no adsorption is being observed at steady-state. 

The monoliths were previously subject to long-term exposure to both 

ozone and the organic pollutants used in this work, to ensure that the 

measured concentration values at steady-state were not affected by 

adsorption phenomena. The stability and deactivation of the monoliths in 

catalytic ozonation is discussed in section Stability and deactivation of the 

catalyst. 

Oxalic acid removal experiments were also performed at varying liquid 

flow rates using two 400 cpsi monoliths. The obtained removals measured 

at steady-state are presented in Figure 4.27. 

Analysis of Figure 4.27 suggests that a very similar behaviour occurs 

when the 400 cpsi monoliths were applied in the catalytic ozonation of 

oxalic acid in continuous operation, when compared with the case of the 

64 cpsi monoliths. The increase of the liquid flow rate fed into the system 



Structured catalytic systems for water purification; Part II – Ozonation 
Influence of operation conditions 

171 
 

lead to an increase in the amount of removed oxalic acid at steady-state. 

Once more, this behaviour correlates well with the conversion of dissolved 

molecular ozone in the same experimental conditions, without oxalic acid 

in solution, as presented in Figure 4.17. 

 

Figure 4.27 - Conversion of oxalic acid obtained at varying liquid and gas 

flow rates, using a 400 cpsi monolith. 

The removals of oxalic acid in the different cases in function of the 

calculated hydraulic characteristics of the flow regime developed inside 
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prominent part when compared with the reactions taking place in the liquid 

bulk, between the highly reactive radicals being formed and the organic 

pollutant. To assess what is the contribution of the improved liquid-solid 

transfer of the organic pollutants in Taylor flow for higher flow rates, where 

the oxalic acid degradation was observed to increase, in comparison with 

the contribution of the liquid-solid transfer of ozone, relative increases of 

the observed conversion with the increase in the liquid flow rate were 

calculated.  

 

Figure 4.28 – Possible pathways of mass transfer between the three-

phases involved in the reaction taking place inside the monolith channels. 

The relative increases are presented in Table 4.3. These were calculated 

as the relative increase between consecutive points, after which the 

average value of these values was taken. 
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Table 4.3 – Increase in the conversion of dissolved ozone and of oxalic 

acid with the increase of the liquid flow rate during continuous ozonation 

experiments using 64 and 400 cpsi monoliths. 

Experiment 

64 cpsi 

11.4% 15 

cm
3
.min

-1
 

64 cpsi 

11.4% 35 

cm
3
.min

-1
 

64 cpsi 

11.4% 75 

cm
3
.min

-1
 

400 

cpsi 

16.0% 

400 

cpsi 

10.2% 

conversion 

of 

dissolved 

ozone 

34% 49% 47% 23% 16% 

removal of 

oxalic acid 
2% 14% 13% 14% 7% 

 

It is clear that, for all cases, the increase of the conversion of dissolved 

ozone is larger than that of the removal of oxalic acid when the liquid flow 

rate is increased. This suggests that the transfer of oxalic acid from the 

liquid phase to the catalytic wall, where it may react with highly-reactive 

surface species, is the limiting step in the three-phase configuration of the 

continuous ozonation system. The transfer of ozone from the gas-phase 

to the liquid-phase, through the bubble endcaps, or from the gas bubbles 

to the catalytic wall, through the liquid film, should not be playing an 

important role due to saturation of the liquid phase, attributed to the 

contact of the gas and liquid phases before reaching the catalyst placed in 

the bubble column. In cases when the liquid-phase is close to saturation 

when concerning the compounds present in the gas phase, it is expected 

that the interface between the liquid slugs and the catalytic wall 

(Figure4.28, c)) is the major pathway for mass transfer to and from the 

catalytic wall [34, 55, 59, 61, 64]. In fact, the catalytic wall in contact with 

the liquid phase has been suggested to be the most important interface 

for reactions taking place on the surface of the solid catalyst [14]. Thus, 

the improvement in the conversion of oxalic acid can be attributed to the 
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enhanced mass transfer of oxalic acid and ozone to the catalytic wall, 

which can be attributed to the improved recirculation inside the liquid 

slugs [5, 34, 59, 61, 63, 64], which is seen to be highly dependent on the 

length of the liquid slugs [5, 23, 63] and the bubble velocity [5]. Similarly to 

the ozone conversion, the removal of oxalic acid improved with the 

decrease in slug length for all the cases. The expected contribution of the 

increase in the film thickness to hindering the mass transfer between the 

phases is not observed, since it is less important than the other factors at 

play. 

The role of the gas and liquid flow rates in the catalytic ozonation process 

was also assessed using three emerging organic micropollutants: 

atrazine, metolachlor and nonylphenol. The detailed ozonation of these 

pollutants is discussed in the section Ozonation of emerging organic 

micropollutants. For these experiments, the experimental set-up was 

operated using the internal loop, as opposed to the experiments carried 

out without any pollutant or with oxalic acid. The flow of the internal loop 

was varied between two flow rates, 60 and 150 cm
3
 min

-1
. The feed flow 

rate was kept at 12 cm
3
 min

-1
 for all the experiments. The gas flow rate 

was kept at 15 cm
3
 min

-1
 for the experiments with the 400 cpsi monoliths, 

and at 75 cm
3
 min

-1
 for the experiments with the 64 cpsi monolith. Initial 

concentrations of the selected pollutants were of 20 mg L
-1

 for atrazine, 10 

mg L
-1

 for metolachlor and 6 mg L
-1

 for nonylphenol. The behaviour of the 

ozonation by-products is described in Appendix B. 

The removals of the three selected pollutants, obtained using the 64 cpsi 

monolith, at different loop flow rates, and the amount of TOC removed 

during the same experiments, are presented in Figure 4.29. 

The larger loop flow rate leads to a slight increment in the removal of the 

parent pollutant, which is not particularly relevant here. However, it is 

noticeable that the mineralization degree is considerably improved with 

the increase of the loop flow rate, for all the three pollutants studied here. 

The improved mineralization degree is consistent with what was observed 

when several liquid flow rates were assessed using oxalic acid as a model 
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compound. While the organic pollutants used in these reactions are easily 

degraded by molecular ozone in solution, the mineralization is improved 

by reactions occurring at the surface of the catalyst between the pollutants 

and highly-active surface species [46, 47, 50, 53] (see section Ozonation 

of organic emerging micropollutants). 

 

 
Figure 4.29 - Removal of selected emerging organic pollutants and 

respective mineralization degrees during continuous ozonation 

experiments; comparison between non-catalytic and catalytic systems at 

different loop flow rates, using 64 cpsi 11.4% monolith. 

Similar experiments were conducted using the 400 cpsi 16.0% monolith, 

using the same three model organic pollutants and the same variations to 

the loop flow rate. The achieved removal of the pollutants and their 

mineralization degree as measured by TOC removal are presented in 

Figure 4.30. The behaviour of the by-products of ozonation is detailed in 

Appendix B. 
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Figure 4.30 - Removal of selected emerging organic pollutants and 

respective mineralization degrees during continuous ozonation 

experiments; comparison between non-catalytic and catalytic systems at 

different loop flow rates, using 400 cpsi 16.0% monolith. 

Similarly to what was observed in the case of the 64 cpsi monolith, the 

increase in the loop flow rate lead to a higher mineralization degree, while 

no significant changes were observed in the removal of the parent organic 

pollutants. Such behaviour reinforces the idea that a promotion of the 

reactions occurring at the surface of the catalyst is being promoted when 

the liquid flow through the channels of the monoliths is increased. 

The toxicity of the resulting effluents, as measured by the inhibition in the 

luminescent activity of a bacteria medium subject to samples taken at 

steady-state following the Microtox procedure, is presented in Figure 4.31 

for the three selected pollutants, using the 64 and 400 cpsi monolith at 

different liquid loop flow rates. 
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Figure 4.31 – Inhibition of bacterial activity determined by Microtox after 

exposure to the effluent resulting from the continuous ozonation of the 

selected organic pollutants using 64 and 400 cpsi monoliths at different 

liquid loop flow rates. 

The observed toxicity of the resulting effluents presented a behaviour in 

accordance with the mineralization degree achieved in these experiments, 

following the trends that were observed for the ozonation of these 

pollutants in semi-batch operation, considering the retention times in 

question (see section Ozonation of emerging organic micropollutants). 

While the further mineralization degree of atrazine corresponded to a 

more toxic effluent, due to changes in the product distribution, the toxicity 

of the effluent resulting from the ozonation of MTLC decreased as the 

loop flow rate increased. The toxicity of the effluent resulting from the 

ozonation of nonylphenol remained approximately constant. 

In summary, changes to the flow rate of the liquid and gas phases are 

able to alter the performance of the catalytic ozonation system. The 

increase in the gas flow rate affected mostly the horizontal bubble 
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distribution throughout the monoliths’ channels. Thus, a larger gas flow 

rate, besides contributing to an increased mass transfer between the gas 

and liquid phases in the bubble column, below the monolith, also 

contributes to the establishment of a three-phase system in a larger 

number of channels. Changes to the liquid flow rate lead to changes in the 

flow regime that is established inside the monolith channels in three-

phase operation, which were shown to have an impact in the performance 

of the system. In general, the mass transfer from the gas-phase to the 

liquid-phase inside the monolith channels should be improved due to 

changes in the slip ratio between the two phases. A large slip ratio will 

lead to bypass regime, which does not favour the process. On the other 

hand, large concentrations of ozone in the liquid-phase inside the 

monolith channels, due to prior contact between the phases, will diminish 

the role played by the transfers occurring in this interface. Then, the 

increase in the liquid flow rate may play a larger role regarding the 

enhancement of the recirculation inside the liquid slugs formed inside the 

channels, and thus facilitating the transfer of the organic pollutants and of 

ozone to the catalytic wall, improving the rate of reactions occurring 

preferably on the surface of the solid catalyst. In this case, the main 

pathway for mass transfer to and from the catalytic wall would be from the 

liquid slugs to the wall, rather than through the film formed around the 

gas-bubbles. The results obtained suggest that the increase in the liquid 

flow rate is important to enhance the rate of the reactions occurring on the 

catalytic wall, while contributing to a larger concentration of ozone in the 

liquid phase. 

4.6 CONTACT AREA 

The influence of the contact area available for reaction, i.e. the surface 

area of the monolithic catalyst, was assessed in the catalytic ozonation of, 

on a first approach, oxalic acid, and later using the three selected 

emerging organic micropollutants, atrazine, metolachlor and nonylphenol. 
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The contact area was varied through the addition of several identically 

prepared monoliths in series inside the bubble column. By placing four 

monoliths in series instead of one, the area available for reaction 

increases four times. The monoliths used in these experiments consisted 

in 400 cpsi monoliths with a CNF loading between 10 and 11 wt.%. The 

experiments were carried out using a loop flow rate of 60 mL min
-1

 and a 

feed flow rate of 12 mL min
-1

. 

The removals of the organic pollutants during ozonation experiments 

obtained using the configuration with one monolith and with four monoliths 

are presented in Figure 4.32, together with the mineralization degree 

achieved. Behaviour of the formed intermediates is discussed in Appendix 

B. 

 
Figure 4.32 - Removal of oxalic acid and selected emerging organic 

pollutants and respective mineralization degrees during continuous 

ozonation experiment with different catalyst contact areas available for 

reaction. 

The larger contact area available when the configuration using four 

monoliths in series is used promoted larger degradation of oxalic acid, for 

which the reactions occurring on the surface of the catalyst are known to 
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play an important role [39]. Regarding the three organic pollutants, the 

increment in contact area does not seem to play an important role in the 

removal of these pollutants from solution. These are known to react 

promptly with molecular ozone, and thus the decomposition of ozone by 

action of the catalyst, or the reaction of the pollutants on the surface of the 

catalyst, does not play a major role here [46, 47, 50, 53] (see section 

Ozonation of emerging organic micropollutants). On the other hand, the 

mineralization degree was remarkably improved with the increase in 

contact area. Surface reactions are shown to be playing a major role in 

improving the mineralization degree. 

The toxicity of the resulting effluents was also measured by the standard 

Microtox test. The measured inhibition of bacterial activity caused by the 

resulting effluents is presented in Figure 4.33. 

 
Figure 4.33 – Inhibition of bacterial activity determined by Microtox after 

exposure to the effluent resulting from the continuous ozonation 

experiment with different catalyst contact areas available for reaction. 

While the increase in contact area lead to reduced toxicity of the effluent 

after ozonation in the cases of metolachlor and nonylphenol, the same did 

not happen in the case of atrazine. The production of more toxic 
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intermediates was still occurring, even when considering the wider extent 

of mineralization observed. 

In summary, the increase in the contact area of the catalyst with the gas 

and liquid phases improves the potential of the ozonation system to 

further mineralize emerging organic micropollutants. The toxicity of the 

resulting effluents is still widely affected by the distribution of the 

accumulated intermediates in solution. 

4.7 WATER MATRIX 

In order to assess the potential of the catalytic ozonation process using 

monolithic structured catalysts to be applied to a real effluent, experiments 

were carried out using a simulated natural water matrix. The components 

of the matrix are described in detail in the Methods and materials section. 

On a first approach, experiments were carried out using atrazine, 

metolachlor and nonylphenol. The catalytic ozonation experiments were 

carried out using a three-phase configuration with four monoliths in series, 

using a loop flow rate of 60 mL min
-1

. The removals of the organic 

pollutants and their corresponding mineralization degree obtained in 

experiments using ultrapure water (UP) and natural water (NW) are 

presented in Figure 4.34. The behaviour of the main identified 

intermediates is discussed in Appendix B. 

It is observable that the catalytic system increases the mineralization 

degree at steady state, from 0 to 12%. Blank experiments were made 

where no ozone was fed into the system. In these cases, no significant 

removal of the pollutants were witnessed, and thus adsorption does not 

seem to play a major role in the TOC removal accounted for in this 

section. The removal of the parent pollutant seems to be improved by 

using the natural water matrix, when compared with the ultrapure water 

matrix. Since the HCO3
-
 present in the natural water matrix acts as a 

radical scavenger [45], it is likely that more ozone is available in solution 

to react directly with atrazine, in this case. However, no difference was 
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observed in the mineralization degree, which suggests that the reactions 

of the oxygenated radicals, necessary for the mineralization of atrazine, 

occur mainly on the catalyst surface [39]. Considering metolachlor, 

performances are similar to what was observed in the case of atrazine. 

However, there is a decrease in the mineralization degree during the 

catalytic experiment using natural water in comparison to ultrapure water. 

Contrary to the case of atrazine, this suggests that there was some 

inhibition caused by the inorganic compounds in the water matrix. In the 

case of nonylphenol, complete removal of nonylphenol was achieved in all 

experiments. However, the mineralization degree was greatly improved 

when the catalytic process was used. Similarly to atrazine, the different 

water matrices did not alter the mineralization degree, which indicates that 

the reactions of the intermediates with hydroxyl radicals occur mainly on 

the catalyst surface. 

 
Figure 4.34 - Removal of the selected emerging organic pollutants and 

respective mineralization degrees during continuous ozonation 

experiment with different water matrices. 

Another important parameter to evaluate the final effluent is the acute 

toxicity, which is presented in Figure 4.35, as the inhibition of the 
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luminescent activity of standard bacteria when exposed to each effluent 

for 30 min. 

Observing the experiments with atrazine, the single ozonation process in 

ultrapure water resulted in a more toxic effluent than the initial solution for 

the Vibrio Fischeri bacteria. Additionally, the catalytic process caused an 

even larger increase in toxicity. It is thus clear that the intermediates 

formed during the degradation of atrazine are more toxic than the parent 

compound. When the natural water matrix was used, the toxicity remained 

almost constant, even decreasing slightly for the catalytic ozonation 

process. This most likely results from the different degradation pathways 

for each process, as can be seen by the differences in concentration of 

the quantified intermediates, resulting in degradation products with 

variable toxicity levels [69]. Considering the metolachlor experiments, the 

single ozonation process results in intermediate products that are more 

toxic than the parent compound. The natural water matrix leads to a more 

toxic effluent, which is probably related to the inhibition in the 

mineralization that was observed. The presence of a catalyst considerably 

reduces the toxicity of the effluent. This can be related in part to the 

production of 2-ethyl-6-methylaniline, which is known to be one of the 

major contributors to the toxicity value [70]. However, since the difference 

between concentration are somewhat subtle, this effect is probably not the 

unique responsible for the variation of toxicities, but is an indicator of a 

difference in the degradation pathways of the two processes (single and 

catalytic ozonation). The toxicity of the resulting effluents from the 

ozonation of nonylphenol was very similar to that of the initial solution. 
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Figure 4.35 – Inhibition of bacterial activity determined by Microtox after 

exposure to the effluent resulting from the continuous ozonation 

experiment with different water matrices. 

Since it was clear that the constituents of the natural water matrix had an 

effect on the performance of the catalyst, further catalytic ozonation 

experiments were performed, systematically removing each component 

from the matrix. The selected pollutant for this series of experiments was 

metolachlor, and the results obtained are presented in Figure 4.36. The 

pH value of the natural water solution is strongly buffered by HCO3
-
 (at 

around 7), and thus the natural decomposition of ozone into radicals is 

minimized.  

The removal of the parent pollutant was not importantly affected by the 

removal of each constituent from the natural water matrix, since the 

reaction with molecular dissolved ozone seems to play the major role in its 

degradation. However, significant differences were observed regarding 

the mineralization degree achieved. The main inhibitors of the catalytic 

ozonation process were ions HCO3
-
, SO4

2-
 and Ca

2+
. The effect of the first 

as a radical scavenger, as mentioned before, justifies the improvement of 

the mineralization degree attained upon its removal. Rosal et al. suggest 

that sulfate may affect the dissolution of ozone in water, which is lower for 
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higher concentrations of the inorganic ion [71]. Furthermore, sulfate ion 

has also been reported to react with hydroxyl radicals but not with 

molecular ozone [72], which may inhibit the degradation of organic matter 

and also the ozone degradation chain that results in the further production 

of more highly reactive radicals. Regarding the effect of Ca
2+

, it was 

observed that, when this ion is not present in the water matrix, the TOC 

removal increased from 15 to 35%. This shows that calcium is greatly 

disrupting the process of conversion of the organic pollutant and of its 

degradation products. In fact, without calcium, the TOC removal is close 

to that obtained during experiments using milliQ ultrapure water (without 

inorganic ions). The reaction of degradation compounds with calcium in 

solution is known to form precipitates, which may block the access to the 

surface of the catalyst, and it was also postulated that Ca
2+

 may bind to 

carboxylic groups in high molecular weight intermediates of metolachlor 

ozonation [73], thus hindering their degradation by catalytic ozonation. 

The removal of humic acid from solution had a negative effect on the 

mineralization degree. Humic acid has a very high organic carbon loading, 

which could be one of the reasons why this occurs, since when monitoring 

the mineralization degree, the organic carbon present in the humic acid, 

and its possible degradation, is also being accounted for. Low 

concentrations of humic acid have been found to enhance the 

performance of ozone by initiating its decomposition into more reactive 

compounds [74, 75]. The combination of these two factors should account 

for the decrease in the efficiency of mineralization when humic acid was 

removed from the natural water matrix. 
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Figure 4.36 - Removal of metolachlor and respective mineralization 

degrees during continuous ozonation experiment with natural water matrix 

from which the components were sequentially removed. 

The resulting effluents from the catalytic ozonation experiments using 

natural water from which the constituents were systematically removed 

also had their toxicity level monitored, as can be seen in Figure 4.37. 

There seems to be a trend connecting the mineralization degree with the 

toxicity level found. It seems that while the oxidation reaction goes further 

in the degradation path of the parent compound, more toxic products are 

being produced. In fact, the highest values found correspond to the 

experiments without HCO3
-
 and without calcium present in the matrix. 

However, after the reaction without sulfate, the toxicity level was very low. 

The production of less toxic intermediates could be the cause. However, 

the variation in 2-ethyl-6-methylaniline concentration was almost 

insignificant and thus this seems unlikely. It is possible that sulfate, or the 

products of the reaction between hydroxyl radicals and sulfate, has an 

inhibitory effect in the luminescent activity of Vibrio Fischeri. 
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Figure 4.37 - Inhibition of bacterial activity determined by Microtox after 

exposure to the effluent resulting from continuous catalytic ozonation 

experiment with natural water matrix from which the components were 

sequentially removed. 

In summary, the catalytic ozonation process, using structured catalysts 

constituted by honeycomb monoliths covered by carbon nanofibers, was 

demonstrated to, notwithstanding some changes to the performance of 

the system, have potential for application with real effluents. 

4.8 CARBON LOADING 

The increase of the carbon loading of the structured catalysts may have 

an influence in the performance of the catalyst, since there will be a larger 

number of active sites available for reaction [76]. The increase in catalyst 

loading in semi-batch ozonation reactions has already been demonstrated 

to enhance the oxidative potential [46] (see Ozonation of emerging 

organic micropollutants).  
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In Figure 4.17 the conversion of dissolved ozone as a function of the liquid 

flow rate is compared for two 400 cpsi monoliths with different loading of 

CNF (10.2 and 16 wt.%). The higher loading of CNF is shown to result in 

a larger conversion of ozone. A similar behaviour was observed when the 

same monoliths were applied to the ozonation of oxalic acid, as seen in 

Figure 4.27. Once more, the monolith with a higher loading of CNF was 

able to degrade a larger amount of oxalic acid. 

While an increase in the amount of CNF grown on the structured catalysts 

results in a larger number of active sites, the increase in the thickness of 

the CNF layer should also be taken into consideration [77]. It is possible 

that a too thick CNF layer may block access of the reactants to the carbon 

material that is closer to the support, and thus buried beneath additional 

layers of CNF.  

Experiments were performed using structured catalysts with a large 

variance of CNF loading as catalysts for the ozonation of oxalic acid. 

These experiments were run in a closed loop two-phase setup, since the 

structured catalysts used had a smaller diameter (10 mm) and thus did 

not fit properly inside the bubble column, without bypass of the liquid and 

gas phases. The calculated first-order kinetic constants are shown in 

Figure 4.38 as a function of the mass of CNF grown on the structured 

catalysts.  

It is noticeable in Figure 4.38 that, in spite of the increase in the reaction 

rate with the CNF mass, for high mass, the effect of the mass increase is 

lower than for lower masses of CNF. The relation between the removal 

rate and the CNF mass seems to follow approximately a logarithmic 

increase, suggesting that it is not efficient to increase the CNF mass from 

a certain point. This is likely due to the increase in the thickness of the 

CNF layer, which reduces the accessibility of the reactants to the layers 

closer to the support, which are not then able to catalyse the reaction. 
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Figure 4.38 – First-order rate constant of the removal of oxalic acid in 

ozonation experiments using structured catalysts with different loadings of 

carbon nanofibers, represented as a function of the mass of carbon 

nanofibers on the surface of the structured catalysts. 

4.9 PARTIAL CONCLUSIONS 

In this chapter, the influence of various operation parameters was 

evaluated in the catalytic ozonation of organic pollutants.  

On a first approach, the hydraulic features of the experimental setup were 

characterized. The detailed behaviour of the hydraulic regime developed 

inside the monolith channels was then also characterized through 

application of the relations found in the literature. Afterwards, these 

parameters were related to the performance of the catalysts in the 

ozonation of organic pollutants. After showing that the application of a 

three-phase system was advantageous, it was found that the relative size 

of the bubbles and the monolith channels are important, since they affect 

the distribution of the gas-phase inside the monolith, as well as its contact 

with the catalytic wall. Furthermore, the efficiency of the process was 

suggested to be dependent, under our operating conditions, on the 
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transfer of the organic pollutants from the solution to the channel walls, 

where a major part of the degradation reaction of the pollutants is taking 

place. This factor seems to be strongly related to the length of the slugs 

inside the monolith channels, which is, on the other hand, linked with the 

liquid flow rate used. Another factor which seems to be important is the 

relation of the velocities of the slugs and bubbles inside the channels; 

however, since there is already a high concentration of ozone in the liquid 

phase inside the monolith, it was suggested that this phenomenon might 

not be as important in this case. 

In addition, the effect of several components of natural waters in the 

process was evaluated, as well as the influence of the loading of carbon 

on the structured catalysts. It was found that, despite showing an 

influence in the process, the use of natural water matrices does not hinder 

significantly the efficiency of the catalytic ozonation process. It was 

observed that its influence varies when different pollutants are used. The 

increase in the loading of carbon on the structured catalysts was shown to 

enhance the performance of the system, up to a certain point, since a 

CNF layer that is too thick will decrease the accessibility of the reactants 

to the layers closer to the support. 
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5. MODIFICATION OF THE CARBON SURFACE 

5.1 DESCRIPTION 

In this chapter, the influence of the doping of carbon materials with 

different heteroatoms in the catalytic ozonation process was assessed. 

On a first approach, a screening of elements of interest was made using 

multiwalled carbon nanotubes, and nitrogen was selected as the most 

able to enhance the catalytic activity of the materials.  

On a second step, the nitrogen doping was evaluated using carbon 

nanofibers, both in powder form and as structured catalysts. In these 

experiments, three selected emerging organic micropollutants were used, 

and the activity of the pristine and N-doped carbon nanofibers was 

evaluated. 

Finally, the influence of the amount and of the type of the nitrogen 

functionalities on the surface of carbon materials was evaluated, using 

carbon xerogels. A positive correlation between the amount of nitrogen 

and the catalytic activity of the materials on the ozonation of oxalic acid 

was found. 

The materials used in this chapter were prepared and kindly made 

available by: doped MWCNT, by Raquel P. Rocha, prepared at 

Laboratório de Catálise e Materiais, Universidade do Porto; pristine and 

doped CX, by Dr. Juliana P. S. Sousa, prepared at Laboratório de 

Catálise e Materiais, Universidade do Porto; and pristine and doped CNF 

by the group of Prof. Enrique Garcia-Bordejé, at Instituto de 

Carboquímica, part of the Consejo Superior de Investigación Científica, in 

the context of the European Commission financed project MONACAT. 

The work presented in this chapter has been partially published in the 

following references: 
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Figueiredo, Nitrogen-doped carbon xerogels as catalysts for advanced 

oxidation processes, in press, Catalysis today, (2014), 

J. Restivo, R.P. Rocha, A.M. Silva, J.J. Órfão, M.F. Pereira, J.L. 

Figueiredo, Catalytic performance of heteroatom-modified carbon 

nanotubes in advanced oxidation processes, 35 (2014) 896-905. 

5.2 INTRODUCTION OF SURFACE HETEROATOMS 

5.2.1 SEMI-BATCH OZONATION 

An initial approach was made to assess the influence of the introduction of 

different elements on the surface of carbon nanotubes (MWCNT). The 

detailed characterization of the materials used in these experiments is 

presented in section Materials and methods. The MWCNT used in this 

study present on their surface oxygen-containing species (CNT-N, treated 

with nitric acid), nitrogen containing species (CNT-NUT, treated with urea) 

and sulphur-containing species (CNT-S and CNT-NS, treated with 

sulphuric acid and with nitric and sulphuric acid, respectively). 

The catalytic performance of the pristine and modified CNT samples was 

studied using oxalic acid (Figure 5.1) and phenol (Figure 5.2) as model 

pollutants in ozonation.  

A clear influence of the surface chemistry of the carbon samples in the 

catalytic performance can be observed. The acidic samples CNT-N, CNT-

NS and CNT-S (which present low pHpzc) underperform compared with the 

samples with neutral or slightly basic nature (CNT-O and CNT-NUT). 

Almost complete degradation of oxalic acid can be achieved in 60 min 

using the pristine CNTs and the N-modified CNT sample, while the oxalic 

acid conversions are in the range 50-75% with the S-containing samples 

(CNT-S and CNT-NS) and CNT-N.  
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Figure 5.1 – Dimensionless concentration of oxalic acid during semi-

batch ozonation experiments carried out in the presence of MWCNT with 

different surface functionalities. 

Due to the large amount of O-containing groups (carboxylic acids and 

anhydrides, and phenols) on the CNT-N sample, the poor catalytic 

performance was expected. In fact, the presence of acidic surface groups 
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degradation of refractory organic compounds by ozonation [1, 2]. 

Furthermore, the positive effect of basicity in liquid-phase oxidations with 

carbon materials is commonly accepted [3], including the degradation of 

organic compounds by ozonation [4] [5, 6] [2, 7-14]. 

The absence of acidic groups (O-containing or S-containing) lead to a 

faster degradation of oxalic acid, as observed with samples CNT-O and 

CNT-NUT. The good performance of the pristine CNTs (CNT-O) in 

catalytic ozonation can be explained by the presence of π electrons on 

the surface, which are known to be active sites for ozone decomposition 

and formation of radicals [15], but also by the absence of acidic surface 

species that can hinder the formation of radicals or restrain the surface 

reaction mechanisms [1, 10]. Concerning the CNT-NUT sample, which 

shows the best catalytic performance for oxalic acid degradation, it seems 
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that the N-functionalities introduced are responsible for the improved 

catalytic activity observed. The results obtained in the catalytic ozonation 

of oxalic acid support the idea that the increase in electronic density on 

the surface, promoted by the N-functionalities, favours the reduction of 

ozone, as recently proposed [6, 8, 11, 14, 16]. 

Comparison with published results for oxalic acid degradation by catalytic 

ozonation shows that the CNT-NUT sample performs better than N-doped 

carbon xerogels [11] and activated carbon [2], which did not allow 

complete oxalic acid degradation after 120 min, but reveals only a small 

improvement in performance when compared with other modified 

commercial CNTs [1], which led to 100 % conversion of oxalic acid in less 

than 60 min, under similar conditions. 

Figure 5.2 shows the catalytic activity of the pristine and modified CNT 

samples in the removal of phenol by ozonation 

 
Figure 5.2 – Dimensionless concentration of phenol during semi-batch 

ozonation experiments carried out in the presence of MWCNT with 

different surface functionalities. 
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negligible. However, slight differences were observed regarding the 

mineralization, determined by TOC analysis (Figure 5.3). 

 
Figure 5.3 – Dimensionless concentration of TOC during semi-batch 

ozonation of phenol experiments carried out in the presence of MWCNT 

with different surface functionalities. 

Complete mineralization of phenol degradation products by ozone 
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5.5. 
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Figure 5.4 – Concentration of benzoquinone during semi-batch ozonation 

of phenol experiments carried out in the presence of MWCNT with 

different surface functionalities. 

 
Figure 5.5 – Concentration of hydroquinone during semi-batch ozonation 

of phenol experiments carried out in the presence of MWCNT with 

different surface functionalities. 
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experiments using oxalic acid as a model compound; i.e., the catalysts 

which showed better performance in the removal of oxalic acid were those 

that led to a lower concentration of oxalic acid in the experiments with 

phenol. 

 
Figure 5.6 – Concentration of oxalic acid during semi-batch ozonation of 

phenol experiments carried out in the presence of MWCNT with different 

surface functionalities. 
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than the CNT-NUT sample, even though the latter was shown to perform 

better in the ozonation of oxalic acid. The samples containing acidic S-

containing groups on the surface, as was observed when oxalic acid was 

used as a model compound, were the least active catalysts where the 

mineralization of phenol was concerned. 

 
Figure 5.7 – Dimensionless concentration of TOC, with the contribution of 

oxalic acid and of other organic compounds identified, after 180 minutes, 

during the semi-batch ozonation of phenol experiments carried out in the 

presence of MWCNT with different surface functionalities. 
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While the low activity of sample CNT-S can be attributed to its acid 

character, its activity in the catalytic wet air oxidation of phenol has been 

shown to be remarkable, possibly due to the formation of S-containing 

radical species, such as persulfate radicals [23-25]. Some experiments 

were performed in order to understand if, and why, such behaviour was 

not observed in the ozonation process. For this end, sodium persulfate 

was used as a precursor to the formation of sulfate-containing radicals, 

and tert-BuOH was used as a radical scavenger. The dimensionless 

concentration of oxalic acid during semi-batch experiments performed to 

give insight into the role of the S-containing surface functionalities is 

presented in Figure 5.8. 

 
Figure 5.8 – Dimensionless concentration of oxalic acid during the semi-

batch ozonation experiments carried out in the presence of MWCNT with 

different surface functionalities, using sodium persulfate and tert-BuOH. 
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gas feed showed no removal of the pollutant, it is clear that the interaction 

of ozone, or ozone-derived species, with persulfate, or derived species, is 

responsible for this positive effect [26, 27]. While the reaction of hydroxyl 

radicals with the persulfate ion is reported to be responsible for the 

generation of sulfate radicals when AOPs are concerned [26-28], the 

spontaneous homogeneous generation of hydroxyl radicals does not 

occur at the pH (3.0) of the initial oxalic acid solution [13]. Thus, it is likely 

that ozone, or ozone-derived species, activate the persulfate ions, thus 

forming more active radical species which enhance the degradation of 

oxalic acid. In fact, no degradation of oxalic acid was observed when tert-

butanol (t-BuOH, a known radical scavenger [2]) was added to this 

reaction system, therefore suggesting the intervention of radical species in 

the O3/Na2S2O8 system. 

A positive effect in the degradation of oxalic acid was observed when 

Na2S2O8 was added to the O3+CNT-O experiment. This enhanced 

performance was eliminated in the presence of the radical scavenger, 

confirming the role of radicals in solution. When the same experiment was 

carried without ozone in the gas feed (O2+CNT-O+Na2S2O8), no removal 

of oxalic acid was observed. It has been suggested that carbon materials 

can promote the formation of active radicals from persulfate [29, 30], but 

this was not observed in our working conditions (most likely due to the 

lower concentration of persulfate in solution). 

These experiments suggest that the species resulting from the 

decomposition of S-containing groups during ozonation are not activated 

by ozone in the same way as persulfate. This seems to be the main 

difference between catalytic wet air oxidation and catalytic ozonation, in 

regard to the mechanism when the S-containing sample is used. This was 

confirmed when t-BuOH was added to the catalytic ozonation of oxalic 

acid carried out with sample CNT-S (Figure 5.9), where no difference in 

the removal was observed. 
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Figure 5.9 – Dimensionless concentration of oxalic acid during the semi-

batch ozonation experiments carried out in the presence of MWCNT with 

different surface functionalities, using tert-BuOH. 

Similarly, the removal of oxalic acid when a radical scavenger was applied 

during experiments using samples CNT-O and CNT-NUT was not 

hindered, when compared with the catalytic experiments without tert-

BuOH. Thus, it is expected that the reaction is occurring on the surface of 

the catalysts, at this working conditions. 
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reaction is further assessed in section Stability and deactivation of the 

catalysts. 
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samples is presented in section Materials and methods. 
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Figure 5.10 – Dimensionless concentration of oxalic acid during the semi-

batch ozonation experiment carried out in the presence of pristine and N-

doped carbon nanofibers. 

Similarly to what was observed with MWCNT samples, the N-doped CNF 

showed better activity in the removal of oxalic acid during ozonation. The 

results obtained in the catalytic ozonation of oxalic acid support the idea 

that the increase in electronic density on the surface, promoted by the N-

functionalities, favours the reduction of ozone, as recently proposed [6, 8, 

11, 14, 16]. It is interesting to notice that the activity observed for the CNF 
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process. 
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Figure 5.11 – Dimensionless concentration of phenol during the semi-

batch ozonation experiments carried out in the presence of pristine and N-

doped carbon nanofibers. 

As was observed with the MWCNT samples, the presence of a catalyst in 

the ozonation of phenol does not significantly alter its removal from 

solution, likely due to its fast reaction with molecular ozone [17, 18]. The 

dimensionless concentration of TOC during ozonation experiments using 

CNF catalysts is presented in Figure 5.12, as a measure of the 

mineralization degree. 
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samples. Moreover, the concentration of these compounds in the catalyst 

and the non-catalytic ozonation experiments was very similar, regardless 

of the catalyst used (CNF or MWCNT).  

While the mineralization degree was improved from the single ozonation 

experiment, there was not much difference between the pristine and the 

N-doped CNF; the pristine sample is slightly more active than the N-

doped sample. Since the distribution of the accumulated products was 

observed to change with the catalysts when MWCNT catalysts were used 

in this reaction, the formation of benzoquinone and hydroquinone is 

presented in Figure 5.13 and Figure 5.14 respectively. 
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Figure 5.12 – Dimensionless concentration of TOC during the semi-batch 

ozonation of phenol experiments carried out in the presence of pristine 

and N-doped carbon nanofibers. 

 
Figure 5.13 – Concentration of benzoquinone during semi-batch 

ozonation of phenol experiments carried out in the presence of pristine 

and N-doped carbon nanofibers. 
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Figure 5.14 – Concentration of hydroquinone during semi-batch 

ozonation of phenol experiments carried out in the presence of pristine 

and N-doped carbon nanofibers. 

However, the same was not observed in the formation of oxalic acid, 

presented in Figure 5.15. 

 
Figure 5.15 – Concentration of oxalic acid during semi-batch ozonation of 

phenol experiments carried out in the presence of pristine and N-doped 

carbon nanofibers. 
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between the pristine and the N-doped CNF samples is not so evident. 

Nevertheless, the final accumulated TOC values obtained in these 

experiments are presented in Figure 5.16, where the contribution of oxalic 

acid and of other unidentified organic compounds is discriminated. 

 
Figure 5.16 – Dimensionless concentration of TOC, with the contribution 

of oxalic acid and of other organic compounds identified, after 180 

minutes, during the semi-batch ozonation of phenol experiments carried 

out in the presence of pristine and N-doped carbon nanofibers. 

Observation of Figure 5.20 clearly indicates that the main contribution for 

the lower TOC removal during experiments with CNF-N were due to the 

increase in the amount of other organic intermediates other than oxalic 

acid. As in MWCNT, this indicates that these compounds, which are likely 

harder to degrade than oxalic acid, tend to be the preferred path of 

degradation. The amount of nitrogen on the CNF seems to play a 

determinant role in the ozonation of phenol, likely due to changes in the 

electronic density on the surface of the material [31]. Nevertheless, 

changes to the degradation mechanism, i.e. whether the reaction is 

occurring on the catalyst surface or on the liquid bulk through direct 

ozonation or interaction with radical species, should not be disregarded. In 

fact, it has been reported that different types of nitrogen species may lead 

to different reaction mechanisms [6, 8, 14]. 
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5.2.2 CONTINUOUS OZONATION 

After the semi-batch experiments using powder catalysts, experiments 

were performed in continuous operation using structured catalysts in 

ozonation. The catalysts consisted in CNF-covered honeycomb cordierite 

monoliths. Two different catalysts were used: one CNF covered monolith 

with carbon loading 11.4 wt.% and one N-doped CNF-covered monolith 

with carbon loading 7.9 wt.%. Both catalysts were 60 mm x 22 mm, with 

channel density 64 cpsi. Further description of the catalysts can be found 

in section Materials and methods. The experiments were performed in a 

bubble column reactor using an internal recirculation loop, in three-phase 

operation, as described in detail in section Materials and methods. 

First off, the unmodified CNF and the N-doped CNF monoliths were used 

as catalysts in the continuous ozonation of oxalic acid. The removals as 

measured at steady state are presented in Figure 5.17. 

 
Figure 5.17 – Removal of oxalic acid during continuous ozonation 

experiments using unmodified and N-doped CNF covered monoliths: 

absolute values and normalized by CNF mass values. 
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this trend. In fact, if the removal per mass of CNF is considered, the N-

CNF structured catalyst removed approximately 5 mM of oxalic acid more 

than its CNF counterpart, per gram of CNF. This observation agrees with 

what was observed in semi-batch experiments, where the amount of 

catalyst used was the same for the experiments with the different 

samples. Thus, while the efficiency of the catalyst is smaller, the doping of 

the CNF with nitrogen improves the activity of the CNF in the catalytic 

ozonation of oxalic acid. 

Further experiments were carried out using selected emerging organic 

micropollutants: atrazine, metolachlor and nonylphenol. The detailed 

description of the ozonation of these pollutants is presented in section 

Ozonation of emerging organic micropollutants.  

The removal of the three pollutants during the continuous ozonation 

experiments is presented in Figure 5.18. 

 
Figure 5.18 – Removal of atrazine, metolachlor and nonylphenol during 

continuous ozonation experiments using unmodified and N-doped CNF 

covered monoliths: absolute values and normalized by CNF mass values. 
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Observing the values for removal of the pollutants, it is clear that there is 

not much of a difference when the either of the structured catalysts was 

used. Furthermore, when compared with the values obtained during single 

ozonation experiments, not shown here (section Ozonation of emerging 

organic micropollutants), it is clear that the addition of the catalysts does 

not improve the oxidation of these pollutants. In fact, all the three 

pollutants have been demonstrated to quickly react with ozone, as 

depicted in section Ozonation of emerging organic micropollutants [32-

41]. Thus, while a similar calculation of the removal per CNF loading as 

made for oxalic acid is presented in Figure 5.18, its significance should be 

observed with caution. In fact, there is no evidence to support that surface 

reactions might be improving the oxidation of these pollutants; kinetic 

experiments performed with atrazine have shown an increase in its 

removal when the catalyst loading was increased in semi-batch 

experiments using MWCNT in powder form, but this was attributed to 

adsorption rather than oxidation; since the measured values are 

presented at steady state, adsorption should not be playing an important 

role due to saturation of the CNF surface [19]. In the case of oxalic acid, it 

is known that surface reactions are contributing to the oxidation of the 

pollutant during ozonation, at similar conditions to those used here [2]. 

The mineralization degree, as measured through TOC removal, is a better 

measure of the efficiency of the catalysts, and is much more closely 

related with surface reactions, or radical reactions in the liquid bulk, than 

the oxidation of the parent pollutant [19, 32, 33, 39]. The mineralization 

degree of the three organic pollutants obtained during continuous 

ozonation experiments using CNF and N-CNF structured catalysts is 

presented in Figure 5.19. 
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Figure 5.19 – Removal of TOC from atrazine, metolachlor and 

nonylphenol during continuous ozonation experiments using unmodified 

and N-doped CNF covered monoliths: absolute values and normalized by 

CNF mass values. 
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organic micropollutants, the TOC removal is improved in the presence of 

a carbon based catalyst, either due to surface reactions or through the 

generation of hydroxyl radicals in solution. Behaviour of the ozonation by-

products is discussed in Appendix B. 
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The toxicity of the resulting effluents was also evaluated, using CNF and 

N-CNF structured catalysts in the catalytic ozonation of the selected 

organic micropollutants. However, since the toxicity is not inherent to a 

single parameter, but rather due to the interaction between all the 

components in the water sample, it is not possible to normalize the 

obtained inhibitions levels by the mass of CNF on the catalyst. Thus, only 

the absolute values are presented in Figure 5.20. 

 
Figure 5.20 – Inhibition of luminescent activity of Vibrio Fischeri bacteria 

during Microtox tests, after exposure to samples taken at steady-state 

during continuous ozonation experiments of atrazine, metolachlor and 

nonylphenol using CNF and N-CNF structured catalysts. 

Observing atrazine, it is clear that the application of a catalyst to the 

ozonation system results in more toxic effluents, as had been observed in 

section Ozonation of emerging organic micropollutants. Nevertheless, the 

N-CNF structured catalyst lead to a less toxic effluent, probably due to a 

lesser extent in the degradation of the products of atrazine ozonation. In 

fact, when the contact area of the effluent with the catalyst was increased, 

in section Operation conditions, it was observed that further degradation 

of atrazine lead to more toxic effluents. In this case, the smaller loading of 

CNF on the structured catalyst resulted in a less toxic mixture of 

components; however, one should notice that this is not necessarily a sign 
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of a better catalyst, but most probably simply a consequence of the 

reaction conditions. In the case of metolachlor, the trend follows closely 

what was observed in sections section Ozonation of emerging organic 

micropollutants and Operation conditions. The more extensive TOC 

removal resulted in a less toxic effluent, which means that N-CNF 

produced a more toxic sample than CNF, despite improving the toxicity of 

the effluent subject to the non-catalytic process. Finally, nonylphenol, has 

had been observed in section Ozonation of emerging organic 

micropollutants, did not present significant variations of the toxicity 

measured at steady state. 

In summary, it has been observed that the modification of the surface of 

nanocarbon materials with different heteroatoms results in different 

catalytic activities in the catalytic ozonation process. The introduction of 

N-containing functionalities was shown to be the most interesting of those 

studied here, since they were observed to improve the performance of the 

catalysts. Furthermore, a similar effect was observed whether carbon 

nanotubes or carbon nanofibers were used. The application of N-doped 

carbon nanofibers as a structured catalyst was shown to, in fact, presents 

a better activity in the catalytic ozonation process. However, the 

production of these N-CNF materials yields a smaller loading of carbon on 

the structured catalyst, which is detrimental to the overall performance of 

the system. Besides enhancing the catalytic activity of the carbon 

materials, the N-containing functionalities were also observed to lead to 

changes in the degradation path of organic emerging micropollutants. 

5.3 INFLUENCE OF AMOUNT AND TYPE OF NITROGEN 

CONTENT 

Since the samples with N-containing surface groups showed good activity 

as catalysts for the catalytic ozonation process, experiments were 

performed in order to study how the amount, and the type, of nitrogen 

included on the surface of carbon catalysts influences their performance. 
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For this end, several N-doped carbon xerogels were used in the ozonation 

of oxalic acid. These materials were selected due to their wide spectra of 

nitrogen content on the surface, both in amount and in type, which is 

obtained through changes in their preparation method. The 

characterization of these materials is detailed in section Materials and 

methods. 

The concentration profiles of oxalic acid during ozonation experiments 

using the selected samples of N-doped carbon xerogels are presented in 

Figure 5.21. 

 
Figure 5.21 – Dimensionless concentration of oxalic acid during the semi-

batch ozonation experiments carried out in the presence of carbon 

xerogels with different amounts and types of nitrogen on the surface. 

Figure 5.21 shows that inclusion of a catalyst improves the removal of 

oxalic acid from solution when compared with the single ozonation 

experiment. The removal increased from 20% (without catalyst) to around 

55% with the best catalysts, after 120 min of reaction. The results show 

that carbon xerogels promote the formation of more reactive species from 

ozone, either in solution or on the surface of the catalyst [42]. 

Nevertheless, complete conversion of oxalic acid was never achieved up 

to the limit of the experiments (120 min). It is clear that these carbon 

xerogels do not perform as well as other carbon catalysts which have 
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been previously tested in the same system: complete removal of oxalic 

acid was achieved after approximately 60 minutes of reaction with multi 

walled carbon nanotubes, using the same reaction system and operating 

conditions [1]; with activated carbons, the removal of oxalic acid was close 

to 70 % after 120 minutes [2]. 

The apparent first-order reaction rate constants in ozonation of oxalic acid 

are listed in Table 5.1. 

Table 5.1 – Apparent constant of reaction calculated for the catalytic 

ozonation of oxalic acid using N-doped carbon xerogel samples. 

Sample k (min
-1

) 

CX_6.9_500 0.0026 

CXM_6.9_700 0.0084 

CXM_6.9_900 0.0053 

CXU_6.9_700 0.0034 

 

It is interesting to note that the performance of the catalysts is not 

significantly affected by the surface area. In fact, the sample which 

presents the largest surface area (sample CXU_6.9_700) performs worse 

than the remaining; while the sample with the smallest value of SBET 

shows the best performance (sample CXM_6.9_700). In principle, the 

surface area should affect the amount of ozone decomposed [1, 5, 43-45], 

but in the present case the chemical properties are more important. A 

positive correlation was found between the first order reaction rate 

constant and the N content, as shown in Figure 5.22. 
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Figure 5.22 – Apparent constant of reaction calculated for the catalytic 

ozonation of oxalic acid versus the amount of N contained on the carbon 

xerogels, determined by XPS. 

Correlations with the pHpzc or with the surface oxygen content have been 

previously reported [1, 2, 4, 7, 13, 46]. However, one should note that the 

changes in the pH at the point of zero charge are not very drastic in the 

present case, and thus its influence is probably not noticeable. 

Nevertheless, the effect of the nitrogen functionalities is quite significant. 

These groups contribute with electrons to the π-electron system, 

increasing the electron density on the surface of the material, which 

favours the reduction of ozone due to its electrophilic properties [1, 47-49]. 

Furthermore, it has been suggested that ozone may attack pyrrolic groups 

on the carbon surface, yielding the hydroperoxide radical, which would 

lead to the formation of other highly reactive species which greatly 

contribute to increase the removal rate of oxalic acid during ozonation [14, 

50]. However, attempts to correlate specific nitrogen functionalities with 

the activity did not yield good correlations, which suggest that the positive 

effect might be due to the compound action of the various species. 

Further experiments were performed with tert-BuOH as a radical 

scavenger using the most active sample as catalyst, in order to provide 

further insights into the reaction mechanism. tert-BuOH is a well-known 
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hydroxyl radical scavenger [51], reacting rapidly with hydroxyl radicals in 

the liquid phase [52]. The performance of the catalyst is shown in Figure 

5.23, together with the corresponding adsorption experiment, using the 

same carbon xerogel sample. 

It is clear that the extent of adsorption of oxalic acid on the catalyst is not 

significant when compared with the removals obtained during the catalytic 

ozonation experiments. A decrease in the removal of oxalic acid of 

approximately 15 % after 120 min is observed when tert-BuOH is used as 

a radical scavenger. Such behaviour suggests that the production of 

radicals in the liquid phase plays only a secondary role in the catalytic 

ozonation using N-containing carbon xerogels.  

 
Figure 5.23 – Dimensionless concentration of oxalic acid during the semi-

batch ozonation experiment carried out in the presence of carbon xerogel 

using a radical scavenger, and in experiment carried out without ozone. 

Recycling experiments performed with the CXM_6.9_700 sample are 

presented in Figure 5.24. A slightly worse performance was observed 

when compared to the fresh sample; deactivation may be due to the 

oxidation of the carbon surface, as reported previously [1, 44, 48]. 
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Figure 5.24 – Dimensionless concentration of oxalic acid during the 

recycling semi-batch ozonation experiments carried out in the presence of 

carbon xerogel. 

Post-reaction analysis of the CXM_6.9_700 sample by XPS, as detailed in 

section Stability and deactivation of the catalysts, showed a new peak, 

when compared with the fresh sample, with binding energy around 402.8 

eV, which may be attributed to oxidized nitrogen species [31]. In addition, 

a large decrease was observed in the area of the N6 peak, corresponding 

to pyridine functionalities. In reactions with ozone with activated carbons, 

it has been observed that the surface pyridine groups were stable [6, 8, 

14]. However, it is clear that the stability of the N6 group is lower in carbon 

xerogels. Nevertheless, rigorous quantification of the species found in the 

post-reaction samples was not possible, due to the interference of the 

support used for XPS analysis of granulated samples, which did not form 

a uniform piece when mechanical pressure was applied. The results 

support the idea that the enhanced catalytic ozonation with N-treated 

carbon xerogels is mostly due to the increase of the electronic density on 

the surface. 

In summary, the effect of the N-doping of carbon xerogels on the catalytic 

performance of the materials was evaluated. In the ozonation 

experiments, despite the basic nature of their surface, the CXs 
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underperformed when compared with other carbon based catalysts. In 

fact, complete conversion of oxalic acid was never achieved in the 

reaction times employed (120 min). However, a positive correlation was 

found between the removal rate and the surface nitrogen content. 

Attempts to correlate the activity with the type of nitrogen functionalities 

did not provide good correlations. Therefore, N-doping improves the 

catalytic performance of the carbon xerogels in this liquid phase oxidation 

process. Moreover, experiments with a radical scavenger suggest that a 

surface reaction mechanism is the main pathway for the degradation of 

oxalic acid by ozonation, but there seems to be some contribution of the 

reactions carried out by hydroxyl radicals in the liquid bulk. 

5.4 PARTIAL CONCLUSIONS 

The influence of surface heteroatoms on the activity of carbon materials in 

the catalytic ozonation of organic pollutants was evaluated. 

On a first approach, carbon nanotubes which were subject to doping with 

several different elements were used as catalysts in the catalytic 

ozonation process. The introduction of these elements lead to the 

formation of oxygen-containing, sulphur-containing and nitrogen-

containing functionalities, which lead to materials with different surface 

acidities and electronic densities. To evaluate the catalytic activity of the 

materials, oxalic acid was used as a model compound. It was observed 

that the most active materials were those that presented a more basic 

character, with the N-containing MWCNT sample being the most active. 

Afterwards, the same materials were tested in the ozonation of phenol. In 

this case, the modifications of the surface of the MWCNT did not lead to 

improved mineralization of phenol, but rather to changes in the distribution 

of the products accumulated in solution. 

After experiments with MWCNT, the same procedure was used to 

evaluate the influence of N-doping on carbon nanofibers. Similar 

observations were made during ozonation of oxalic acid and phenol. The 
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activity of the CNF was similar to that of MWCNT, with sample N-CNF 

proving to be the most active sample. 

On a next step, the doping of CNF with nitrogen was evaluated in the 

continuous ozonation of organic pollutants using structured catalysts, 

consisting on honeycomb cordierite monoliths covered with CNF. These 

materials were tested using oxalic acid as a model compound, but also 

three different emerging organic micropollutants. It was observed that the 

N-CNF catalyst performed better than the CNF catalyst, when the mass of 

CNF on the structure was considered. In fact, the N-CNF presented a 

smaller amount of carbon due to constrictions during its preparation. 

Thus, in absolute values, the CNF structured catalyst achieved better 

results than the N-CNF catalyst. 

Finally, the influence of the amount and type of nitrogen on the catalytic 

activity of carbon materials in the ozonation process was assessed. For 

this, different carbon xerogels were used due to the vast array of varying 

amounts and types of N-containing functionalities that can be introduced. 

It was possible to positively correlate the amount of nitrogen with the 

activity of the materials, using oxalic acid as a model compound. 

However, attempts to correlate the activity with specific types of 

functionalities were not successful. 
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6. STABILITY AND DEACTIVATION OF THE CATALYSTS 

6.1 DESCRIPTION 

In this chapter the stability of the nanocarbon based materials was 

assessed during the ozonation reaction. 

On a first approach, the activity of pristine and modified MWNT in powder 

form was assessed during recycling experiments. The modification of the 

surface properties of the materials were monitored, and were related to 

the observed behaviour during recycling experiments. Similar 

observations were made for other types of carbons, i.e. carbon xerogels 

and carbon nanofibers. 

Afterwards, CNF covered honeycomb monoliths were used in long term 

continuous ozonation experiments. A similar approach to what was 

carried out with the catalysts in powder form was taken, and the 

deactivation of the structured catalysts was related to the modification of 

the surface chemistry due to the action of ozone. 

The materials used in this chapter were prepared and kindly made 

available by: doped MWCNT, by Raquel P. Rocha, prepared at 

Laboratório de Catálise e Materiais, Universidade do Porto; pristine and 

doped CX, by Dr. Juliana P. S. Sousa, prepared at Laboratório de 

Catálise e Materiais, Universidade do Porto; and pristine and doped CNF 

by the group of Prof. Enrique Garcia-Bordejé, at Instituto de 

Carboquímica, part of the Consejo Superior de Investigación Científica, in 

the context of the European Commission financed project MONACAT.  

The work presented in this chapter has been partially published in the 

following references: 

R.P. Rocha, J. Restivo, J.P.S. Sousa, J.J.M. Órfão, M.F.R. Pereira, J.L. 

Figueiredo, Nitrogen-doped carbon xerogels as catalysts for advanced 

oxidation processes, in press, Catalysis today, (2014). 
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J. Restivo, R.P. Rocha, A.M. Silva, J.J. Órfão, M.F. Pereira, J.L. 

Figueiredo, Catalytic performance of heteroatom-modified carbon 

nanotubes in advanced oxidation processes, 35 (2014) 896-905. 

J. Restivo, J.J.M. Órfão, M.F.R. Pereira, E. Garcia-Bordejé, P. Roche, D. 

Bourdin, B. Houssais, M. Coste, S. Derrouiche, Catalytic ozonation of 

organic micropollutants using carbon nanofibers supported on monoliths, 

Chem. Eng. J., 230 (2013) 115-123. 

6.2 RECYCLING OF CATALYSTS IN SEMI-BATCH 

6.2.1 CATALYTIC ACTIVITY 

On a first approach to the assessment of the stability of the catalysts 

during the catalytic ozonation reactions, recycling experiments were 

performed using several catalysts in powder form, in a semi-batch 

completely stirred tank reactor. For these experiments, pristine and 

modified MWCNT and N-doped carbon xerogels were used. Their 

characterization is detailed in section Materials and methods, and their 

activity in the catalytic ozonation process was assessed in section 

Modification of the carbon surface. 

The dimensionless concentration of oxalic acid during the reutilization of 

the pristine MWCNT in the ozonation of oxalic acid, used as a model 

compound, is presented in Figure 6.1. The performance of the fresh 

pristine MWCNT is also included, as seen in section Modification of the 

carbon surface. 

The activity of the reused pristine MWCNT was observed to decrease 

when it was reutilized. The reaction of ozone with MWCNT has been 

observed to increase the amount of acidic oxygen-containing surface 

groups [1], as shown in the Post-reaction characterization below. The 

introduction of such functionalities on the surface of carbon materials has 

been shown to hinder their activity in this reaction, due to the 

delocalization of π-electrons on the surface of the catalyst [1-8]. However, 
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a 3
rd

 reutilization cycle showed that the activity is stabilized after sufficient 

time, due to a stabilization of the amount of acidic O-containing groups on 

the surface of the catalyst [1, 9]. 

 
Figure 6.1 – Dimensionsless concentration of oxalic acid during semi-

batch ozonation experiments using fresh and recycled pristine MWCNT. 

Similar experiments were performed using the S-modified MWCNT 

samples, as presented in Figure 6.2. 

The activity of the recycled CNT-S sample was similar to what was 

observed with the pristine MWCNT, in that a decrease in the removal of 

oxalic acid was observed when compared with the fresh catalyst. Even 

though the fresh CNT-S sample presents a low pHpzc, the amount of acidic 

O-containing groups was observed to increase with the use in the 

ozonation reaction. While TPD of the CNT-S sample showed a large 

release of S-containing groups from the surface, as shown further below 

in SO2 spectra, these groups do not seem to play a role in the ozonation 

reaction (section Modification of the carbon surface). 
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Figure 6.2 – Dimensionsless concentration of oxalic acid during semi-

batch ozonation experiments using fresh and recycled S-doped MWCNT. 

The reutilization of the N-treated MWCNT was also performed in the 

ozonation of oxalic acid, as presented in Figure 6.3. 

 
Figure 6.3 – Dimensionsless concentration of oxalic acid during semi-

batch ozonation experiments using fresh and recycled N-doped MWCNT. 
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The recycling of the CNT-NUT samples also lead to a decrease in their 

catalytic activity. After the third reutilization cycle, the activity stabilized, as 

was observed in the cases of the pristine and S-doped MWCNT. While an 

increase in the amount of surface oxygenated functionalities was 

observed for CNT-NUT samples used in the ozonation reaction, some 

modifications of the nitrogen functionalities was observed. Thus, both 

factors might be taking part in the deactivation of the MWCNT, since the 

N-containing functionalities have been shown to be important for the 

improved activity of the CNT-NUT sample [3] (Modification of the carbon 

surface). XPS analysis performed before and after the reaction are 

analysed further below. 

Recycling experiments were also performed using N-doped carbon 

xerogel in the catalytic ozonation of oxalic acid, presented in Figure 6.4. 

The performance of the fresh carbon xerogel sample is also presented, as 

seen in section Modification of the carbon surface. 

 
Figure 6.3 – Dimensionsless concentration of oxalic acid during semi-

batch ozonation experiments using fresh and recycled N-doped carbon 

xerogel. 
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The reutilization of the N-doped carbon xerogel in the catalytic ozonation 

results lead to results similar to what was observed in the case of pristine 

and treated MWCNT. After the 1
st
 utilization, the activity of the catalyst 

dropped, but became stable after the 2
nd

 cycle. The deactivation of the 

catalyst is related with the introduction of acidic oxygen-containing 

functionalities on the surface of the carbon material. Nevertheless, it was 

observed by XPS that modifications of the N-containing functionalities 

took place during the ozonation process, which may be also playing a part 

in the observed decreased in catalytic activity. The changes in the carbon 

surface during the catalytic ozonation of oxalic acid are discussed further 

below. 

In summary, it was observed that the reutilization of pristine and modified 

carbon materials, such as MWCNT and carbon xerogels, results in a loss 

of activity after the 1
st
 run. However, the activity was observed to become 

stable after the 2
nd

 reutilization. The modification of the carbon materials 

through the introduction of heteroatoms on the surface did not seem to 

alter the observed pattern. Nevertheless, different phenomena may be 

taking place on the surface of the material, depending on the element 

used in the modification of the surface. 

6.2.2 POST-REACTION CHARACTERIZATION 

Characterization of the catalyst samples was performed post-reaction, in 

order to relate the observed changes in the activity of the recycled 

catalysts with changes to the catalytic surface. 

Temperature programed desorption (TPD) was carried out, on a first 

approach, on the pristine and modified MWCNT samples after ozonation 

with oxalic acid (see section Modification of the carbon surface). The 

obtained spectra for the release of CO and CO2 during ozonation 

experiments are presented in Figure 6.4. The spectra for the fresh 

samples are also presented in Figure 6.4. The spectra for samples CNT-

NUT and CNT-S were obtained from the papers by Rocha et al [10, 11]. 
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Furthermore, the amount of CO and CO2 released during the TPD 

experiments shown in Figure 6.4 are presented in Table 6.1. 

 

 
Figure 6.4 – Release of CO (a) and CO2 (b) during TPD experiments 

carried out using the pristine and modified MWCNT samples before and 

after catalytic ozonation. 
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the surface released during TPD experiments as CO or CO2. In the case 

of the CNT sample, the ozonation reaction lead mostly to the formation of 

groups released as CO2 at low temperatures (from 150
o
C to 600 

o
C). 

Typically, these correspond to carboxylic groups on the surface of the 

catalyst [12]. Furthermore, a small shoulder at 600 
o
C may be attributed to 

carboxylic anhydrides or lactones [12]; however, the quantity found here is 

very small and does not seem to change during the ozonation reaction. 

The CO spectra of the fresh and used CNT sample are very similar, with 

only a very slight increase in the mid-temperature region (400-600 
o
C) and 

in the high-temperature region (> 800 
o
C), which may correspond to the 

formation of quinones, phenol or carbonyl groups [12]. In the case of 

CNT-NUT, a smaller increase in the CO2 released during TPD was 

observed, showing that the modification of the surface must change the 

interaction with ozone during reaction. Nevertheless, the increase that 

was observed was in similar regions to what was observed with the 

pristine CNT sample. The CNT-NUT sample already presented a large 

peak at high temperatures released as CO. Nevertheless, there was an 

increase in the amount released, mostly in the over 600 
o
C region. 

Regarding sample CNT-S, a similar behaviour was observed where the 

CO2 is concerned. However, there was a large increase in the amount of 

groups released as CO when compared with the fresh CTN-S sample. 

Nevertheless, for all the samples, the formation of groups at low 

temperatures as CO2 and at high temperatures as CO correspond to the 

expected formation of surface acidic oxygenated groups during ozonation, 

which then results on the observed decrease of activity during the 

recycling experiments [1, 2, 5-7, 12-14].  

  



Structured catalytic systems for water purification; Part II – Ozonation 
Stability and deactivation of the catalysts 

235 
 

Table 6.1 – Amounts of CO and CO2 released during TPD experiments of 

fresh and used pristine and modified MWCNT samples. 

Sample CO (µmol g
-1

) CO2 (µmol g
-1

) 

CNT 200 128 

COZ CNT 297 855 

CNT-NUT 703 76 

COZ CNT-NUT 1203 586 

CNT-S 381 195 

COZ CNT-S 936 1134 

 

For the CNT-NUT sample, XPS analyses were carried out in order to 

assess the modification of the N-containing surface functionalities during 

the ozonation treatment. The deconvoluted N1s XPS peak of sample 

CNT-NUT before and after ozonation reaction is presented in Figure 6.5. 

The characterization of the fresh catalyst is here presented for the sake of 

comparison, as presented in section Materials and methods. 

A decrease in the intensity of the peak attributed to N6 (pyridine) was 

observed. It has been suggested that ozone may attack pyrrolic groups on 

the surface of carbon materials, yielding the hydroperoxide radical, which 

would enhance the formation of other highly reactive species which 

greatly contribute to the increase in the removal rate of oxalic acid during 

ozonation, while the pyridinic groups remained stable [8, 15, 16]. The 

disparity in observations suggests that the stability of the N-functionalities 

on the surface of carbon might depend on the carbon matrix used, or on 

the preparation method employed. 
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Figure 6.5 – Deconvoluted N1s peak obtained by XPS of sample CNT-

NUT before (a) and after (b) the catalytic ozonation reaction. 

Regarding the CNT-S sample, the SO2 signal was also followed during 

TPD experiments of fresh and used catalyst. The obtained spectra are 

presented in Figure 6.6. 
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Figure 6.6 – Spectra of released SO2 during TPD experiments of fresh 

and used CNT-S. 

It is clear that the amount of S-containing groups on the surface of the 

CNT-S sample released as SO2 decreased drastically during the 
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place. Thus, it is clear that a large release of sulphur species occurs 

during these reactions. The role of these compounds in the ozonation 

reaction with sample CNT-S is discussed in section Modification of the 

carbon surface. Furthermore, XPS analyses of the S2p were carried out 

before and after catalytic ozonation reaction, and the resulting 

deconvoluted spectra are presented in Figure 6.7. 
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Figure 6.7 - Deconvoluted S2p peak obtained by XPS of sample CNT-S 

before (a) and after (b) the catalytic ozonation reaction. 

Despite the release of S-containing functionalities during the catalytic 

ozonation experiment, the nature of these surface groups was not 

observed to change during the reaction process. 
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Similarly to what was done in the case of the pristine and modified 

MWCNT samples, the best performing N-doped carbon xerogel was also 

subject to post-reaction characterization by XPS. 

 

 
Figure 6.8 - Deconvoluted N1s peak obtained by XPS of sample 

CXM_6.9_700 before (a) and after (b) the catalytic ozonation reaction. 

Post-reaction analysis of the CXM_6.9_700 sample by XPS showed a 
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around 402.8 eV, which may be attributed to oxidized nitrogen species 

[17]. In addition, a large decrease was observed in the area of the N6 

peak, corresponding to pyridine functionalities. In their work with ozone on 

activated carbons, Sánchez-Polo et al. observed that the surface pyridine 

groups were stable [18]. However, it is clear that the stability of the N6 

group is lower in carbon xerogels. Nevertheless, rigorous quantification of 

the species found in the post-reaction samples was not possible, due to 

the interference of the support used for XPS analysis of granulated 

samples, which did not form a uniform piece when mechanical pressure 

was applied. 

Regarding the carbon nanofibers in powder form that were also used in 

the catalytic ozonation process (Modification of the carbon surface), the 

deconvoluted N1s peak obtained by XPS analysis of the post-reaction 

sample is presented in Figure 6.9. 

 
Figure 6.9 - Deconvoluted N1s peak obtained by XPS of sample N-CNF 

after the catalytic ozonation reaction. 

The XPS analysis of CNF after ozonation showed a similar behaviour to 

what was observed in the case of the CNT-NUT samples, with a decrease 

in the contribution of the peak corresponding to pyridinic functionalities to 
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the N1s XPS peak, when compared with the fresh material (shown in 

[19]). 

Finally, post-reaction characterization of the MWCNT used in the 

ozonation of emerging organic micropollutants (section Ozonation of 

emerging organic micropollutants) was also performed, to further 

understand the influence of the presence of large molecules during the 

ozonation reaction. On a first approach nitrogen adsorption isotherms 

were performed, to characterize the textural properties of the post-

reaction MWCNT. The profile of the adsorption isotherms is presented in 

Figure 6.10. 

The adsorption profile of nitrogen on the sample that was subject to 

ozonation without any pollutant is very similar to what was found for the 

samples that were used in the ozonation reactions with the selected 

pollutants. Also, these were similar among themselves, being 

characteristic of a Type II isotherm, corresponding to non-porous solids 

[20, 21]. The hysteresis during desorption was also observed to be very 

similar among the analysed samples. The specific surface area calculated 

using the BET (0.05< p/p0<0.30) method [20] is presented in Table 6.2. 

Table 6.2 – Specific surface area of post-ozonation MWCNT samples. 

sample SBET (m
2
 g

-1
) 

O3 + MWCNT 374 

O3 + MWCNT + ATZ 359 

O3 + MWCNT + MTLC 392 

O3 + MWCNT + NLP 325 
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Figure 6.10 – Nitrogen adsorption isotherms on recovered MWCNT post-

reaction used in the ozonation of emerging organic micropollutants. 
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volume was registered, which was even more drastic when the pollutants 

were present, and may be related blocking of the pores. 

The post-reaction MWCNT samples were also analysed by TPD, and the 

registered CO and CO2 released amounts are presented in Figure 6.11. 

 

 
Figure 6.11 – Release of CO (a) and CO2 (b) during TPD experiments 

carried out using the MWCNT samples before and after catalytic 

ozonation of emerging organic micropollutants. 
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The obtained total amounts of released CO and CO2 during these same 

experiments are presented in Table 6.3. 

First off, it is clear that the ozonation process increases the amount of 

oxygen-containing groups released as CO and CO2, as was observed in 

the experiments carried out using pristine and modified CNT in the 

ozonation of oxalic acid and phenol. However, since the experiments 

using emerging organic micropollutants were longer (8h), the amount that 

is introduced on the surface of the carbon nanomaterials is much higher. 

Nevertheless, the nature of the introduced functionalities seems to be 

similar, since the temperatures of decomposition of CO and CO2 is the 

same for the 3h and the 8h long reactions. However, when comparing the 

profiles of the MWCNT subject only to ozonation with those used in 

reaction with the selected pollutants, an increase in the amount of CO and 

CO2 released is detected. Specifically, both as CO and as CO2, peaks at 

200 and 550 
o
C are observed, which may be due to the adsorption of the 

pollutants, or intermediates formed during their degradation [23, 24]. 

Table 6.3. - Amounts of CO and CO2 released during TPD experiments of 

MWCNT samples before and after catalytic ozonation of emerging organic 

micropollutants. 

Sample CO (µmol g
-1

) CO2 (µmol g
-1

) 

MWCNT 200 128 

COZ MWCNT 1664 1501 

COZ MWCNT ATZ 1700 1653 

COZ MWCNT MTLC 1994 1796 

COZ MWCNT NLP 2021 1713 

 

In summary, it was observed that the main changes on the surface of the 

carbon materials is related with the introduction of surface oxygenated 

functionalities, which confer a more acidic character to the material. A 
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large release of the S-containing functionalities was also observed in the 

case of S-doped MWCNT. However, no changes to the nature of the 

remaining surface functionalities were observed. On the other hand, when 

N-doped carbon materials were concerned, some modification of the N-

containing surface groups was observed, mostly in the disappearance of 

the pyridinic groups. 

6.3 LONG-TERM CONTINUOUS OZONATION 

6.3.1 CATALYTIC ACTIVITY 

The long term catalytic activity of the CNF-covered honeycomb monoliths 

was tested in the continuous ozonation of oxalic acid, in their structured 

form. The dimensionless removal of oxalic acid during 100h long 

experiments is presented in Figure 6.12. These experiments were 

conducted using various honeycomb-type monoliths, as described in 

section Materials and methods. The 400 cpsi monoliths were tested in 

two-phase mode, and the 64 cpsi monoliths in three-phase mode, so the 

achieved removals should be regarded with care. 
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Figure 6.12 – Dimensionless oxalic acid removal during long term 

continuous catalytic ozonation experiments using several different 

honeycomb monoliths. 

During the first stage of the experiment (until 2 h) there is a drastic drop in 

the efficiency of the oxalic acid removal. This is simply due to the fact that, 

prior to starting the feed of oxalic acid solution, water is flowing through 

the system, and thus around 2-3 retention times are needed to achieve 

steady state. However, even after this period, a loss of activity is observed 

during the first 30 h, after which the removal of oxalic acid remains 

relatively stable until the end of the experiment. Slight variations are 

related to the fluctuations of ozone concentration in the gas phase, which 

is affected by the room temperature. 

In Figure 6.13 a comparison between semi-batch catalytic ozonation 

experiments carried out before and after the long-term experiment is 

presented. It is clear that some deactivation of the catalyst occurred after 

the long term experiment. 

 
Figure 6.13 – Dimensionless oxalic acid concentration during semi-batch 

experiments (closed loop) using a honeycomb monolith before and after 

the long term continuous ozonation experiments. 

0 30 60 90 120 150 180

0.0

0.2

0.4

0.6

0.8

1.0
 

 

C
/C

0

t (min)

 after 100h experiment

 before 100h experiment

 single ozonation



Structured catalytic systems for water purification; Part II – Ozonation 
Stability and deactivation of the catalysts 

247 
 

It is known that exposure of nanocarbon materials to ozone will introduce 

oxygenated surface groups which diminish their catalytic activity, until the 

point where no more oxygenated groups can be introduced onto the 

surface of the materials; after that the activity becomes stable [1]. In 

addition, some adsorption of oxalic acid is expected to occur in the fresh 

catalyst, in the beginning of the experiments. The behaviour of the 

nanofibers grown on a ceramic support is considered to be analogous to 

that of carbon nanotubes in powder form when used in the ozonation of 

organic pollutants [25]. Thus, the initial deactivation and stabilization of 

the catalytic activity observed corresponds to what was expected. 

6.3.2 POST-REACTION CHARACTERIZATION 

The contact angle of water on a specially prepared sample of nanocarbon 

materials grown on a flat ceramic support was measured after different 

exposure times to ozone, and the evolution of the ratio between the 

spread rate and the initial contact angle is presented in Figure 6.14, 

together with the evolution of the contact angle measured for each flat 

CNF covered ceramic sample. 

It is shown that for ozone exposure times as long as 3 h, the contact angle 

and the spreading rate of water on the surface of the sample changes 

drastically. After 28 h, the difference is much less significant. This shows 

that the oxidized nanomaterials become more hydrophilic, as it is 

expected when the surface of carbon becomes oxidized [26]. The 

presence of oxygen containing surface groups is known to decrease the 

performance of carbon materials to decompose O3 [16]. 

Furthermore, the evolution of surface oxygenated groups was followed by 

XPS, and the corresponding oxygen fraction, is shown in Table 6.4, for 

peak O1s. Four functional groups were considered: C=O groups at 531.1 

eV (I), carbonyl oxygen atoms in ester, amides, anhydrides and oxygen 

atoms in hydroxyls or ethers at 532.3 eV (II), ether oxygen atoms in esters 

and anhydrides at 533.2 eV (III) and oxygen atoms in carboxyl groups at 

534.2 eV (IV) [27]. The intensity at 536.1 eV, corresponding to oxygen in 
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adsorbed water was also followed, but the areas obtained were negligible, 

and thus are not shown. The deconvoluted XPS spectra of O1s peak are 

presented in Figure 6.15. 

 

 

 
Figure 6.14 – Evolution of the contact angle for flat CNF covered ceramic 

pieces exposed to different ozonation times (a) and the evolution of the 

spread rate with the ozonation time (b). 
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After 3 hours of ozonation, the oxygen content on the surface increases 

mostly due to peaks III and IV, which correspond to anhydrides and 

carboxyl surface functionalities. In fact, it has been reported that MWCNT 

used as catalysts for ozonation of organic matter present an increase in 

the amount of surface oxygenated groups, released as CO2 during 

temperature programed desorption (TPD) mostly in the 200-400 ºC range, 

corresponding to a loss of activity of the materials in the catalytic 

ozonation of oxalic acid [1]. It is known that surface oxygenated groups 

released as CO2 at this temperature range during TPD correspond to 

carboxyl groups [12]. Such results are compatible with the ones here 

obtained. After 100 hours of contact time with ozone, a very large 

increase in groups II and III was found, which does not seem to affect the 

performance of the material, nor the contact angle. It is likely that this 

results from an experimental artefact, since from 3 to 28 h, practically no 

changes were observed.  

Table 6.4 - Results obtained by XPS analyses of the samples subject to 

different ozonation times. 

Peak Binding Energy (eV) 
Weight fraction (%) 

0h O3 3h O3 8h O3 100h O3 

I 531.1 0.29 1.70 1.56 1.51 

II 532.3 1.99 3.57 4.05 2.01 

III 533.3 1.84 4.60 5.25 30.23 

IV 534.2 2.08 8.12 9.71 10.48 

total  6.21 17.99 20.57 64.24 
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Figure 6.15 - Deconvoluted O1s peak obtained by XPS of CNF covered 

flat ceramic pieces subject to different contact times with ozone. 

The spectra of CO and CO2 released during TPD experiments carried out 

using the CNF covered ceramic pieces at different ozone contact times 

are presented in Figure 6.16. 

Table 6.5 - Amounts of CO and CO2 released during TPD experiments of 

CNF covered flat ceramic pieces subject to different contact times with 

ozone. 

Ozone contact time CO (µmol g
-1

) CO2 (µmol g
-1

) 

0h 289 36 

3h 297 49 

28h 383 71 

100h 418 69 
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Figure 6.16 – Release of CO (a) and CO2 (b) during TPD experiments 

carried out using the CNF covered flat ceramic pieces subject to different 

contact times with ozone. 

The total amount of CO and CO2 released during these TPD experiments 

is presented in Table 6.5. 

In accordance with what was observed during the XPS analyses of the 

CNF covered flat ceramic pieces, the amount of oxygen-containing groups 
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on the surface of the carbon materials is increasing with the ozone contact 

time. However, after 28h, the amount of CO2 seems to become stable, 

and the increase of CO is also smaller than what was observed for 

smaller contact times. Thus, the observed stabilization of the catalytic 

activity of the monoliths after 30h of reaction may in fact be related with 

the introduction of acidic functionalities during this period of time. 

In addition, the specific surface area of the CNF covered ceramic slabs 

was calculated from the corresponding N2 adsorption isotherms at - 196 

ºC. The results are presented in Table 6.6, which are related to specific 

surface area of the complete sample. Thus, since the ceramic support is 

known to have a low surface area, these values are lower than what is 

typical for carbon nanomaterials (around 200 m
2
/g) [25]. 

The specific surface area was not significantly altered by the ozonation 

procedure, decreasing from 28 to 23 m
2
/g after 100 hours of contact time 

with ozone, which is within the experimental error. 

Table 6.6 - Specific surface area of the CNF covered flat ceramic pieces 

subject to different contact times with ozone. 

Sample Specific surface area (m
2
/g) 

0h O3 28 

3h O3 26 

28h O3 24 

100h O3 23 

 

Finally, thermogravimetric analyses were performed with the CNF covered 

ceramic pieces after exposure to different ozone contact times. The 

derivative weight loss profiles are presented in Figure 6.17. 
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Figure 6.17 – Derivative weight loss during thermogravimetric analyses of 

the CNF covered flat ceramic pieces subject to different contact times with 

ozone and derivative. 

The derivative of the weight loss for the different CNF covered pieces did 

not vary with the increase of the ozone contact time. The temperature of 

the peak found in the derivative of the weight loss curves is typical of 

graphitic carbon [28]. 

6.4 PARTIAL CONCLUSIONS 

The deactivation of pristine and modified multiwalled carbon nanotubes 

was assessed in the catalytic ozonation of oxalic acid. It was found that, 

independently of the treatment applied to the catalyst, the introduction of 

acidic oxygen-containing surface groups lead to a loss of activity. 

Nevertheless, further reutilization suggested that the amount of O-

containing groups reaches a plateau, after which the catalysts show 

stable activity. It was also observed that while there is a loss of S-

containing functionalities when S-doped MWCNT samples were studied, 

the nature of these groups did not change during the reaction; besides, 

the loss of activity of the catalyst did not seem to be related with this 
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phenomenon. In the case of the N-doped MWCNT and CNF, it was 

observed that the N-containing surface groups suffer some changes 

during the ozonation procedure, mostly related with the decrease of the 

amount of pyridinic groups.  

Furthermore, structured catalysts consisting of CNF covered honeycomb 

monoliths were used in long term continuous ozonation experiments. It 

was observed that, after an initial period of deactivation, the catalyst were 

stable in the reaction, maintaining a constant removal of oxalic acid 

throughout the experiments. The loss of activity was shown to be related 

to the introduction of O-containing surface functionalities through reaction 

with ozone. 
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1. MATERIALS AND METHODS 

1.1 DESCRIPTION 

In this chapter, the catalysts used in the reduction of bromate under 

hydrogen are described, as well as the methods used for their 

preparation, characterization and evaluation when applicable.  

Two types of catalysts are described in this section: mono and bimetallic 

powder catalysts using different supports, and monometallic structured 

catalysts. Thus, two types of reaction systems are also here described, 

used for the semi-batch and continuous reduction of bromate under 

hydrogen. 

The described catalysts include those that were previously prepared in 

our laboratory and made available by Dr. Salomé Soares for the present 

study, and those which were prepared during the development of this 

project. 

1.2 CATALYSTS 

The catalysts that were used in the hydrogen reduction of bromate in 

water are divided in two major groups: powder catalysts, which were used 

in the semi-batch reduction of bromate; and structured catalysts, which 

were used in the continuous reduction of bromate. 

1.2.1 POWDER CATALYSTS 

The supported metallic catalysts in powder form that were used in the 

semi-batch hydrogen reduction of bromate, using different supports 

(activated carbon, AC; multiwalled carbon nanotubes, MWCNT; titanium 

dioxide, TiO2) already existed in the laboratory, as they were prepared in 

the context of other on-going projects, by Dr. Salomé Soares, who kindly 
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made them available to be applied to the study of the reduction of 

bromate under hydrogen over supported metallic catalysts. 

The detailed preparation methods, by incipient impregnation, are 

described elsewhere [1-7]. In short, the catalysts were prepared by the 

incipient wetness impregnation method, followed by heat treatment under 

nitrogen and reduction under hydrogen. The characterization of the 

prepared catalysts was found in the relevant literature [1-7], or was 

performed during the work here presented. The relevant characterization 

of prepared monometallic and bimetallic catalysts is described below. 

1.2.1.1. MONOMETALLIC CATALYISTS ON ACTIVATED CARBON 

Textural characterization of the activated carbon support and of selected 

metallic catalysts was performed. The activated carbon support shows a 

high surface area (869 m
2 

g
-1

), mainly due to the presence of micropores. 

The BET surface areas of the supported catalysts are similar to that of the 

support (e.g. 829 and 872 m
2
 g

-1
 for 1%Pt/AC and 1%Rh/AC, 

respectively). A slight decrease was observed for the Pt catalyst, which 

can be attributed to the blockage of some of the micropores of the 

activated carbon.  

The dispersion and average particle size of some of the prepared 

catalysts, obtained by H2 chemisorption, are presented in Table 1.1. 

Table 1.1 – Characterization of the impregnated metallic phases on the 

activated carbon supports. 

Catalyst Dispersion (%) Average particle size (nm) 

1% Pt/AC 20 5.6 

1% Pd/AC 39 2.9 

1%Ir/AC 50 2.2 

1% Ru/AC 16 7.0 

1%Rh/AC 15 7.1 
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The monometallic catalysts showed good dispersions and average 

particle sizes in the nanometric range. TEM results (Figure 1.1) also 

reveal small metal particles in all the catalysts. As the metal particle size 

is small, good metal-support interaction is expected, due to large 

interfacial contact area. 

 
Figure 1.1 - TEM micrograph of 1%Pd/AC monometallic catalyst. 

1.2.1.2. BIMETALLIC CATALYSTS ON ACTIVATED CARBON 

From H2 chemisorption experiments it was possible to obtain the metal 

dispersion of the monometallic catalyst, but for the bimetallic catalysts no 

H2 chemisorption was noticed. This may be an indication that some 

interaction exists between the noble metal, Pd, Pt, Ru, Rh or Ir, and 

promoter metal, Cu, Sn, Ni, Zn and Fe (forming an alloy) or/and the 

promoter metal is covering most of the noble metal, strongly limiting H2 

chemisorption. 

Table 1.2 shows that the BET surface area of the support is 869 m
2
 g

-1 

and it can be observed that for the supported bimetallic catalysts the 

textural parameters remained practically unchanged compared to the 

unloaded carbon. Therefore, it was assumed that the textural properties of 
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the supported metallic catalysts are not significantly different from those of 

the original activated carbon.  

Selected catalysts were analysed by TEM. In general, the metal particles 

are well dispersed on the support, most of the catalysts present a metal 

particles diameter between 3 and 7 nm, but in some cases few larger 

particles are also observed.  

Table 1.2 - Textural characterization of the activated carbon (ACo) and 

some of the bimetallic catalysts. 

Sample 

SBET 

(m
2
 g

-1
) 

Smeso 
a
 

(m
2
 g

-1
) 

Vmicro 
a
 

(cm
3
 g

-1
) 

AC 869 97 0.318 

2%Pd-1%Cu/AC 870 90 0.330 

1%Pt-1%Cu/AC 876 168 0.275 

1%Rh-1%Cu/AC 862 104 0.280 

a
 Micropore volume (Vmicro) and mesopore surface area (Smeso) calculated 

by the t-method. 

 

Figure 1.2 shows a representative TEM image of 1%Pd-1%Cu (%wt) 

catalyst supported on activated carbon. It was also observed that there 

are no significant differences in the metal particle size varying the 

amounts of Pd or Cu in the Pd-Cu bimetallic catalysts.  

Scanning electron microscopy pictures of selected samples are presented 

in Figure 1.3, in which both the secondary (SE) and backscattered 

electrons (BSE) images obtained are represented. 
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Figure 1.2 - TEM micrograph of 1%Pd-1%Cu/AC bimetallic catalyst. 

It is clear from Figure 1.2 that the metallic particles on the surface of the 

activated carbon are well dispersed and present throughout the surface 

fairly homogeneously. 

 
Figure 1.3 – SEM pictures of bimetallic catalysts supported on activated 

carbon: SE images of bimetallic Pd-Cu catalyst supported on activated 

carbon (left) and BSE images of bimetallic Pd-Cu catalyst supported on 

activated carbon (right). 

1.2.1.3. MONOMETALLIC CATALYSTS ON MWCNT 

Textural characterization of the multiwalled carbon support was 

performed. The MWCNT support presented a specific surface area of 320 
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m
2
g

-1
. It is not expected that there are significant changes to the textural 

properties of the catalysts after the impregnation of the metallic phase [4, 

6]. 

The prepared catalysts using MWCNT as support were analysed by TEM. 

Good homogeneous dispersions were observed in general. The TEM 

images obtained and the corresponding observed particle size distribution 

are presented in Figure 1.4 for Pd, Pt, Rh and Ru supported catalysts. 
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(cont.) 
 

  
Figure 1.4 – TEM micrographs (magnification 278400x) of MWCNT 

supported metallic catalyst with particle size distribution (a) Pd, b) Pt, c) 

Rh and d) Ru). 

Mean particle sizes for the MWCNT supported catalysts were calculated: 

5.2 nm for Pd, 4.0 nm for Pt, 3.5 nm for Rh and 11.7 nm for Ru. 

1.2.1.3. MONOMETALLIC CATALYSTS ON TIO2 

Textural characterization of the TiO2 supported catalysts was carried out. 

The specific surface area of TiO2 as calculated by the BET method was 

50 m
2
g

-1
, mostly attributed to its mesoporosity, and the metallic catalysts 

are not expected to significantly change this value [6]. 

The prepared catalysts using TiO2 as support were analysed by TEM. 

Good homogeneous dispersions were observed in general. The TEM 

images obtained and the corresponding observed particle size distribution 

are presented in Figure 1.5 for Pd, Pt, Rh and Ru supported catalysts. 
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Figure 1.5 – TEM micrographs (magnification 278400x) of TiO2 supported 

metallic catalyst with particle size distribution (a) Pd, b) Pt, c) Rh and d) 

Ru). 

Mean particle sizes for the TiO2 supported catalysts were calculated: 14.0 

nm for Pd, 12.0 nm for Pt, 6.9 nm for Rh and 20.4 nm for Ru. 

Additional TEM analyses were performed in the Ru catalyst supported on 

TiO2 with smaller metal loadings, as presented in Figure 1.6. 

Mean particle sizes, for the Ru/TiO2 catalysts with different metal loadings, 

were calculated: 18.4 nm for 0.5% Ru/TIO2 and 21.2 nm for 0.1% Ru/TIO2. 
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Figure 1.6 – TEM micrographs (magnification 278400x) of Ru/TiO2 

supported metallic catalyst with particle size distribution (a) 0.5% Ru/TIO2, 

b) 0.1% Ru/TIO2). 

TPR experiments were conducted in order to evaluate the effect of the 

different supports on selected catalysts, as presented in Figure 1.7. 

The TPR profiles of the Ru catalyst supported on different materials 

present some evident differences between them, despite all being 

reduced at 200 
o
C. The H2 consumption peak, observed by changes in the 

TCD signal, in the case of the titanium dioxide supported catalyst, 

presented a shoulder at a lower temperature. It has been reported that 

reduction at low temperatures of Ru on different supports lead to almost 

complete reduction of oxide species into metallic ruthenium [8, 9]. 

However, the 1% Ru/AC catalyst showed two reduction peaks. While the 

second peak could correspond to the reduction of salts left from the 

impregnation from a precursor, it is also possible that the separate peaks 
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may correspond to the step by step reduction of the ruthenium species on 

the surface of the catalyst [10]. In any case, it is generally considered that 

the interaction of noble metals and the different supports studied here 

decreases in the order MWCNT>TiO2>>>AC [8, 9, 11, 12]. 

 
Figure 1.7 – TPR profiles of the Ru supported catalysts. 

1.2.2 STRUCTURED CATALYSTS 

A series of structured catalysts were prepared to be applied to the 

continuous reduction of bromate in water under hydrogen. The catalysts 

were prepared using honeycomb cordierite monoliths, and may be divided 

in two groups: Pd/CNT (60mm x 22mm) and Pd/TiO2 (40 mm x 22mm). 

The former consisted in CNT covered honeycomb monoliths upon which 

the metallic phase was impregnated using palladium as the active metal. 

The latter consisted on honeycomb monoliths upon which titanium dioxide 

was layered, and were afterwards impregnated with the active metal 

catalyst. 

The CNT monoliths were prepared following a procedure adapted from 

the literature [13-17]. The honeycomb cordierite monoliths were initially 

heat treated at 900 
o
C under air (50 cm
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impurities. Afterwards, the monoliths were dipped into a nyacol alumina 

suspension (25% nyacol in water; 30mm min
-1 

dip speed; 1 min dipped in 

suspension). The alumina washcoated monoliths were then rinsed with 

distilled water and dried overnight at room temperature; followed by a final 

drying stage at 110 
o
C in air for 1h. The dried alumina washcoated 

monoliths were then heat treated under air at 450 
o
C (50 cm

3 
min

-1
; 1 

o
C 

min
-1

), in order to achieve a γ-alumina coating [13, 18], using a low 

heating rate to avoid cracking of the alumina layer [17]. The CNT growth 

catalyst, nickel, was then impregnated on the surface of the monoliths, by 

adsorption from a pH neutral nickel solution. The Ni solution was prepared 

using 29 g Ni(NO3)2
.
6H2O as precursor on 1L of water, together with 80 g 

NH4NO3 and 4 mL ammonia solution (25%). The monoliths were kept 

overnight in this solution (12h) and the liquid was continuously flowed 

through the channels, which was achieved by keeping the solution stirred 

while the monolith was fixed on a horizontal position, oriented in the 

direction of the flow. The monoliths were then rinsed with distilled water 

and dried overnight at room temperature, followed by drying at 110 
o
C in 

air for 1h. Afterwards, the monoliths were calcined under nitrogen at 

450
o
C for 2h (50 cm

3 
min

-1
; 1 

o
C min

-1
). Finally, the growth of the CNT was 

carried out under a C2H6:H2 mixture (0.6:0.4) at 600 
o
C for 210 min. The 

temperature and growth times were selected after optimization of the 

process to obtain a high carbon loading, while avoiding excessive growth 

of the CNT that would result in blocking of the channels and in fracture to 

the cordierite structure. The growth of CNT followed the scheme found in 

Figure 1.8. 
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Figure 1.8 – Scheme of method for growth of CNT over Ni impregnated 

monoliths under ethane. 

In Figure 1.9 a CNT monolith after growth is shown, together with a 

fractured CNT monolith due to excessive growth of the CNT. 

 

Figure 1.9 – CNT monolith after growth (a) and fractured CNT monolith 

due to excessive growth of CNT (b). 

The loadings of alumina, nickel and CNT that were obtained during the 

preparation of the CNT monolith to be used as support for the metal 

phase to be applied to the continuous reduction of bromate are presented 

in Table 1.3 

 

a) b) 
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Table 1.3 – Loading of alumina, nickel and CNT during the preparation of 

the CNT monoliths, prior to impregnation of the active metallic catalyst. 

Sample 

Initial 

weight 

(g) 

Weight gain after 

alumina washcoat 

(wt.%) 

Weight gain after 

nickel impregnation 

(wt.%) 

CNT 

loading 

(wt.%) 

CNT4 7.2559 3.36 0.013 6.27 

CNT9 7.6805 3.35 0.012 6.35 

CNT10 7.3480 3.35 0.014 6.46 

 

Similar weight gains after the different treatment procedures were 

obtained, which suggests that the preparation methodology is 

reproducible and, thus, adequate for the purpose of this study. 

The carbon layer grown on the surface of the monoliths was scraped off 

and analysed by TEM, to give insight to what kind of structures resulted 

from the preparation methodology. These images are presented in Figure 

1.10. 

The carbon structures that were identified in the TEM pictures were 

clearly identified as multiwalled carbon nanotubes, with around 5-10 nm of 

thickness, which was expected from the growth temperature and the 

carbon source employed [13]. Nevertheless, the carbon nanofibers in 

platelet or fishbone fashion that were expected from the growth procedure 

no Ni were not found [13], which is likely due to the use of a colloidal 

alumina solution (nyacol) instead of pseudoboehmite in the preparation of 

the suspension used for the deposition of alumina. 
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Figure 1.10 – TEM micrographs (magnification 215600x) of the CNT layer 

as grown on the honeycomb monoliths. 

Temperature programed desorption (TPD) was carried out using a piece 

of a CNT covered monolith. The measured amounts of CO and CO2 

released during the experiment are presented in Figure 1.11. 
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Figure 1.11 – Amounts of CO and CO2 released during TPD experiments 

using a CNT covered monolith (per amount of CNT). 

It is clear that the produced CNT using the methodology here described 

have some acidic oxygenated groups on the surface [19]. 

The textural properties of the grown CNT were also assessed through the 

isothermal adsorption of N2. The adsorption/desorption isotherm obtained 

is presented in Figure 1.12. 
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Figure 1.12 – Nitrogen adsorption isotherm obtained using the CNT 

covered monolith (per amount of CNT). 

The isotherms obtained are characteristic of a Type II isotherm, 

corresponding to non-microporous solids [20, 21]. The calculated specific 

surface area is 125 m
2
 g

-1
, as calculated using the BET method for partial 

pressures between 0.05 and 0.3 [20]. 

Finally, TPO experiments were also performed using a thermogravimetric 

(TG) apparatus and the CNT covered monolith. The derivative of the 

weight loss observed during TPO experiments of the CNT monolith is 

presented in Figure 1.13. 
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Figure 1.13 – Derivative weight loss of the CNT covered monolith during 

TPO experiment. 

The temperature of the peak found in the derivative of the weight loss 

curves is typical of graphitic carbon [14]. 

The metallic catalyst was then impregnated on the CNT covered 

monoliths. Palladium was chosen due to the high activity observed during 

metal assessment experiments. The impregnation was performed using a 

similar method to that of the nickel impregnation; a solution was prepared 

using a PdCl2 precursor, and the monoliths were put into this solution 

overnight (12h) while the liquid was flown through the channels 

continuously. The different methods for the preparation of the Pd solution 

are detailed in Table 1.4, and the obtained palladium loadings, calculated 

by concentration difference on the impregnation solution, on the different 

CNT monolith are presented in Figure 1.14. 

It was clear that the method used during the impregnation of palladium 

influenced the amount that was impregnated onto the CNT monoliths. 

Furthermore, the use of polyvinyl alcohol (PVA) as a stabilizer helped the 

more extensive adsorption of palladium, likely due to linking promoted by 

PVA, which is known to form colloids with palladium in solution [22, 23]. 
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solution also increased the amount of adsorbed Pd, due to an increase in 

the interaction between the metal and the carbon surface due to 

electrostatic forces [12, 24-28]. 

Table 1.4 – Methods employed during the impregnation of palladium on 

the CNT monoliths. 

Sample Method 

CNT4 2 wt.% Pd/CNT; 0.1M NaCl in water; pH 10 

CNT9 2 wt.% Pd/CNT; 2% PVA + 0.1M NaCl in water; pH 3 

CNT10 2 wt.% Pd/CNT; 2% PVA + 0.1M NaCl in water; pH 10 

 

 
Figure 1.14 – Amount of palladium impregnated onto the surface of the 

CNT monoliths. 

SEM-EDS images of the Pd/CNT monoliths were acquired, in order to 

identify differences in the distribution of the metal on the surface of the 

CNT. These images are presented in Figure 1.15, together with the 

respective EDS spectra obtained. 
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Figure 1.15 – SEM images and respective EDS spectra of the CNT 

monoliths: a) channel side view; b) top view; c) channel side view with 

a) b) 

c) 

e) 

d) 

f) 
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highlighted particle analysed by EDS (d); e) top view with highlighted 

particle analysed by EDS (f). 

A homogeneous layer of CNT was achieved on the channel walls of the 

monoliths. However, on the top, a more heterogeneous dispersion was 

observed. The Pd particles on the channel walls and on the top of the 

monoliths seem to be homogeneously present throughout the CNT layer. 

Figure 1.15 e) and f) show, in particular, the presence of palladium 

particles on the walls of the individual carbon nanotubes, together with a 

large agglomerate of smaller particles. No significant differences between 

the monoliths were observed during SEM-EDS analysis. 

The Pd/TiO2 monoliths were prepared following several different methods 

for the sequential layering of the different components: alumina, titania 

and palladium. In general, the alumina and titania deposition were 

performed by dip coating, while the palladium impregnation was made by 

adsorption from solution, which was kept flowing through the channels of 

the monoliths during a period of time. The detailed methods used for each 

monolith are presented in Table 1.5. 
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Table 1.5 – Preparation methods used for the different Pd/TiO2 structured 

catalysts. 

Sample 

Alumina 
deposition 

( 18 mm min
-1

, 1 
min dipped) 

Titania deposition 

( 18 mm min
-1

, 1 min dipped) 

Palladium 
impregnation 

 (12h 
impregnation 

with continuously 
flown solution) 

TiO2 1 
 2 x 10% nyacol in 

ethanol 
2 x 20% TiO2 in ethanol 

2% Pd for 100 
mg TiO2 in 

water:acetonitrilie 
1:1 pH 3 

TiO2 2 - 2 x 20% TiO2 in ethanol 

2% Pd for 100 
mg TiO2 in 

water:acetonitrilie 
1:1 pH 3 

TiO2 3 2 x 20% TiO2 + 10% nyacol in ethanol 

2% Pd for 100 
mg TiO2 in 

water:acetonitrilie 
1:1 pH 3 

TiO2 4 
2 x 10% nyacol in 

ethanol  
2 x 20% TiO2 + 10% nyacol 

in ethanol 

2% Pd for 100 
mg TiO2 in 

water:acetonitrilie 
1:1 pH 3 

TiO2 5 
2 x 1:4 nyacol in 

water 
2 x 20%TiO2 + 6% nyacol in 
water 

2% Pd for 100 
mg TiO2 in 0.5M 
NaCl in water pH 

3 

TiO2 6 
2 x 1:4 nyacol in 

water 
2 x 20%TiO2 + 6% nyacol in 
water 

2% Pd for 100 
mg TiO2 in 0.5M 
NaCl in water pH 

10 

TiO2 14 
2 x 1:4 nyacol in 

water 
2 x 20% 1%Pd/TiO2 + 2% PVA in water pH 3 

TiO2 15 
2 x 1:4 nyacol in 

water 
2 x 20% 1%Pd/TiO2 + 6% nyacol in water pH 3 

TiO2 16 
2 x 1:4 nyacol in 

water 
2 x 20%TiO2 + 6% nyacol in 

water 

2% Pd for 100 
mg TiO2 in 2% 
PVA + 0.5M 

NaCl in water pH 
10 

TiO2 17 
2 x 1:4 nyacol in 

water 
2 x 20% TiO2 + 10% nyacol 

in ethanol 

2% Pd for 100 
mg TiO2 in 0.5M 
NaCl in water pH 

10 

TiO2 18 
2 x 1:4 nyacol in 

water 
2 x 20% 1%Pd/TiO2 + 1.68% nyacol + 1.68% 

PVA pH 3 

TiO2 19 
2 x 1:4 nyacol in 

water 
2 x 20%TiO2 + 6% nyacol in 

water 

2% Pd for 100 
mg TiO2 in 2% 
PVA + 0.5M 

NaCl in water pH 
3 
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The relative weight gain after the deposition of alumina by dip coating for 

each monolith is presented in Figure 1.16 

 
Figure 1.16 – Weight increase of the monoliths after alumina deposition in 

relation to the initial weight. 

It is clear that the suspensions in ethanol lead to a more pronounced 

increase in the amount of alumina deposited through dip coating. 

Furthermore, the ethanol suspensions almost doubled the alumina loading 

when a second dip was performed, while the water suspensions barely 

increased the weight after the first dip. The sample TiO2 3, which was 

dipped in a combined nyacol/TiO2 suspension, registered a slightly 

smaller increase in weight when compared with the other samples dipped 

in ethanol. This suggests that the presence of titania in the suspension 

slightly decreased the capacity for layering, probably due to changes in 

the physical properties of the slurry, which could also explain the smaller 

loadings obtained with water [17, 29]. 

The relative weight gain after the deposition of titania by dip coating for 

each monolith is presented in Figure 1.17. 

The TiO2 3 structured catalyst is represented as zero since the titania was 

included in the slurry with the alumina, and the combined weight 
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increased was considered in Figure 1.16. In general, the catalysts which 

were dipped in a titania suspension in ethanol yielded a smaller loading, 

most likely due to changes in the properties of the slurry [29]. 

Furthermore, the catalysts which were coated with alumina using an 

ethanol suspension, which resulted on a higher loading of alumina, were 

observed to have a decreased capacity for layering with titania, which 

could be related to different textural properties of alumina when the weight 

loading increases [30, 31]. Nevertheless, it should be noticed that the 

increase in weight during impregnation with titania could be also attributed 

to further deposition of the alumina that is used as a stabilizer in the 

slurry. 

 
Figure 1.17 – Weight increase of the monoliths after titania deposition in 

relation to the weight after alumina deposition. 

The amount of palladium adsorbed by the TiO2 structured catalysts was 

also measured, as is presented in Figure 1.18. 

The impregnation of palladium from a solution containing acetonitrile 

resulted in the lowest amount incorporated on the structured catalysts. 

The complex formed by the reaction between the palladium precursor and 
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catalyst [32]. In fact, the catalyst TiO2 17 was prepared using the same 

technique as TiO2 4 for the deposition of alumina and titanium dioxide. 

However, in this case, NaCl was used to help the dissolution of palladium 

in water, and a higher pH value was used. As expected, a higher loading 

of Pd on the catalyst was obtained. 

 
Figure 1.18 – Amount of palladium impregnated on the TiO2 structured 

catalysts. 

The structured catalysts with higher loadings were those that were 

prepared using a ball milled 1% Pd/TiO2 powder catalyst in the slurry used 

for dip coating (TiO2 14, TiO2 15 and TiO2 18). The remaining catalysts 

were observed to have very similar palladium loadings among 

themselves, despite having been prepared using very different 

techniques. 

SEM-EDS analyses were carried out using the Pd/TiO2 in order to 

understand the differences in the structures due to the different 

preparation techniques, as presented in Figure 1.19. 
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Figure 1.19 – SEM images of the prepared Pd/TiO2 structured catalysts, 

presented together with EDS data obtained at the highlighted areas: a) 

cordierite support (EDS: b); c) TiO2 1 (EDS: d and e); f) TiO2 2 (EDS: g, h 

and i); j) TiO2 3(EDS: k and l); m) TiO2 4 (EDS: n, o and p); q) TiO2 5 

(EDS: r, s and t); u) TiO2 6(EDS: v and w); x) TiO2 14 (EDS: y and z); a’) 

TiO2 15 (EDS: b’ and c’); d’)TiO2 16 (EDS: e’ and f’); g’) TiO2 17 (EDS: h’ 

and i’); j’) TiO2 18 (EDS: k’) and l’) TiO2 19 (EDS: m’, n’ and o’). 

It is clear that the uniform layering of titania was not well achieved using 

the current preparation method. In fact, in most cases, aggregates were 

found either layered upon the alumina washcoat, or blended with it 

(depending on the preparation method, i.e. if nyacol was used in the 

titania slurry as stabilizer/dispersant or not). Also, the dispersion of 

palladium did not seem to have a preference for the titania containing 

regions, as it was found homogeneously and randomly distributed through 

the surface of the materials [29]. Nevertheless, the catalysts where a 

previously Pd impregnated titanium dioxide powder was layered 

presented, as expected, close contact of palladium and titanium dioxide. 

There were some differences observed related to the availability of the 

deposited powder particles, mostly due to where they were found on the 

surface of the materials: either deeper into pores or laying on the alumina 

surface. The amount of titanium present on the surface was also visibly 

different among the catalysts, either because less was deposited on the 

surface, or because most of it was covered by alumina that was deposited 

simultaneously, in the case of the structured catalysts that were prepared 

using nyacol in the titania slurry used for dip coating. It was also observed 

that, in the cases where a larger amount of alumina was deposited onto 

the catalysts, some fractures of the surface were observed, due to 

accumulation of alumina slurry [18]. Some iron and chromium was 

detected in small quantities in some cases, most likely originated from the 

stainless steel supports used during the palladium impregnation step. 

Textural characterization of the prepared structured catalysts was 

performed by isothermal adsorption of N2 at -196 
o
C. The calculated 
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specific surface areas, as determined by the BET method for partial 

pressures between 0.05 and 0.30, are presented in Table 1.6. 

It is clear that layering of alumina on the surface of the catalyst contributes 

to the increase of the specific surface area of the catalysts, when 

compared with the case where no alumina was used (TiO2 2) [18]. 

Table 1.6 – Specific surface area of the prepared Pd/TiO2/Al2O3 

structured catalysts. 

Sample SBET (m
2 g-1) 

TiO2 1 230 

TiO2 2 101 

TiO2 3 212 

TiO2 4 218 

TiO2 5 267 

TiO2 16 235 

TiO2 17 203 

TiO2 18 216 

TiO2 19 188 

 

1.3 CHEMICALS 

Bromate (≥99%) and bromine (≥99%) sodium salts were acquired as 

standard for the evaluation of the catalytic activity of the prepared 

materials. Metallic precursors H2PtCl6, PdCl2, Cu(NO3)2, SnCl2, RhCl3, 

RuCl3, Ni(NO3)2, (NH4)3IrCl6, Fe(NO3)3, ZnCl2 were used for the 

impregnation of the catalysts. Norit GAC 1240 Plus activated carbon, P25 

Degussa titanium dioxide and Nanocyl 3100 multiwalled carbon 

nanotubes were used as supports for the metallic catalysts. Honeycomb 

cordierite monoliths produced commercially by Corning. Nyacol colloidal 

alumina was used for the alumina washcoating.  
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1.4 CHARACTERIZATION TECHNIQUES 

Selected catalysts were characterized using different techniques: 

hydrogen chemisorption, temperature programmed reduction (TPR), N2 

adsorption at – 196 
o
C, transmission electron microscopy (TEM) and 

scanning electron microscopy coupled with energy-dispersive X-ray 

spectroscopy (SEM-EDS). 

The chemisorption of H2 was carried out at 35 
o
C and atmospheric 

pressure in an Altamira Instruments AMI-200 apparatus, using the pulse 

method. Pulses of 58 L (from a calibrated loop) were successively 

injected in the carrier gas (25 Ncm
3
 min

-1
 of Ar), which passes through a 

catalyst bed (150 mg), until saturation of the catalyst surface. The non-

adsorbed hydrogen is measured with an online thermal conductivity 

detector.  

TPR experiments were carried out in an Altamira Instruments AMI-200 

apparatus, by heating approximately 150 mg of the sample at 5 
o
C min

-1
 

up to 600 
o
C under a flow of 5% (v/v) hydrogen diluted in argon (30 Ncm

3
 

min
-1

). The consumption of hydrogen was measured using a thermal 

conductivity detector (TCD). 

Textural characterization of the support and of the supported catalysts 

was based on the analysis of N2 adsorption isotherms, measured at -196 

o
C with a Nova 4200e (Quantachrome Instruments) equipment.  

TEM analyses were obtained using a LEO 906E microscope operating at 

a 120 kV accelerating voltage. 

SEM-EDS analyses were performed using a FEI QUANTA 400 FEG 

ESEM/EDAX PEGASUS X4M apparatus. 

The amount of metals in solution during impregnation of the structured 

catalysts, and the eventual leaching of the metals, were measured by 

atomic absorption spectroscopy (AAS) using a UNICAM 939/959 

apparatus. 
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1.5 ANALYTICAL METHODS 

Bromate ions concentrations were determined by HPLC using a Hitachi 

Elite Lachrom apparatus equipped with a diode array detector. The 

stationary phase was a Hamilton PRP-X100 column (150 mm x 4.1 mm) 

working at room temperature, under isocratic conditions. The mobile 

phase was a solution of 0.1 M NaCl:CH3OH (45:55). Bromide ion 

concentrations were followed using a MetrOHM 881 Compact Pro ion 

chromatography apparatus coupled with a 863 Compact Autosampler. An 

appropriate MetrOHM chromatography column for anions was used with a 

3.6 mM Na2CO3 stationary phase. 

1.6 CATALYSTS EVALUATION 

For the sake of brevity, the experimental set-ups that were used for the 

reduction of bromate under hydrogen are not pictured here, only 

described, since they were in all similar to those used during the 

ozonation reactions discussed elsewhere in this work. 

1.6.1 SEMI-BATCH 

Bromate reduction was carried out in a semi-batch reactor, equipped with 

a magnetic stirrer and a thermostatic jacket, at room temperature and 

atmospheric pressure, and using hydrogen as reducing agent. Initially, 

180 mL of deionised water and the necessary amount of catalyst (400 mg 

for activated carbons, 50 mg for TiO2 and MWCNT catalysts) were fed into 

the reactor, the magnetic stirrer was adjusted to 700 rpm and hydrogen 

was fed to the reactor at 100 Ncm
3
 min

-1
 during 15 min to remove oxygen. 

After that period, 20 mL of a bromate solution, prepared from NaBrO3, 

were added to the reactor, in order to obtain an initial BrO3
-
 concentration 

equal to 10 mg L
-1

.  
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1.6.2 CONTINUOUS 

Continuous bromate reduction was carried out in a bubble column reactor, 

which was equipped with an internal loop (same as in Part II). The 

bromate solution at 10 mg L
-1

 was fed into the bottom of the bubble 

column using a peristaltic pump at 5 mL min
-1

, while the recirculation in 

the internal loop was kept at 40 mL min
-1

. The volume inside the reactor 

was 300 mL. Pure hydrogen was bubbled through a gas diffuser at the 

bottom of the bubble column at 100 cm
3
 min

-1
. The monolithic catalysts 

were lodged inside the bubble column, thus contacting with the gas and 

liquid phase simultaneously. Characterization of the resulting effluents 

was made from samples taken at the outlet of the reactor after the 

necessary time for steady state was reached. 
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2. METAL ASSESSMENT  

2.1. DESCRIPTION 

In this chapter, different metals (Pd, Pt, Ir, Rh, Ru, Fe, Sn, Cu, Zu and Ni) 

supported on activated carbon were assessed for the catalytic reduction 

of bromate under hydrogen at room temperature and pressure.  

A mechanism for the reduction of bromate was proposed, involving 

reactions in the liquid phase, on the surface of the activated carbon 

support, and on the surface of the supported metal particles. It is 

proposed that the reaction mechanism on the surface of the metal 

catalysts comprises the decomposition of hydrogen and subsequent 

reaction with bromate.  

The catalysts that were studied in this chapter were prepared in the 

Laboratory of Catalysis and Materials, by Dr. Salomé Soares in the 

context of her doctoral thesis, who kindly made them available for the 

study of their application in the reduction of bromate. 

2.2. CATALYTIC TESTS 

Blank tests using only hydrogen or using activated carbon (AC) with 

hydrogen or nitrogen were carried out to evaluate the role of the reducing 

agent (hydrogen) and of adsorption on the support (AC). Nitrogen was 

used to understand the role of adsorption while maintaining similar mixing 

conditions in the reactor. The results obtained are presented in Figure 2.1. 

Hydrogen by itself allows obtaining a bromate removal of approximately 

90% after 120 min of reaction. Activated carbon, on its own, is a fairly 

good adsorbent of the bromate ion, removing over 80% when experiments 

were done using only nitrogen in the gas phase. Similar removals are 

reported in the literature for adsorption of bromate using a granulated 

activated carbon (GAC) filter and distilled water as solvent [1]. However, 
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whereas in the aforementioned work the reduction of bromate using only 

GAC, without hydrogen, is reported, such a result was not observed in this 

study, as discussed below. When AC is coupled with hydrogen, the 

concentration curve has an evolution very similar to that observed with 

only AC, suggesting that adsorption is playing the major role in the 

removal of bromate when only the activated carbon is present. In addition, 

in the presence of AC, there was a drastic reduction of bromate 

concentration in solution for short reaction times, whereas in the presence 

of only hydrogen it decreased much more slowly.  

 
Figure 2.1 - Dimensionless concentration of bromate during experiments 

using activated carbon together with hydrogen (AC+H2) and with nitrogen 

(AC+N2) or only hydrogen (H2). 

Figure 2.2 shows concentrations of bromate and bromide ions after 120 

min in the experimental conditions mentioned before. The experiment 

using activated carbon coupled with hydrogen resulted in a small 

reduction of bromate into bromide, which, on the other hand, was not 

detected when no hydrogen was introduced into the solution. Most of the 

removal of bromate from water during experiments with activated carbon 

was due to adsorption on the activated carbon surface, even when 

hydrogen was present. A small amount of bromide was detected in 
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solution during the experiments using activated carbon coupled with 

hydrogen, which suggests that some reduction of bromate is occurring 

either on the surface of the support, probably due to interaction with 

hydrogen, or by direct interaction with hydrogen in solution. The reduction 

of bromate to bromide on the surface of activated carbon has been 

previously reported to occur due to the interaction with surface 

oxygenated groups [2-4]. In our study, when no hydrogen was present, 

the release of bromide to the solution was not observed. It was also not 

possible to identify the species adsorbed on the AC surface, due to their 

small amount. However, the commercial activated carbon used in this 

study is known to have a small concentration of surface oxygenated 

groups [5], which explains why it is possible to identify a small amount of 

bromide released into solution only when hydrogen is present in solution. 

Moreover, activated carbon has been reported to have low capacity for 

the adsorption of bromide [6]. 

 
Figure 2.2 - Final concentrations of bromate and bromide after 120 

minutes experiments using activated carbon together with hydrogen 

(AC+H2) and with nitrogen (AC+N2) or only hydrogen (H2). (Co=0.078 mM) 
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concentration of bromate during reduction experiments using hydrogen 

over monometallic catalysts supported on activated carbon is presented in 

Figure 2.3. 

The inclusion of a monometallic catalyst during the hydrogen reduction of 

bromate in water clearly improves the removal rate. In fact, the most 

efficient metals (Pd, Rh, Ru and Pt) completely convert bromate in 30 min 

or less. It has also been observed that bromate is being completely 

converted into bromide in all cases, which rules out the possibility of 

removal by adsorption on the AC support. 

 
Figure 2.3 - Dimensionless concentration of bromate during reduction 

experiments using hydrogen in the presence of monometallic catalysts 

supported on activated carbon. 
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Pd, completely converting bromate in just 15 min, although Rh, Pt and Ru 

also showed good performances (see Figure 2.3). The different 

performances observed must be related with the chemical nature of the 

metals, as well as with the metallic dispersion, since all the catalysts 

present the same amount of metal. Nevertheless, the results clearly show 

that bromates can be easily reduced over selected metals supported on 

activated carbon in the presence of hydrogen. 

 

 
Figure 2.4 - Dimensionless concentration of bromate and bromide after 

120 min (a) and evolution of molar balance of bromine during experiments 

with selected catalysts (b). 
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Assuming that the bromate reduction mechanism involves hydrogen 

chemisorption on the metal surface, it was expected that the most active 

catalysts were those that form a medium-strength bond with hydrogen, 

according to the Sabatier principle [7]. The turn over number (TON) after 

10 minutes of reaction is plotted in Figure 2.5 as a function of the 

hydrogen dissociative chemisorption energy per atom of some metals 

tested in the experiments [8]. TON was calculated as the number of moles 

converted divided by the accessible moles of metal atoms, which take 

dispersion into account. The trend observed approximates that of a typical 

volcano curve [9]. 

 
Figure 2.5 - Turn over number (TON) after 10 min of reaction vs. 

hydrogen chemisorption energy per metal atom. 
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its original oxidation state, which was modified after interaction with 

bromate. Thus, the metal particles would then be in the necessary 

oxidation state (i.e. reduced) to be able to further interact with bromate 

[11]. On the other hand, the reduction of bromate on the surface of a 

metallic catalyst is due to reaction with hydrogen atoms, which could 

originate from the hydrolysis of water or from the decomposition of an 

added reducing agent, such as hydrogen or an alcohol [12, 13]. To clear 

out ambiguities regarding the reaction mechanism and to understand the 

role of hydrogen in the reaction, experiments using the supported 

palladium metal catalyst were carried out using nitrogen instead of 

hydrogen, in order to retain similar hydrodynamic conditions in the reactor. 

The pre-reduction stage under hydrogen was still performed, after which 

the whole system was purged with nitrogen before the introduction of the 

bromate solution. Afterwards, this catalyst sample was recovered and 

tested in a second experiment using only nitrogen, this time skipping the 

pre-reduction with hydrogen. Tests were repeated until no change in the 

performance of the catalyst was observed. Afterwards, the same catalyst 

was reused in an experiment with hydrogen. The removal of bromate 

during these experiments is presented in Figure 2.6. 

Analysis of the curves presented in Figure 6.a leads to several 

conclusions. Comparison between the reaction with hydrogen in the 

presence of the fresh catalyst and the reaction using nitrogen shows a 

loss of conversion, as expected. Comparing the later reutilization cycles to 

the 2
nd

 cycle of reutilization, a much larger loss is observed. Thus, the pre-

reduction step in the first case increased the availability of metal in the 

necessary oxidation state (reduced) for reaction, while in the following 

experiment much less is present. Without hydrogen in solution, the 

reduction of the metal by hydrolysis is much slower, as is the case for the 

reduction of bromate, and thus a large drop in performance was expected. 

It is also possible that some dissolved hydrogen was still present in the 

case of the experiment with pre-reduction under hydrogen. Further 

reutilization of the catalyst led to a point, after the third reutilization under 
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the conditions tested, in which the reduction of the metal and the 

dissociation of hydrogen for reaction with bromate were solely from 

hydrogen in water, and thus the performance did not drop further. 

Reutilization of this catalyst using hydrogen (5
th
 cycle) led to a similar 

result to that observed in the experiments using the fresh catalyst. 

 

 
Figure 2.6 - Dimensionless concentration of bromate (a) and molar 

balance of bromine (b) during successive experiments with and without 

hydrogen, using a Pd monometallic catalyst supported on activated 

carbon. 
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The results obtained are in accordance with the reaction mechanism 

proposed by Chen et al. [12] and by Mills and Meadows [13]. In all these 

experiments, bromate was always stoichiometricly reduced to bromide 

(Figure 2.6.b). 

Thus, four reaction steps for the reduction of bromate can be proposed 

when metal catalysts supported on activated carbon are used (Figure 

2.7): direct reaction with hydrogen in solution, as observed in the 

experiments where no support nor metal catalyst were present (a); 

adsorption and reduction by hydrogen on the surface of activated carbon, 

as observed in the reactions using activated carbon without a metal phase 

(b); adsorption of bromate on the surface of the activated carbon, when no 

hydrogen was present in solution (c);  adsorption and reduction on the 

surface of the metallic particles (d). 

 
Figure 2.7 - Bromate removal pathways. 

The most important reaction pathway identified in this work is undoubtedly 

the reduction on the surface of the metal catalyst. This is a process that 

comprises several steps, as shown in Figure 2.8.  
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Figure 2.8 - Scheme of bromate reduction with hydrogen taking place in 

the presence of metal catalysts (as seen in Figure 7– path d). 

As suggested in the literature, the mechanism involves the dissociative 

adsorption of hydrogen on the surface of the metal, and the reaction 

between adsorbed bromate ion and hydrogen atoms [12, 13]. Such 

mechanism agrees with what was presented in Figure 5, where the 

catalytic activities of the different metals are plotted as a function of the 

dissociative adsorption energies of hydrogen. The cyclic experiments 

using only nitrogen in the gas phase have shown that hydrogen plays a 

role not only on the reduction of  bromate ions, but also on the reduction 

of the metal. Thus, the reaction mechanism here proposed involves the 

adsorption of bromate ions on the surface of the catalyst, and their 

reduction by adsorbed and dissociated hydrogen. Bromide is 

consequently released into the bulk of the solution, while the metal 

becomes oxidized. Then, hydrogen converts it to the original reduced 

form, thus becoming available to further interact with bromate and 

hydrogen [11, 14]. While Pd is known to be able to store hydrogen due to 

the formation of β-PdH [15], it  does not explain by itself the reduction of 

bromate when the stoichiometry is considered, since only 0.0146 mmol of 

Pd are reacting in the catalyst used in the present experiments. Further 

experiments using the Pd catalyst prior to calcination and/or reduction 

(NcalNred and Nred) were carried out in order to clarify the reaction 

mechanism proposed in Figures 2.7 and 2.8. Figure 2.9 contains the 
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obtained bromate removal profiles using these samples, where a 

comparison of the performance obtained with or without in-situ pre-

reduction is also presented. 

 
Figure 2.9 - Dimensionless concentration of bromate (a) and molar 

balance of bromine (b) during experiments using a Pd monometallic 

catalyst supported on activated carbon before and after calcination and 

reduction. 
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The calcination of the catalyst during its preparation contributes to an 

increased activity likely due to the formation of palladium particles on the 

surface of the support, due to migration and sintering, to which the 

thermal decomposition of the oxygenated groups present on the surface 

of the activated carbon might contribute [16-18]. The activity of the NcalNred 

and Nred catalysts shows that the contact with hydrogen in water is 

sufficient to achieve a reduced state of the metallic phase, thus supporting 

the reaction mechanism proposed. The delay in the activation of the three 

catalysts during experiments carried out without the pre-reduction step (15 

min of contact with hydrogen in water prior to the introduction of the 

bromate solution) agrees with what is here proposed. 

The characterization carried out by XPS of the catalysts during the various 

reaction steps only revealed the presence of the oxidized forms of the 

metals; handling of the samples and contact with air do not allow the 

rigorous determination of the oxidation states, since the XPS analysis 

were performed ex-situ [16].The mechanism of reaction was additionally 

studied in the case of non-noble metals.  

Consecutive experiments carried out using the Cu/AC catalyst, both under 

nitrogen and hydrogen, are presented in Figure 2.10. 

The observed bromate removals during consecutive experiments using 

the Cu/AC catalyst were similar to those observed when the same 

experiments were carried out using the Pd/AC catalyst (Figure 2.6). The 

activity of the catalyst is reduced during consecutive experiments carried 

out under nitrogen (after an initial pre-reduction with hydrogen in the first 

experiment of the series), until it becomes stable after three runs. The 

initial activity of the fresh catalyst was restored when the reused catalyst 

was reapplied under standard conditions (Figure 2.10, 5
th
 cycle). These 

observations suggest that the mechanism for bromate removal is similar 

whether noble or non-noble metals are used. Non-noble metals have 

been observed to be able to participate in reduction reactions under 

hydrogen, albeit with smaller activities than noble metals [10]. 
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Figure 2.10 - Dimensionless concentration of bromate (a) and molar 

balance of bromine (b) during successive experiments with and without 

hydrogen, using a Cu monometallic catalyst supported on activated 

carbon. 
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2.3 PARTIAL CONCLUSIONS 

Noble metal catalysts (Pd, Pt, Ru, Rh) supported on activated carbon 

efficiently catalyze the conversion of bromate into bromide ion under 

hydrogen at room temperature and pressure. An extensive adsorption on 

activated carbon was observed when no hydrogen was present in the 

system. However, complete conversion into bromide was obtained only 

when a metal catalyst was present. 

Among the several catalysts tested, the palladium catalyst was shown to 

be the most efficient in terms of bromate conversion. However, when the 

available metal surface for reaction is considered, it was clear that 

platinum has the highest intrinsic activity. A simplified mechanism for the 

reduction of bromate was proposed, which takes into account reactions in 

the liquid phase, on the surface of the support, and on the surface of the 

supported metal particles. The roles of the metal and of the reducing 

agent were assessed, and it was proposed that the reaction mechanism 

on the surface of the metal comprised the dissociative adsorption of 

hydrogen and subsequent reaction with adsorbed bromate. This results in 

the release of bromide ion and water. The oxidized metal is then reduced 

by hydrogen, thus being available for further interaction with bromate and 

hydrogen. 
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3. BIMETALLIC CATALYSTS  

3.1 DESCRIPTION 

In this chapter, the coupling of a noble metal with a promoter metal 

supported on activated carbon has been studied for this reaction. Several 

metals were used for this goal, resulting in a wide array of combinations of 

noble and promoter metals.  

The role played by the promoter metal was extensively studied, for which 

several experiments were conducted using physical mixtures of the 

corresponding monometallic catalysts and also different metal amounts on 

the supported bimetallic catalysts. 

The catalysts that were studied in this chapter were prepared in the 

Laboratory of Catalysis and Materials, by Dr. Salomé Soares in the 

context of her doctoral thesis, who kindly made them available for the 

study of their application in the reduction of bromate. 

3.2 CATALYTIC EXPERIMENTS 

 BIMETALLIC CATALYSTS 3.2.1

The bromate reduction in the presence of hydrogen was evaluated using 

several different metallic catalysts. To assess this effect, the same 

activated carbon support was used for all the metal pairs. 

On a first approach, palladium was coupled with different metals. The 

corresponding bromate removals are shown in Figure 3.1. 

The coupling of Pd with Cu shows to be the more efficient combination 

among those tested. All the other combinations present similar or lower 

performance than the Pd monometallic catalyst. A similar trend was 

observed for the second metal alone, as presented elsewhere: Cu > Sn > 

Fe > Zn [1]. 
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Figure 3.1 - Evolution of the dimensionless concentration of bromate (a) 

and total mass balance of bromine after 45 min (b) for reduction 

experiments using H2 and bimetallic palladium catalysts supported on 

activated carbon. 

Among the metals tested, the Cu monometallic catalyst shows the best 

activity both alone [1] and also paired with Pd. Therefore, bimetallic 

catalysts containing Cu and different noble metals (Pd, Ir, Pt, Ru) 
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supported on activated carbon were tested in the bromate reduction in the 

presence of hydrogen, as seen in Figure 3.2. 

 
Figure 3.2 - Evolution of the dimensionless concentration of bromate (a) 

and total mass balance of bromine after 45 min (b) for reduction 

experiments using H2 and bimetallic  catalysts containing Cu, supported 

on activated carbon. 

Once again, the Pd-Cu catalyst showed the best performance of those 

tested, closely followed by the Pt-Cu catalyst. Ir-Cu and Ru-Cu catalysts 

are outperformed by the Cu monometallic catalyst in the first 10 and 15 

min, respectively, but eventually overpass it, promoting 100% bromate 

conversion after 25 and 30 minutes respectively; with the Cu 

monometallic catalyst total bromate reduction was only achieved after 60 
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min of reaction. Overall, the performance of every Cu-containing bimetallic 

catalyst tested here is between that of the Pd-Cu and the Cu 

monometallic catalyst. 

To assess the performance of different noble metals in the reduction of 

bromate using bimetallic catalysts, some noble metals (Pd, Pt or Rh) were 

paired with tin and evaluated in the reaction (Figure 3.3). 

 
Figure 3.3 - Evolution of the dimensionless concentration of bromate (a) 

and total mass balance of bromine after 45 min (b) for reduction 

experiments using H2 over bimetallic catalysts containing Sn, supported 

on activated carbon. 
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As can be seen in Figure 3.3, the Pd-Sn catalyst shows the best catalytic 

activity. Nevertheless, the performance of this catalyst is inferior to that 

observed with the pair Pd-Cu and also with the Pd monometallic catalyst 

(Figure 3.2). 

 PHYSICAL MIXTURES 3.2.2

Since the monometallic catalysts supported on activated carbon have 

shown good activities in the hydrogen reduction of bromate in water [1], it 

is necessary to compare the performance of the monometallic and 

bimetallic catalysts to understand if there is a synergic effect in the 

coupling of two different metals, or if the increase in the performance, 

when observed, is merely due to the higher metal loading available. 

Therefore, to understand why some bimetallic catalysts are outperformed 

by the monometallic catalysts, and also to evaluate if there is a synergic 

effect in the other cases, experiments were made using physical mixtures 

of monometallic catalysts supported on activated carbon. As already 

mentioned (Figures 3.1 to 3.3), the bimetallic catalyst does not always 

perform better than the monometallic catalyst. When other metals were 

coupled with Pd, only Cu managed to improve the removal of bromate 

from water. In a different case, the Rh-Sn pair was outperformed by both 

Sn and Rh monometallic catalysts [1]. Three different metal pairs (Pd-Cu, 

Ru-Ni and Pt-Sn) were selected for this study. 

The SEM-EDS spectra obtained for the post-reaction recovered catalysts 

are presented in Figure 3.4. This analysis was made for recovered 

catalysts from the experiments using bimetallic catalysts and physical 

mixtures of monometallic catalysts. The observations shown here were 

compared with the SEM-EDS spectra obtained with fresh catalysts, as 

well as those for the corresponding monometallic catalysts [2].  
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Figure 3.4 – EDS spectra of metallic particles found in the surface of the 

catalysts after reaction: a) 1% Pd - 1% Cu/AC; b) 1% Ru - 1%Ni/AC; c) 

1%Pt - 1%Sn/AC; d) 1%Pd/AC + 1%Cu/AC; e) 1%Pd/AC + 1%Cu/AC 

(copper particle) f) 1%Ru/AC + 1%Ni/AC (ruthenium particle); g) 

1%Ru/AC + 1%Ni/AC (nickel particle); h) 1%Pt/AC + 1%Sn/AC (platinum 

particle); i) 1%Pt/AC + 1%Sn/AC (tin particle).  

It is observable from the EDS data in Figure 3.4 that, for the bimetallic 

catalysts, both metals were identified in close contact. This was observed 

for all the bimetallic catalysts tested: 1%Pd – 1%Cu/AC catalyst (Figure 

3.4-a), the 1%Ru – 1%Ni/AC catalyst (Figure 3.4-b) and the 1%Pt-

1%Sn/AC catalyst (Figure 3.4-c). Similar spectra were obtained for the 

fresh bimetallic catalysts, as reported elsewhere [2], This suggests that no 

changes, such as metal leaching or migration, occur during the bromate 

reduction reactions in the conditions used in the present work.  

The EDS spectra of the recovered materials after bromate reduction 

experiments using physical mixtures of monometallic catalysts show that 

there was no leaching of the metallic phases which could lead to the in-

situ formation of bimetallic particles, in the case of the 1%Ru/AC + 

1%Ni/AC pair (Figures 3.4-f and 3.4-g) and the 1% 1%Pt/AC + 1%Sn/AC 

pair (Figures 3.4-h and 3.4-i) [2]; for each particle analysed on the AC 

support, only one metal was detected. The spectra obtained were similar 

to those of the fresh monometallic catalysts [2]. On the contrary, for the 

physical mixture of 1%Pd/AC and 1%Cu/AC, both metals were identified 

in the metal particles where Pd was observed on the surface of the 

i) 
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support (Figure 3.4-d). Only individual Cu particles were observed (Figure 

3.4-e). This is due to the leaching of Cu, which has also been witnessed 

when similar experiments were carried out for the hydrogen reduction of 

nitrates in water [2]. In fact, the leaching of copper in similar supports has 

been observed by several authors, which leads to the conclusion that in 

the case of the Pd/Cu physical mixture, a bimetallic catalyst is formed in-

situ under the reaction conditions used [2, 3]. 

In Figure 3.5 the bromate conversions obtained using the Pd and Cu 

system as monometallic catalysts, as a bimetallic catalyst and as a 

physical mixture of the two monometallic catalysts are compared.  

 
Figure 3.5 - Evolution of the dimensionless concentration of bromate (a) 

and total mass balance of bromine after 45 min (b) for reduction 

experiments using H2 over the bimetallic Pd-Cu catalyst and physical 

mixture of the corresponding monometallic catalysts. 



Structured catalytic systems for water purification; Part III – Reduction 
Bimetallic catalysts 

321 
 

From Figure 3.5 it is possible to see that the bimetallic catalyst shows 

better performance than the corresponding monometallic catalysts, as 

was already stated. Most importantly, the physical mixture of Pd and Cu 

monometallic catalysts presents even higher performance in the bromate 

reduction than the bimetallic catalyst. This must be related with the 

disposition of the metals on the support. When a mixture of monometallic 

catalysts is used, all the metal active sites are accessible on the catalyst 

surface for the bromate reduction, whereas the same may not occur when 

bimetallic catalysts are used [2], since the most active metal could be 

covered by the other metal. In fact, during the hydrogen chemisorption 

analyses no H2 chemisorption was observed on the Cu and Pd-Cu 

catalysts, as was expected since Cu does not chemisorb H2 [4]. This may 

indicate that some interaction between the noble metal and Cu occurs, 

forming an alloy, and/or that Cu is covering most of the noble metal, which 

may result in a strong limitation in the amount of H2 chemisorbed in the 

bimetallic catalyst. In addition, it has been reported [5] that the heat of 

adsorption during CO adsorption microcalorimetry experiments using a 

1%Pd-0.3%Cu catalyst supported on an activated carbon (similar to that 

used in this work) decreases when compared to the Pd monometallic 

catalyst. This behavior was observed for catalysts heat treated at or 

above 200 
o
C, which was explained by the formation of alloys. Such 

observations have also been confirmed by XRD [6]. Thus, since the 

catalysts used in this study were heat treated at 200 
o
C, the different 

activities obtained in the experiments with the physical mixtures and 

bimetallic catalysts could be related with some alloy formation in the 

bimetallic catalyst leading to a decrease in the bromate reduction, which is 

known to involve the dissociation of hydrogen on the surface of the noble 

metal [1, 7]. SEM/EDS data show that the particles on the surface of the 

activated carbon contain both metals. This was observed for the bimetallic 

catalysts and for the physical mixtures of monometallic catalysts after 

reaction. Similar results were reported for the same type of catalysts when 

physical mixtures where used in the nitrate reduction [2], where the 

physical mixture of Pd and Cu catalysts performs equal or even better 
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than the corresponding bimetallic catalyst. Thus, it is possible to conclude 

that for the Pd-Cu pair, while there is an improvement in the bromate 

reduction when compared with the Pd monometallic catalyst, the activity 

of the bimetallic catalyst could be partially hindered by the interaction 

between the Cu and Pd on the surface of the activated carbon support. An 

additional experiment was made using homogeneous Cu
2+

 as catalyst, 

where an amount equal to that present on the corresponding activated 

carbon supported catalysts was used. Only a residual improvement of the 

performance was achieved when compared with the experiment only with 

H2. Thus, the leaching of Cu into solution should not contribute 

significantly to the reduction of bromate in the case of the physical 

mixtures of monometallic Pd and Cu catalysts. 

Figure 3.6 presents the results obtained with the monometallic Ru and Ni 

catalysts, the bimetallic Ru-Ni catalyst and the corresponding physical 

mixture of monometallic catalysts supported on activated carbon. 

In the case of the Ru-Ni pair, the use of a Ru-Ni bimetallic catalyst 

decreases the system’s overall catalytic performance when compared to 

the Ru monometallic catalyst. This phenomenon also occurs when a 

mixture of Ru and Ni monometallic catalysts is used. In fact, the physical 

mixture shows even less efficiency than the bimetallic catalyst. It has been 

reported that the coupling of Ru and Ni reduces the total adsorption 

capacity for CO in microcalorimetry experiments, approaching that of Ni 

alone, probably due to alloy formation [8]. So, the decrease in the bromate 

reduction when comparing the Ru monometallic catalyst with the Ru-Ni 

bimetallic catalyst must be related with the interaction of the two metals on 

the surface of the support, which agrees with what was observed in SEM-

EDS analysis, since both metals are present in close contact. In addition, 

it is known that H2 chemisorption on Ni is strong [9]. Thus, Ni might be 

competing with Ru for H2 chemisorption. For nitrite reduction, it has been 

shown that strong absorption of H2 results in lower catalytic activity, with 

Ni catalysts supported on activated carbon showing no activity [10]. Since, 

in the case of the bimetallic catalysts, Ni was found in close contact with 
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Ru, it is expected that this effect might be reduced when compared with 

the experiments with the physical mixtures, where individual Ni particles 

are present. It is worth mentioning that in the case of the monometallic Ni 

catalyst, and in the case of the experiment using a physical mixture with 

this catalyst, bromate was not completely removed from solution. 

However, the amount of bromate that was removed was due to 

conversion into bromide, and not due to adsorption on the activated 

carbon surface, even though the kinetics could suggest otherwise [1]. 

 
Figure 3.6 - Evolution of the dimensionless concentration of bromate (a) 

and total mass balance of bromine after 45 min (b) for reduction 
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experiments using H2 over the bimetallic Ru-Ni catalyst and physical 

mixture of the corresponding monometallic catalysts. 

Figure 3.7 presents the catalytic bromate reduction activity of supported 

mono and bimetallic, and the corresponding physical mixture of the Pt-Sn 

system. 

 
Figure 3.7 - Evolution of the dimensionless concentration of bromate (a) 

and total mass balance of bromine after 45 min (b) for reduction 

experiments using H2 over the bimetallic Pt-Sn catalyst and physical 

mixture of the corresponding monometallic catalysts. 

The monometallic Pt catalyst in Figure 3.7 shows better performance than 

the Sn monometallic catalyst, the bimetallic Pt-Sn catalyst and the 
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corresponding physical mixture. With the exception of the Pt monometallic 

catalyst, all the others show very similar efficiencies. The coupling of Pt 

with Sn in a bimetallic catalyst supported on alumina and prepared at low 

reduction temperatures has been observed to result in a loss of activity in 

the hydrogenation of crotonaldehyde, mostly due to the partial blocking of 

Pt active sites by Sn [11]. The same effect was observed for the 

conversion of isobutene when the Sn content was higher than 0.5% [12]. 

A similar reason can explain why the addition of Sn reduces the activity of 

Pt in our case. However, such phenomenon does not account for the loss 

of activity of the physical mixture of the monometallic catalysts. Metallic 

Sn is known to have no capacity for H2 chemisorption [10] and no leaching 

of Sn to the Pt support was found by SEM-EDS, since both metals were 

isolated in the corresponding support particles. Thus, the presence of Sn 

likely hinders the process by competing with Pt for the adsorption of 

bromate. Additionally, in accordance with the proposed reaction 

mechanism [1], deactivation of the Sn monometallic catalyst for this 

reaction should be occurring, since this metal does not have the capability 

to chemisorb H2, and thus is not able to return to the reduced state after 

reduction of bromate. When in close contact with Pt, as in the bimetallic 

catalyst, such a phenomenon should not take place, since Pt is able to 

dissociatively chemisorb H2. 

Taking in account the results obtained, only the Pd-Cu metal pair seems 

to have potential as efficient bimetallic catalyst. Therefore, different 

proportions of the pair Pd-Cu as a bimetallic catalyst were tested in the 

catalytic reduction of bromate, and the removals obtained after 10 minutes 

of reaction are depicted in Figure 3.8 as a function of the atomic 

percentage of copper. Since the removal of bromate was complete after 

30 minutes of reaction for all the proportions, an intermediate stage of 

reaction was selected to allow the comparison between the catalysts. 

The performance of the bimetallic Pd-Cu catalysts with different loadings 

of both metals can be arranged in the following order: 1% Pd-2% Cu > 1% 

Pd-1%Cu ≈ 1% Pd-0.6% Cu > 1%Pd ≈ 2% Pd-1%Cu > 1% Pd-0.3% Cu > 
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1% Pd-5% Cu ≈ 1% Pd-0.1% Cu. When considering the atomic 

compositions presented, it is clear that a fraction of Cu at least equal to 

0.5 is needed to improve the performance of the bimetallic catalyst 

relatively to the monometallic palladium catalyst. However, a large atomic 

fraction was shown to actually hinder the reduction rate of bromate (see 

1% Pd-5% Cu/AC).  

 
Figure 3.8 - Removal of bromate after 10 min during reduction 

experiments using H2 over different bimetallic Pd-Cu catalysts vs. atomic 

copper content. 

It has been suggested for the Pd-Cu bimetallic catalysts supported on 

activated carbon that the increase in the relative amount of the promoter 

metal decreases the availability of isolated noble metal particles [6]. 

Additionally, it has been observed than on a Pd-Cu catalyst, applied to the 

catalytic hydrogenation of nitrite, the Pd promotes the dissociation of H2 to 

react with nitrite ions, while also reducing oxidized Cu, which is then able 

to participate in the reaction, thus increasing the reaction rate by providing 

two active centers for reaction [13]. In regard of the textural 

characterization of the catalysts, particularly the information relative to 

metal particle size, significant changes have not been detected [6, 14]. 
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Therefore, the presence of the promoter metal increases the reactivity of 

the system on a certain range of atomic ratios; outside this interval the 

available noble metal surface necessary to interact with hydrogen and 

bromate ion decreases [5, 6]. It has been observed that the addition of Cu 

to supported Pd catalysts reduces the availability of high coordination 

sites for reaction [15]. The low coordination sites, which become more 

predominant on the Pd surface with the addition of Cu, are known to have 

higher activity in hydrogenation reactions [16, 17]. This behavior has been 

observed in the reduction of nitrates over Pd-Cu bimetallic catalysts, 

where the selectivity to the desired product (nitrogen) is hurt due to over 

hydrogenation [18]. In the case of bromate reduction, the conversion into 

bromide is always complete; so there is an improvement on the reaction 

rate when Cu is coupled with Pd. However, when the ratio of Cu to Pd is 

too high, the performance of the catalyst decreases, probably because the 

low coordination sites on the Pd surface become blocked by the added 

Cu. 

The comparison of the performance of the bimetallic catalyst with different 

loadings (Figure 3.8) with the performance of the physical mixtures of the 

same pair (Figure 3.5) is useful to better understand the role of the 

bimetallic catalysts in the reduction of bromate in water using hydrogen. 

The performance of the physical mixture of the pair Pd-Cu is noticeably 

better than that of the corresponding bimetallic catalyst, regardless of the 

Pd/Cu ratio chosen (results not shown). It is also important to remark that 

the only case in which the physical mixtures show better catalytic activity 

than the corresponding bimetallic catalyst was for the Pd-Cu pair, which 

was also the only case in which the in-situ formation of bimetallic particles 

were observed for the physical mixture, under the reaction conditions 

used. It has been shown that for the remaining pairs tested, the addition of 

other metal did not improve the removal of bromate obtained with the 

noble metal monometallic catalyst. Thus, it seems that the utilization of a 

bimetallic catalyst is only beneficial for this reaction in specific cases. 

Accordingly, for the Pd-Cu pair, the addition of Cu as promoter metal to 
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the Pd catalyst improves the reaction rate due to interaction between the 

metals, when they are found in a specific range of atomic ratios; this was 

not observed for the remaining metal pairs studied. 

3.3 PARTIAL CONCLUSIONS 

Several bimetallic pairs supported on activated carbon were studied as 

catalysts for the hydrogen reduction of bromate in water. All the tested 

catalysts showed remarkable activity on the reduction of bromate under 

hydrogen. Furthermore, the conversion of bromate into bromide was 

observed to be complete for all the cases, without formation or 

accumulation of by-products in solution. 

The Pd-Cu pair was shown to be the most promising catalyst, completely 

converting bromate in less than 10 minutes of reaction. Most of the other 

pairs resulted in reduced activity when compared to the corresponding 

monometallic noble metal catalysts.  

Experiments using physical mixtures were carried out, and it was 

observed that the presence of a second metal, in most cases, can 

decrease the available surface of the noble metal for reaction, or can 

decrease the capacity of the most active metal to adsorb hydrogen. 

However, for the Pd-Cu pair, the experiment carried out using the 

corresponding physical mixture outperformed the bimetallic catalyst; 

nevertheless, during the physical mixtures experiments, in-situ formation 

of bimetallic catalyst was observed. This suggests that the interaction 

between the two metals improved the removal of bromate. 

The influence of the composition in Pd-Cu catalysts was investigated, and 

it was shown that some improvement can be obtained regarding the 

reduction of bromate ion in water, when this pair was compared with the 

Pd monometallic catalyst. The improved performance of the Pd-Cu 

catalyst was observed to only occur in a specific range of atomic ratios. 
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4.DIFFERENT SUPPORTS FOR METAL CATALYSTS 

4.1 DESCRIPTION 

In this chapter, the activity of four selected metallic catalysts (Pd, Pt, Rh 

and Ru) for the reduction of bromate in water was assessed using three 

different supports: activated carbon (AC), multiwalled carbon nanotubes 

(MWCNT) and titanium dioxide (TiO2). 

On a first approach, the activity of the bare supports was assessed, both 

under an inert atmosphere (nitrogen) and under a reducing agent 

(hydrogen). Secondly, the activity of the metallic catalysts supported on 

the different materials was evaluated. The activity was assessed taking 

into account the distribution of the metallic particles on the surface of the 

supports, and some considerations about the contribution of the support 

to the reduction of bromate were made. 

The catalysts that were studied in this chapter were prepared in the 

Laboratory of Catalysis and Materials, by Dr. Salomé Soares in the 

context of her doctoral thesis, who kindly made them available for this 

study. 

4.2 ACTIVITY OF THE SUPPORTS 

The supports AC, MWCNT and TiO2 were selected for this study because 

they presented very promising results for the reduction of nitrate in water 

under hydrogen [1], as well as for other hydrogenation reactions; the 

reduction using AC has been discussed previously in section Metal 

assessment, while several works on the use of TiO2 [2-10] and MWCNT 

[1, 11-21] may be found in the literature. Figure 4.1 presents the observed 

bromate removal during experiments using the three different supports, 

both under hydrogen and under nitrogen. 
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Figure 4.1 – Dimensionless concentration of bromate during experiments 

using the bare supports under hydrogen and under nitrogen. 

Different behaviours were observed for the different supports. While the 

activated carbon extensively adsorbs bromate, as seen during the 

experiment using nitrogen, the same was not observed for TiO2 or 

MWCNT. In these cases, the bromate concentration remained stable 

throughout the reaction when no hydrogen was present. However, when 

hydrogen was used, while in the case of AC the removal profile of 

bromate was similar to that observed for adsorption, using TiO2 and 

MWCNT it was greatly improved. The mass balance of bromine at the end 

of the reaction, Figure 4.2, was performed in order to assess whether the 

bromates removal during the experiments using the bare supports 

corresponded to conversion to bromide in water, or whether it was due to 

adsorption on the surface of the different materials.  

The activated carbon support has a different behaviour from the other two 

supports. In this case, adsorption plays an important role in the observed 

removal of bromate, whether hydrogen or nitrogen was used. In the case 

of MWCNT or TiO2 no adsorption was observed. Furthermore, complete 

conversion of bromate into bromide was observed in the experiments 

under hydrogen, after 120 min. Thus, these two supports are observed to 
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be capable of reducing bromate on their own, under hydrogen. In fact, the 

application of monometallic titanium dioxide supported catalysts have 

been shown to be active in the reduction of nitrate, which typically 

requires a bimetallic catalyst system [9]. It has been speculated that the 

formation of Ti
3+

 centres by trapping of excess electrons might be 

responsible for the catalytic activity of the support [9]. On the other hand, 

the presence of electron enriched partially reduced species on the surface 

of the titanium dioxide, which may form during reduction of the support, 

may also contribute for the reduction of anionic species [1, 4, 22]. 

Adsorption of anionic species, necessary for the reduction of the bromate, 

may occur at acid sites through electrostatic interactions [9, 23].  

 
Figure 4.2 – Dimensionless concentration of bromate and bromide at the 

end of the experiments (120 min) using the bare supports under hydrogen 

and under nitrogen. 

In the case of the MWCNT, the improved reduction of bromate when 

compared with the reaction with hydrogen alone is likely related to the 

electronic properties of the support material, which may be enhancing the 

reactions occurring between bromate and hydrogen. 
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4.3 METALLIC CATALYSTS ON DIFFERENT SUPPORTS 

In order to compare the activity of the metallic catalysts supported on 

different materials, the most active metals were selected for this effect: Pt, 

Pd, Rh and Ru. On a first approach, the catalysts supported on AC, TiO2 

and MWCNT were tested in the reduction of bromate under hydrogen, 

using a 1 g L
-1

 catalyst loading (see section Metal assessment). The 

obtained removal profiles for the AC supported catalysts are presented in 

Figure 4.3. 

 
Figure 4.3 – Dimensionless concentration of bromate during experiments 

using the selected metallic catalysts supported on activated carbon. 

As observed before, the addition of a metallic catalyst improves the 

reduction of bromate to bromide in the presence of AC; in fact, conversion 

to bromide is complete, while when only the support was used, there was 

no conversion observed (Figure 4.2). However, it was observed that when 

the metallic catalysts supported on MWCNT and on TiO2 were used in 

these experiments, using the same catalyst loading as in the experiments 

with AC, the removal of bromate was too fast to be measureable. In 

between the introduction of the bromate solution onto the reactor, where 

the catalyst has been stirred under hydrogen, and the collection of the 
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initial sample (the process takes a few seconds), bromate was already 

completely converted into bromide. Thus, experiments were carried out 

using a smaller catalyst loading (0.25 g L
-1

), to allow the comparison of the 

activity of the metallic catalysts. 

The removal of bromate during experiments using the Pd catalysts 

supported on the different materials, with a catalyst loading of 0.25 g L
-1

, 

is presented in Figure 4.4. 

 
Figure 4.4 – Dimensionless concentration of bromate during experiments 

using the Pd metallic catalysts supported on the different materials. 

The removal of bromate during experiments using the Pt catalysts 

supported on the different materials, with a catalyst loading of 0.25 g L
-1

, 

is presented in Figure 4.5. 
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Figure 4.5 – Dimensionless concentration of bromate during experiments 

using the Pt metallic catalysts supported on the different materials. 

The removal of bromate during experiments using the Ru catalysts 

supported on the different materials, with a catalyst loading of 0.25 g L
-1

, 

is presented in Figure 4.6. 

 
Figure 4.6 – Dimensionless concentration of bromate during experiments 

using the Ru metallic catalysts supported on the different materials. 
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The removal of bromate during experiments using the Rh catalysts 

supported on the different materials, with a catalyst loading of 0.25 g L
-1

, 

is presented in Figure 4.7. 

In all cases, the metal catalysts supported on MWCNT and TiO2 showed a 

widely better performance in the removal of bromate from solution, when 

compared with those supported on activated carbon.  

The titanium dioxide supports were observed to be the best performing 

catalysts. Since the surface area or the particle sizes do not seem to 

severely affect the activity of the catalysts, the chemical nature of the 

support must be the responsible for the increase in the activity observed 

[1, 24]. This high activity may be attributed to the electron transfer from 

the Ti
3+

 centres on the support lattice, otherwise inaccessible for reaction, 

either directly to the adsorbed anion or through the metallic particles [1, 9]. 

A strong metal-support interaction (SMSI) state could result in the transfer 

of the electrons to the metallic particles [3, 7, 9, 25, 26]. Such state has 

been observed when titanium dioxide was used as support for metallic 

catalysts [27], and changes in the temperatures of reduction observed by 

TPR on the different supports suggest that a SMSI state is achieved in the 

case of the titanium dioxide supported catalysts (see Materials and 

methods) [9, 10]. Furthermore, the presence of a metallic catalyst might 

increase the formation and stability of Lewis acid sites, where anionic 

species might adsorb through exchange with hydroxyl species, for future 

reduction [22, 28]. Nevertheless, presence of electron enriched surface 

species have been detected in metal loaded titanium dioxide supports, 

even at low reduction temperatures, which play a role in the reduction 

mechanism [5, 22, 29]. The use of titanium dioxide as support for the 

metallic phase facilitates the reduction to its metallic form, which is known 

to facilitate the reduction of nitrites. This reaction has a similar reduction 

mechanism using metallic catalysts under hydrogen as bromate [8, 30, 

31]. 
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Figure 4.7 – Dimensionless concentration of bromate during experiments 

using the Rh metallic catalysts supported on the different materials. 

Nevertheless, the MWCNT supported metal catalysts also showed 

remarkable activity when compared with the activated carbon support. 

The mesoporous nature of the MWCNT support might contribute to the 

increased activity by reducing diffusional limitations [32-38]. In addition, it 

has been suggested that despite contributions of the porosity and low 

tortuosity of CNF layers, the intrinsic activity of supported metallic 

catalysts on nanocarbon materials for the hydrogenation of nitrite is still 

higher than that observed in other carbon and alumina supports [15]. 

Thus, it is likely that, as what was observed for titanium dioxide, the 

physical and chemical properties of the material are positively influencing 

its performance in the reduction of bromate under hydrogen. Due to the 

size of the metallic particle, and due to low activity observed with AC in 

the hydrogenation of nitrite over supported metallic catalysts, it has been 

proposed that the influence of the support on the shape or the electronic 

structure of the metallic catalysts or any possible charge effects are not 

likely to occur [15]. It has been suggested that the adsorption of anionic 

compounds on the graphitic support, and reaction with spilled-over 
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hydrogen from the metallic particles, might be contributing to the 

increased activity of these catalysts [16, 33, 39-41]. 

In Figure 4.8 the dimensionless distribution of bromate and bromide after 

30 min of reaction obtained during experiments under hydrogen using the 

selected metals supported on different materials is presented. 

 
Figure 4.8 – Dimensionless concentration of bromate and bromide at the 

end of the experiments (30 min) using the metallic catalysts on different 

supports under hydrogen. 

As was observed in section Metal assessment, the removal of bromate 

from solution corresponds to conversion to bromide, with no formation of 

intermediates detected, and with no contribution of adsorbed products. 

Due to the high activity observed for the TiO2 support, Ru supported 

catalysts were prepared using smaller metal loadings. This metal was 

selected, despite its lower activity, since it was the best suited for 

comparison of the activities, due to the very fast kinetics of the remaining 

catalysts. The dimensionless removal is presented in Figure 4.9. 
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Figure 4.9 – Dimensionless concentration of bromate during experiments 

using the Ru metallic catalysts supported on titanium dioxide with varying 

metal loadings. 

The smaller loadings of Ru used, while resulting in a slight decrease of 

the activity of the catalyst, still showed remarkable activity when 

compared with the AC supported counterpart. 

In order to better assess the activity of the supported metals used, the 

turn-over frequencies (TOF) obtained for each catalysts were calculated 

as the rate of conversion of bromate per area unit of accessible metal 

surface [42]. The obtained TOF for the TiO2 and MWCNT supported 

catalysts is present in Figure 4.10. 

It is clear that the TiO2 supported metallic catalysts achieved much higher 

values of TOF than the MWCNT counterparts. The influence of the 

support is more evident in the former. The Ru/TiO2 catalyst, despite 

performing worse than its titanium dioxide supported counterparts (Figure 

4.6), still achieves a comparable value of TOF. Since the mean particle 

size that was observed was larger than for the other metallic catalysts 

(Materials and methods), the available metal surface for reaction is 
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smaller. Its intrinsic activity was observed to be quite high, which was also 

observed when the AC and MWCNT supports were used.  

 
Figure 4.10 – Turn-over frequencies of bromate observed during 

experiments using catalysts supported on TiO2 and MWCNT under 

hydrogen. 

Nevertheless, regardless of the support used, Pt was observed to be the 

most efficient catalyst in the removal of bromate. However, if the available 

surface area of the metal for reaction is not considered, the Pd catalyst 

over performed when compared with the Pt catalyst. 

Similarly, the TOF obtained during experiments performed using lower 

metal loadings of Ru on titanium dioxide are presented in Figure 4.11. 

Since the mean particle size does not significantly change when the 

loading of Ru is decreased, and no significant changes in the interaction 

of the support and the metal are expected (section Materials and 

methods), the increase in TOF for lower metal loadings is an evidence for 

the important role the TiO2 support plays in the reduction of bromate 

under hydrogen. 
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Figure 4.11 – Turn-over frequencies of bromate observed during 

experiments using Ru catalysts supported on TiO2 with varying metal 

loadings under hydrogen. 

4.4 PARTIAL CONCLUSIONS 

Three different materials (activated carbon, titanium dioxide and 

multiwalled carbon nanotubes) were used as supports for four metallic 

catalysts (Pd, Pt, Rh and Ru) in the reduction of bromate under hydrogen 

in water. The activity of the bare supports was assessed, and it was 

observed that while activated carbon mostly contributed with adsorption of 

bromate, the other two supports were active in the reduction of bromate.  

The activity of the supported metallic catalysts followed the trend 

TiO2>MWCNT>AC. The activity of the support and the interaction of the 

support with the metallic catalyst were postulated to be responsible for the 

differences in activity. 

The platinum catalysts were observed to be the most active catalysts for 

the removal of bromate, when the available surface area was considered. 

However, in terms of efficiency considering the mass of catalyst, the 

supported palladium catalysts were shown to be the most promising. 
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5. STRUCTURED CATALYSTS 

5.1 DESCRIPTION 

In this chapter, several prepared structured catalysts were used in the 

continuous catalytic hydrogen reduction of bromate in water. Two types of 

structured catalysts were used, upon which the active metallic catalyst 

was deposited: CNT covered honeycomb cordierite monoliths and TiO2 

covered honeycomb cordierite monoliths. Their detailed preparation 

methods are described in section Materials and methods. 

The performance of the structured catalysts was evaluated taking into 

account their characteristics, in order to understand how the efficiency of 

these catalysts may be improved. Recyling experiments were conducted 

with the most active catalyst in order to assess its stability in water. 

5.2 CARBON BASED STRUCTURED CATALYSTS 

The prepared carbon nanotubes (CNT) covered structured catalysts, 

which were used as support for palladium particles as described in the 

Materials and methods section, were used in the catalytic hydrogen 

reduction of bromate, under continuous operation, due to the high activity 

observed during experiments carried out using MWCNT as support for the 

metal phase. The experimental conditions employed are detailed in 

section Materials and methods. 

The measured removals of bromate at steady state are presented in 

Figure 5.1. 

At the applied operating conditions, it is clear that hydrogen by itself, with 

no catalyst present in the system, is not able to remove bromate from 

solution. The addition of the Pd/CNT structured catalysts was observed to 

drastically improve the achieved removal at steady state. The use of Pd 

supported on different carbon materials applied to the hydrogen reduction 
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of bromate removal has already been demonstrated, as seen in the 

previous sections [1-6]. In the system here presented, in which the 

Pd/CNT structured catalysts were used, removals of up to 91.9% were 

obtained. 

 
Figure 5.1- Removal of bromate during continuous catalytic hydrogen 

reduction using Pd supported on CNT covered honeycomb monoliths. 

The removal of bromate was observed to correspond completely to 

conversion to bromide, as shown in Figure 5.2. 

 
Figure 5.2- Dimensionless mass balance of bromine during continuous 

catalytic hydrogen reduction of bromate using Pd supported on CNT 

covered honeycomb monoliths. 
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Regarding the utilization of the different Pd/CNT structured catalysts, their 

performance in the catalytic reduction of bromate under hydrogen did not 

differ much between them. The range of measured removals was 87.2 to 

91.9%. Nevertheless, since the CNT supports were all prepared using the 

same method, it is expected that the differences in removal are due to 

differences in the characteristics of the metallic phase. When the amount 

of palladium that was adsorbed by the monoliths during the deposition 

step is considered, the bromate converted at steady state increased with 

the amount of adsorbed Pd. The amount of dissolved Pd used to 

impregnate the CNT was calculated to achieve a 1%Pd/CNT wt.%. Since 

the mass of carbon in the different catalysts was similar, the amount of 

dissolved Pd did not greatly differ and did not affect the impregnation of 

the structured catalysts with different amounts of palladium. The Pd/CNT 

structured catalysts prepared using a mixture of NaCl and polyvinyl 

alcohol (PVA) as stabilizer/dispersant (CNT9 and CNT10) were observed 

to result on a more efficient catalyst. Moreover, when the deposition was 

carried out at pH 10, the adsorbed amount, and consequently the activity 

of the catalyst, was improved. The effect of pH is likely related with the 

promotion of the electrostatic interaction between the surface of the 

carbon and the metallic salts [7-9]. Nevertheless, the use of a stabilizer 

(PVA) was also shown to increase the amount of Pd impregnated onto the 

structured catalysts, likely due to linking with Pd at the surface of the 

carbon [10]. 

During the experiments performed using the structured catalysts prepared 

using PVA during the palladium impregnation, some leaching was visibly 

observed. Atomic absorption spectroscopy experiments, however, did not 

show any trace amount of palladium in solution. This is likely due to the 

visible deposition of the Pd on other components of the experimental set-

up used, or due to the low concentrations that would be found in solution, 

considering the amounts of metal in the catalyst and the volume of 

solution used during the reaction. In order to assess how the leaching of 

palladium affected the performance of the catalysts, the CNT9 structured 
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catalyst was repeatedly used in consecutive experiments, between which 

it was rinsed with distilled water and dried, while the reaction system was 

thoroughly washed to remove any traces of deposited palladium that 

might be enhancing the conversion of bromate. The removals observed 

during these consecutive experiments are presented in Figure 5.3. 

 
Figure 5.3- Removal of bromate during sequential continuous catalytic 

hydrogen reduction reusing a selected Pd/CNF supported catalyst. 

While a slight loss of activity was detected after the first three runs, further 

reutilization of the CNT9 catalyst lead to similar removals of bromate, 

suggesting that no more leaching of Pd took place. 

In summary, the activity of Pd/CNF structured catalysts was shown to be 

related with the palladium content on the surface of the carbon. 

Furthermore, the use of a stabilizer during the impregnation step was 

observed to increase the content of palladium, and consequently the 

performance of the catalyst. A similar effect was observed when basic pH 

was used during the impregnation step. 
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5.3 TITANIUM DIOXIDE BASED STRUCTURED CATALYSTS 

Due to the remarkably high activity observed during the experiments using 

TiO2 as support for metallic catalysts in power form for the hydrogen 

reduction of bromate, structured catalysts prepared using titanium dioxide 

and palladium supported on alumina washcoated honeycomb cordierite 

monoliths (section Materials and methods, where a detailed description of 

the preparation methods and characterization of the materials is included) 

were used in the continuous catalytic reduction of bromate. The 

experimental conditions employed are detailed in section Materials and 

methods. 

The removal of bromate as measured at steady state during the 

experiments using Pd/TiO2 structured catalysts is presented in Figure 5.4. 

 
Figure 5.4- Removal of bromate during continuous catalytic hydrogen 

reduction using Pd supported on TiO2 covered honeycomb monoliths. 

It is clear that the addition of a Pd/TiO2 structured catalyst increases the 

removal rate of bromate from water. In Figure 5.5 the mass balance of the 

bromine in the effluent at steady state is presented, where it is clearly 

seen that the removed bromate was completely converted into bromide. 
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Widely different activities for the different Pd/TiO2 structured catalysts 

were observed. The activity of the catalysts here presented might be 

divided in three categories: below 20% (TiO2 1, TiO2 2, TiO2 3 and TiO2 

4), between 20 and 40% (TiO2 5, TiO2 14, TiO2 15, TiO2 17 and TiO2 

19), and finally above 40% (TiO2 6, TiO2 16 and TiO2 18). 

 
Figure 5.5- Dimensionless mass balance of bromine during continuous 

catalytic hydrogen reduction of bromate using Pd supported on TiO2/Al2O3 

covered honeycomb monoliths. 

The first group of catalysts clearly has a much lower loading of palladium 

when compared with the remaining, even though the amount of palladium 

dissolved in the impregnation solution was similar for all the TiO2 

structured catalysts (2%Pd/TiO2 wt.%, considering 100 mg of TiO2), as 

seen in section Materials and methods. These four catalysts were 

prepared using a mixture of acetonitrile:water meant to help in the 

dissolution of the palladium precursor during the impregnation step [2]. 

However, this technique resulted in lower amounts of adsorbed Pd 

(section Materials and methods), which contributed to the low removals 

observed. The complex formed by the reaction between the palladium 

precursor and acetonitrile likely reduced the impregnation of palladium on 

the structured catalyst. In fact, the catalyst TiO2 17 was prepared using 
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the same technique as TiO2 4 for the deposition of alumina and titanium 

dioxide. However, in this case, NaCl was used to help the dissolution of 

palladium in water, and a higher pH value was used. As expected, a 

higher loading of Pd on the catalyst was obtained (section Materials and 

methods), which corresponded to a higher removal. 

Nevertheless, it was observed that TiO2 4, which was prepared with a 

previous alumina washcoat, followed by the deposition of titanium dioxide 

through dip coating on a ethanol suspension that also had alumina 

(nyacol) present to aid in the dispersion and stability of the suspension 

[11], presented the higher activity. However, it was observed that TiO2 3, 

which was prepared using a similar TiO2/nyacol ethanol suspension, 

resulted in the lowest catalytic activity, which suggests that a previous 

washcoat with alumina improved the catalytic performance. In fact, 

SEM/EDS pictures presented in section Materials and methods suggested 

that a higher content of titanium dioxide was present on the surface of the 

catalyst in the case of TiO2 4, while in TiO2 3 either less TiO2 was 

present, or it was covered by the alumina layer, which was deposited 

simultaneously with the titanium dioxide layer. In fact, TiO2 2, which was 

prepared without any alumina, with direct deposition of a titanium dioxide 

suspension by dip coating, was more active than TiO2 3, likely because 

all the titanium that was deposited on the cordierite surface was available 

for reaction. 

TiO2 6 was prepared to assess the role of ethanol in the alumina/titania 

suspension; in this case, water was the only solvent used. The Pd 

impregnation technique was the same as in the case of TiO2 17. It was 

observed that a large increase in the removal of bromate from water was 

achieved, but the amounts of adsorbed palladium were similar in both 

cases, as seen in section Materials and methods. The SEM/EDS 

(Materials and methods) images suggest that TiO2 17 has much larger 

available amounts of titanium dioxide on the surface, which likely resulted 

on an enhancement of the removal of bromate. 
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The role of pH on the impregnation of palladium was assessed by 

comparison of TiO2 5 and TiO2 6, which followed the same preparation 

methods, except the palladium solution for impregnation had pH 3 in the 

former and pH 10 in the latter. While similar loadings of palladium were 

observed (section Materials and methods), widely different activities were 

obtained. The catalyst prepared with pH 10 removed 30% more bromate 

than its pH 3 counterpart. While SEM/EDS pictures are not conclusive, it 

is likely that either the acidic pH caused some changes to the catalytic 

surface during the impregnation step, or the Pd is distributed differently on 

the surface of the catalyst, in closer contact with the available titanium 

dioxide [9, 12-14].  

A dispersant/stabilizer (PVA) was also used in the preparation of the 

Pd/TiO2 catalysts. To assess its role, the catalyst TiO2 16 was prepared 

adding PVA to the Pd solution prior to impregnation. The catalyst TiO2 17 

was prepared using the same technique as TiO2 16, at basic pH, except 

no PVA was used in the latter. It was observed that a much higher 

removal was obtained in the case using PVA, which was in fact the 

highest removal obtained using the titanium dioxide based structured 

catalysts, despite not achieving higher loadings of palladium when 

compared with the TiO2 17 catalyst with no PVA used in the impregnation 

step. However, it is also expected that the use of PVA might result on a 

finer dispersion of palladium, which is likely to affect the removal rate of 

bromate due to the higher available metallic area for reaction [10, 15].  

Different results were obtained when TiO2 5 and TiO2 19, prepared at 

acidic pH, are compared: the first did not include PVA in the preparation 

methods, while the latter did. In this case, similar removals were obtained 

at steady state, with a slightly higher removal obtained for the catalyst 

without PVA. Thus, basic pH with PVA using water/NaCl suspension 

yielded the best results, while the addition of PVA to the impregnation 

solution at acidic conditions lead to worse performance when compared 

with the technique without PVA. 
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Finally, a different technique was used in the preparation of the monoliths 

which consisted in the use of a pre-prepared 1%/TiO2 powder catalyst, 

which was then finely grounded by ball milling, put in a suspension and 

deposited onto the surface of the structured catalysts through dip coating 

(TiO2 14, TiO2 15 and TiO2 18). While TiO2 14 and TiO2 15 yielded poor 

results, even though the loading of Pd was much higher than the catalyst 

prepared by impregnation of Pd in solution upon the already TiO2-

containing catalysts, TiO2 18 reached considerably high bromate 

removals at steady state. In the preparation of TiO2 14 and TiO2 15, PVA 

and nyacol were used in the impregnation step to help achieve good 

dispersion of the catalyst particles in suspension, respectively. In TiO2 18, 

a combination of the two was used, in order to reduce the viscosity while 

maintaining load and adherence of the materials to the monolith. The 

differences in the behaviour seem to be related to where the catalyst 

particles were deposited, since on the TiO2 18 structured catalyst, these 

seem to be found on the alumina surface, while in the remaining two 

cases, the particles seem to be lodged inside pores in the alumina layer, 

as observed in SEM pictures in section Materials and methods, which 

may hinder the access of the reactants due to limitations to the diffusion. 

Capillary forces during the drying process may lead to the deposition of 

the particles in macropores, and the use of different binders may lead to 

configurations which may hinder or favour the reaction [9, 16, 17]. 

5.4 PARTIAL CONCLUSIONS 

Several structured catalysts were prepared, using palladium as the active 

metallic phase, and using carbon nanotubes or titanium dioxide as the 

substrate for palladium support. These catalysts were applied to the 

continuous catalytic hydrogen reduction of bromate in water. It was found 

that, in the case of the CNT structured catalysts, the loading of Pd was 

directly related with the catalytic performance. In the case of the TiO2 

structured catalysts, while the Pd loading affected the performance of the 

catalyst, other factors were proposed to play a major role, such as the 
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relation of the dispersed Pd with the TiO2 on the surface of the catalyst, 

the dispersion of Pd and the availability of the active phases for reaction. 
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CONCLUSIONS 

In general, structured catalysts were developed and applied to the 

continuous catalytic ozonation of emerging organic pollutants and to the 

continuous catalytic reduction of bromate. Promising results were 

obtained regarding their application in real cases, and some progress was 

made in the understanding of the related fundamental science. 

Several different structured catalysts were tested for the ozonation of 

organic pollutants, and compared with other conventional carbon-based 

catalysts used in powder form. On a first approach, the structured 

catalysts were ground to controlled particle size, when possible, and used 

in ozonation reactions carried out in a semi-batch stirred tank reactor. 

Afterwards, the structured catalysts, in their integral form, were used in 

experiments carried out in a bubble column reactor with a closed internal 

loop, in semi-batch operation and two-phase configuration. Later, the 

structured catalysts were used in the continuous catalytic ozonation 

reaction, using the same bubble column reactor with an internal loop, in 

two-phase configuration. It was found that the structured catalysts showed 

activity comparable to that of activated carbon and multiwalled carbon 

nanotubes, even outperforming these in some situations. Finally, the 

structured catalysts were then used in a three-phase system, to take 

advantage of the possibility of development of hydrodynamic regimes that 

enhance the mass transfer between the gas, liquid and solid phases. It 

was found that structured of the type carbon felts (CF) and sintered metal 

fibers (SMF) did not perform well in this configuration, due to high 

pressure drop and consequent coagulation of the gas on the bottom of the 

catalysts, which eventually lead to bypass of the gas-phase through the 

sides of the catalyst. 

The ozonation of three selected emerging organic pollutants was studied 

in detail. In general, it was observed that while single ozonation was 

sufficient to remove readily the parent pollutants from water, their 
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mineralization was not fully achieved. The application of carbon based 

catalysts was shown to improve mineralization, by promotion of the 

reactions involving radical species, taking place on the surface of the 

catalyst and in the solution bulk. Moreover, it was observed that the 

application of a catalyst has a wide impact in the distribution of the 

accumulated products in solution, mostly due to this promoting effect, 

which alters the pathway of degradation of the organic pollutants. 

Furthermore, the variation of the experimental conditions was observed to 

modify the predominant pathways taking place, and also the adsorption of 

the pollutants on the surface of the catalysts. The larger mineralization 

degree and the changes in the product distribution eventually led to 

changes in the toxicity of the effluents. Finally, it was also shown that the 

continuous ozonation process applied using a structured honeycomb 

monolith as a support for the carbon active phase is viable, mainly due to 

the improvement of the mineralization degree when compared with the 

conventional ozonation process. 

The influence of various operation parameters was evaluated in the 

catalytic ozonation of organic pollutants. Initially, the hydraulic features of 

the experimental setup were characterized. The detailed behaviour of the 

hydraulic regime developed inside the monolith channels was then also 

characterized through application of the equations found in the literature. 

Afterwards, the corresponding parameters were related to the 

performance of the catalysts in the ozonation of organic pollutants. After 

showing that the application of a three-phase system was advantageous, 

it was found that the relative size of the bubbles and the monolith 

channels are important, since they affect the distribution of the gas-phase 

inside the monolith, as well as its contact with the catalytic wall. 

Furthermore, the efficiency of the process was suggested to be 

dependent, under our operating conditions, on the transfer of the organic 

pollutants from the solution to the channel walls, where a major part of the 

degradation reaction of the pollutants is taking place. This factor seems to 

be strongly related to the length of the slugs inside the monolith channels, 
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which is, on the other hand, linked with the liquid flow rate used. Another 

factor which seems to be important is the relation of the velocities of the 

slugs and bubbles inside the channels; however, since there is already a 

high concentration of ozone in the liquid phase inside the monolith, it was 

suggested that this phenomenon might not be as important in this case. In 

addition, the effect of several components of natural waters in the process 

was evaluated, as well as the influence of the carbon loading on the 

structured catalysts. It was found that, despite showing an influence in the 

process, the use of natural water matrices does not hinder significantly the 

efficiency of the catalytic ozonation process. It was observed that its 

influence varies when different pollutants are used. The increase in the 

loading of carbon on the structured catalysts was shown to enhance the 

performance of the system, up to a certain point, since a CNF layer that is 

too thick will decrease the accessibility of the reactants to the layers 

closer to the support. 

The influence of surface heteroatoms on the activity of carbon materials in 

the catalytic ozonation of organic pollutants was evaluated. For this 

purpose, carbon nanotubes (MWCNT) that were subject to doping with 

several different elements were used as catalysts. The introduction of 

these elements lead to the formation of oxygen-containing, sulphur-

containing and nitrogen-containing functionalities, which lead to materials 

with different surface acidities and electronic densities. To evaluate the 

catalytic activity of the materials, oxalic acid was used as a model 

compound. It was observed that the most active materials were those that 

presented a more basic character, with the N-containing MWCNT sample 

being the most active. Afterwards, the same materials were tested in the 

ozonation of phenol. In this case, the modifications of the MWCNT surface 

did not lead to improved mineralization of phenol, but rather to changes in 

the distribution of the products accumulated in solution. After experiments 

with MWCNT, the same procedure was used to evaluate the influence of 

N-doping on carbon nanofibers (CNF). Similar observations were made 

during ozonation of oxalic acid and phenol. The activity of the CNF was 
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similar to that of MWCNT, with the N-containing sample proving to be the 

most active sample. On a next step, the doping of CNF with nitrogen was 

evaluated in the continuous ozonation of organic pollutants using 

structured catalysts, consisting on honeycomb cordierite monoliths 

covered with CNF. These materials were tested using oxalic acid as a 

model compound, but also three different emerging organic pollutants. It 

was observed that the N-CNF catalyst performed better than the CNF 

catalyst, when the mass of CNF on the structure was considered. Finally, 

the influence of the amount and type of nitrogen functionality on the 

catalytic activity of carbon materials in the ozonation process was 

assessed. For this, different carbon xerogels were used due to the vast 

array of varying amounts and types of N-containing functionalities that can 

be introduced. It was possible to positively correlate the amount of 

nitrogen with the activity of the materials, using oxalic acid as a model 

compound. However, attempts to correlate the activity with specific types 

of functionalities were not successful. 

The deactivation of pristine and modified multiwalled carbon nanotubes 

was assessed in the catalytic ozonation of oxalic acid. It was found that, 

independently of the treatment applied to the catalyst, the introduction of 

acidic oxygen-containing surface groups lead to a loss of activity. 

Nevertheless, further reutilization suggested that the amount of O-

containing groups reaches a plateau, after which the catalysts show 

stable activity. It was also observed that, although there is a loss of S-

containing functionalities when S-doped MWCNT samples were studied, 

the nature of these groups did not change during the reaction; besides, 

the loss of activity of the catalyst did not seem to be related to this 

phenomenon. In the case of the N-doped MWCNT and CNF, it was 

observed that the N-containing surface groups suffer some changes 

during the ozonation procedure, mostly related to the decrease of the 

amount of pyridinic groups.  

Furthermore, structured catalysts consisting of CNF covered honeycomb 

monoliths were used in long term continuous ozonation experiments. It 
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was observed that, after an initial period of deactivation, the catalyst were 

stable in the reaction, maintaining a constant removal of oxalic acid 

throughout the experiments. The loss of activity was shown to be related 

to the introduction of acidic O-containing surface functionalities through 

reaction with ozone. 

Several different metals supported on activated carbon were tested in the 

catalytic reduction of bromate under hydrogen. Noble metal catalysts (Pd, 

Pt, Ru, Rh) supported on activated carbon efficiently catalyze the 

conversion of bromate into bromide ion under hydrogen at room 

temperature and pressure. An extensive adsorption on activated carbon 

was observed when no hydrogen was present in the system. However, 

complete conversion into bromide was obtained only when a metal 

catalyst was present. Among the several catalysts tested, the palladium 

catalyst was shown to be the most efficient in terms of bromate 

conversion. However, when the available metal surface for reaction is 

considered, it was clear that platinum has the highest intrinsic activity. A 

simplified mechanism for the reduction of bromate was proposed, which 

takes into account reactions in the liquid phase, on the surface of the 

support, and on the surface of the supported metal particles. The roles of 

the metal and of the reducing agent were assessed, and it was proposed 

that the reaction mechanism on the surface of the metal comprised the 

dissociative adsorption of hydrogen and subsequent reaction with 

adsorbed bromate. This results in the release of bromide ion and water. 

The oxidized metal is then reduced by hydrogen, thus being available for 

further interaction with bromate and hydrogen. 

Several bimetallic pairs supported on activated carbon were studied as 

catalysts for the hydrogen reduction of bromate in water. All the tested 

catalysts showed remarkable activity on the reduction of bromate under 

hydrogen. Furthermore, the conversion of bromate into bromide was 

observed to be complete for all the cases, without formation or 

accumulation of by-products in solution. The Pd-Cu pair was shown to be 

the most promising catalyst, completely converting bromate in less than 
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10 minutes of reaction. Most of the other pairs resulted in reduced activity 

when compared to the corresponding monometallic noble metal catalysts. 

Experiments using physical mixtures were carried out, and it was 

observed that the presence of a second metal, in most cases, can 

decrease the available surface of the noble metal for reaction, or can 

decrease the capacity of the most active metal to adsorb hydrogen. 

However, for the Pd-Cu pair, the experiment carried out using the 

corresponding physical mixture outperformed the bimetallic catalyst; 

nevertheless, during the physical mixtures experiments, in-situ formation 

of bimetallic catalyst was observed. This suggests that the interaction 

between the two metals improved the removal of bromate. The influence 

of the composition in Pd-Cu catalysts was investigated, and it was shown 

that some improvement can be obtained, in a specific range of atomic 

ratios, regarding the reduction of bromate ion in water, when this pair was 

compared with the Pd monometallic catalyst.  

Three different supports (activated carbon, titanium dioxide and 

multiwalled carbon nanotubes) were used as supports for four metallic 

catalysts (Pd, Pt, Rh and Ru) in the reduction of bromate under hydrogen 

in water. The activity of the bare supports was assessed, and it was 

observed that while activated carbon mostly contributed with adsorption of 

bromate, the other two supports were active in the reduction of bromate. 

The activity of the supported metallic catalysts followed the trend 

TiO2>MWCNT>AC. The activity of the support and the interaction of the 

support with the metallic phase were postulated to be responsible for the 

differences in activity. The platinum catalysts were observed to be the 

most active catalysts for the removal of bromate. However, when the 

mass of catalysts was considered, the supported palladium catalysts were 

shown to be the most efficient. 

Several structured catalysts were prepared, using palladium as the active 

metallic phase, and using carbon nanotubes or titanium dioxide as 

support. These catalysts were applied to the continuous catalytic 

hydrogen reduction of bromate in water. It was found that, in the case of 
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the CNT structured catalysts, the loading of Pd was directly related to the 

catalytic performance. In the case of the TiO2 structured catalysts, while 

the Pd loading affected the performance of the catalyst, other factors were 

proposed to play a major role, such as the placement of the dispersed Pd 

with the TiO2 on the surface of the catalyst, the dispersion of Pd and the 

availability of the active phases for reaction. 
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FUTURE WORK 

Several avenues for continuation of the developments of the work 

presented here are open to be explored in the near future. 

The most immediate one would concern the application of the best 

performing catalysts in a larger scale pilot plant that would evaluate the 

behaviour of the system using real conditions in terms of water matrix, 

pollutants, and hydrodynamic regimes. Besides the dimensioning of such 

a pilot plant that could approximate the needs of the real life cases, the 

biggest challenge concerns the development of preparation methods of 

the catalysts of adequate size. 

Regarding the ozonation reaction, the testing of different carbon based 

structured catalysts is also a possibility that may be explored. In particular, 

the development of methods of preparation of structured catalysts 

containing other forms of carbons that may show better activity in powder 

form, but have not yet been prepared supported on a macrostructure, is 

an interesting path to achieve better performing systems. Similarly, the 

preparation of structured catalysts using carbon-metal oxides composites, 

or other similar materials, might be one path to achieve better performing 

catalysts. The combination of the catalytic ozonation system using 

structured catalysts with other emerging technologies should also be 

considered regarding the application of the system in the context of a 

water treatment plant. 

Regarding the reduction reaction, several other catalytic systems might be 

prepared under the form of structured catalysts, using a large array of 

techniques that may be explored in the near future. The preparation of 

bimetallic structured catalysts that could be applied to the reduction of 

nitrate is one concern that could be easily addressed. The development of 

catalysts to achieve efficient removal of highly refractory pollutants such 

as perchlorates presents a bigger challenge that may still be achieved in 

the future. The testing of the structured catalysts in the reduction of 

inorganic pollutants using other cheaper and more accessible reducing 
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agents is interesting, considering the sustainability of the application of 

this process in real life water or wastewater treatment plants. 
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APPENDIX A 

ADSORPTION OF ATRAZINE ON MWCNT 

The extent of adsorption of atrazine on the surface of MWCNT was also 

assessed, since it may be contributing to the removal of TOC that was 

observed during the catalytic ozonation experiments, as well as to the 

changes observed in the distribution of the intermediate products and the 

resulting toxicity [1-5]. On a first approach, the time needed for the 

concentration of atrazine in solution to reach equilibrium with the 

adsorbed amount was assessed, as seen in Figure1. 

 
Figure1 - Dimensionless concentration of atrazine during experiment of 

extended adsorption on MWCNT compared with short-term adsorption 

experiment. 

It is clear that at 180 min, the extent of adsorption of atrazine is the same 

as what was observed after 1440 min. Thus, for the experiments 

performed to evaluate the contribution of adsorption in the removal of 

atrazine and degradation products during ozonation experiments, 180 min 

was selected as the length of the experiments. 
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Adsorption isotherms of atrazine, DEIA, DIA and DEA were 

experimentally obtained, using MWCNT as adsorbent, in order to acquire 

information about the contribution of adsorption in the removal of these 

products during catalytic ozonation reactions, particularly during kinetic 

experiments described further ahead. The obtained adsorption isotherms 

for atrazine are presented in Figure2. 

 
Figure2 – Amount of atrazine adsorbed as a function of the equilibrium 

concentration in solution during isothermal experiments using MWCNT as 

adsorbent. 

The obtained adsorption isotherms for DEA are presented in Figure3. 
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Figure3 – Amount of DEA adsorbed as a function of the equilibrium 

concentration in solution during isothermal experiments using MWCNT as 

adsorbent. 

The obtained adsorption isotherms for DIA are presented in Figure4. 

. 
Figure4 – Amount of DIA adsorbed as a function of the equilibrium 

concentration in solution during isothermal experiments using MWCNT as 

adsorbent. 
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Finally, the obtained adsorption isotherms for DEIA are presented in 

Figure5. 

 
Figure5 – Amount of DEIA adsorbed as a function of the equilibrium 

concentration in solution during isothermal experiments using MWCNT as 

adsorbent. 

The adsorption data was fit to the Langmuir expression [6] (Equation 1), 

and the calculated qmax and K, through linear regression, are presented in 

Table 1; 

𝐶𝑒
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= 𝐶𝑒

1

𝑞𝑚𝑎𝑥
+

1

𝐾.𝑞𝑚𝑎𝑥
     (1) 

, where Ce is the concentration of the adsorbate in solution, q is the 

amount adsorbed, qmax is the maximum amount adsorbed and K is the 

adsorption constant. 
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Table 1 – Values of the characteristic constants obtained by fitting of 

experimental adsorption data on MWCNT to the Langmuir equation. 

ATZ 20
o
 C 25

o
 C 35

o
 C 

qmax (mmol g
-1

) 0.562 0.568 0.563 

K (L mmol
-1

) 22.47 22.44 21.42 

DEA    

qmax (mmol g
-1

) 0.475 0.314 0.529 

K (L mmol
-1

) 4.992 7.048 3.756 

DIA    

qmax (mmol g
-1

) 0.539 0.496 0.482 

K (L mmol
-1

) 11.65 14.41 8.16 

DEIA    

qmax (mmol g
-1

) 0.551 0.590 0.547 

K (L mmol
-1

) 3.664 3.091 3.095 

In the case of atrazine, while the qmax value did not show a detectable 

trend with changes in the temperature, the K value was observed to 

decrease with the increase in temperature. Similar results were observed 

when DEIA was probed as adsorbate. In the case of DEA, while the 

smallest value of K was observed for the highest temperature, the lowest 

temperature did not corresponded to the higher value. A similar 

observation was made in the case of DIA. The value of K followed the 

following decreasing order: atrazine>DIA>DEA>DEIA. 

An adsorption experiment was carried out using a mixture of atrazine and 

its three identified main intermediates, in order to understand how the 

adsorption of the compounds on MWCNT changed in a competitive 

environment (Figure6). 



Structured catalytic systems for water purification; Appendix A 

vi 
 

 
Figure6 – Dimensionless concentration of atrazine, DEA, DIA and DEIA 

during adsorption experiments on MWCNT at 25 
o
C. 

The distribution of the organic compounds in solution after 180 min, when 

equilibrium is reached, follows the order that was found for the values of 

K. The adsorbed amounts of each compound, individually and in mixture, 

are compared in Figure7, at 25 
o
C and 10 mg L

-1
 of each compound in the 

initial solution.  

As expected, the adsorbed amount at equilibrium is smaller when the 

experiment was carried out using a mixture of the pollutants, which was 

true for the four compounds analysed. The biggest decrease in the 

adsorbed amount was observed with DEA, with 76%, followed by DEIA 

with 63%, DIA with 60% and finally atrazine with 26%. Nevertheless, the 

removal of atrazine by adsorption still corresponded to 56%, DEA to 15%, 
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Figure7 – Adsorbed amounts of atrazine, DEA, DIA and DEIA on 

MWCNT during experiments carried out using the individual compounds 

or a mixture of the compounds. 

Furthermore, an experiment was carried out to assess the extent of 

adsorption of the unidentified organic compounds generated during the 
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affinity of atrazine and atrazine-derived organic pollutants to MWCNT 

adsorption is likely related to its polarity, since more polar compounds [7, 

8] were observed to be less extensively adsorbed on the surface of the 

carbon material. 

 
Figure8 – Dimensionless concentration of DIA and DEIA (right axis) and 

dimensionless chromatogram peak area of UOC2, UOC3, UOC4 and 

UOC6 (left axis) during adsorption experiments on MWCNT, carried out 

after single ozonation of atrazine during 180 min. 

Finally, changes to the surface of the carbon material during the ozonation 

procedure should also be considered, since it is likely that the adsorption 

capacity may be affected [9-11]. For this end, MWCNT were subject to a 

previous ozonation treatment, which resulted in the introduction of 

oxygen-containing groups on the surface [12, 13], as discussed in section 

Stability and deactivation of the catalysts. The extent of adsorption of 

atrazine in fresh MWCNT and in ozonised MWCNT is compared in 

Figure9. 
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Figure9 – Dimensionless concentration of atrazine during adsorption 

experiments on fresh and ozonized MWCNT. 

It is clear that the introduction of oxygen-containing functionalities on the 

surface of MWCNT hinders their capacity of adsorption of atrazine, likely 

due to changes in the electronic density and in the acid-base character of 

the carbon material [9-11] 

In summary, it was shown that the extent of adsorption of atrazine and of 

its degradation compounds varies with changes in the temperature, with 

the concentration in which the compounds are present and with the 

competition with other compounds present in solution. Moreover, it was 

observed that the capacity of the MWCNT to adsorb atrazine and 

degradation products depends greatly on the compound, and is modified 

by the introduction of oxygen-functionalities due to the ozonation process. 

In any case, the contribution of adsorption of atrazine on MWCNT during 

catalytic ozonation experiments should not be disregarded [3-5]. 
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KINETICS OF CATALYTIC OZONATION OF ATRAZINE IN THE PRESENCE 

OF MWCNT 

Several catalytic ozonation experiments were carried out at different 

conditions in order to determine their influence in the removal of atrazine, 

as well as in the generation of the detected organic intermediates, 

identified or otherwise. 

The disappearance of atrazine from solution during ozonation 

experiments is seen to follow first-order reaction kinetics [14, 15]. Thus, 

the apparent rate constant, kATZ, for each reaction system, was found 

through fitting of the experimental data to Equation 2, 

𝑟𝐴𝑇𝑍 =
−𝑑𝐶𝐴𝑇𝑍

𝑑𝑡
= 𝑘𝐴𝑇𝑍𝐶𝑎𝑡𝑧    (2) 

, where rATZ is the rate of degradation of atrazine and CATZ is the 

concentration of atrazine for a given time, t. 

The obtained values of kATZ calculated for different experimental 

conditions are presented in Figure10. The experiments were performed 

varying the pH, the ozone concentration in the gas phase, the catalyst 

loading, the initial concentration of atrazine and the temperature of 

reaction (experimental conditions detailed in section Materials and 

methods).  

The apparent atrazine degradation rate constant varied between 0.05 and 

0.52 min
-1

. The r
2
 obtained for the linear fits used to determine the rate 

constant were always above 0.93, which suggests good fitting of the first-

order reaction model. The increase of the initial concentration of atrazine 

is seen to decrease its removal, with the apparent rate constant varying 

between 0.0748 and 0.2398. However, this variation was the smallest 

registered, since the concentration of ozone in the liquid phase is 

sufficient to extensively react with atrazine, even when its decomposition 

is enhanced by the presence of a catalyst. The increase in the catalyst 

loading was seen to result in higher values of kATZ, which increased from 
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0.1432 to 0.4768. Interestingly, the apparent removal rate constant slightly 

decreased when the catalyst loading was varied between 50 mg L
-1 

and 

100 mg L
-1

. This observation could be attributed to the fact that the main 

role for the removal of atrazine, in this system, is being played by the 

direct ozonation of the organic pollutant, rather than oxidation by more 

active species formed from the decomposition of ozone. Thus, for low 

loadings of MWCNT, the promoted decomposition of ozone might be 

hindering the degradation of atrazine (kATZ in single ozonation was 

calculated to be 0.2328 min
-1

) Nevertheless, for higher loadings of 

MWCNT, the contribution of adsorption should be responsible for the 

large increase in the apparent removal rate constant, which compensates 

the decrease in the available ozone for reaction with atrazine. The 

increased decomposition of ozone for higher loadings of MWCNT [16] is 

seen in Figure11, where the values of dissolved molecular ozone in 

experiments without any pollutant at varying catalyst loadings are 

presented. The temperature was shown to increase the degradation of 

atrazine, which is contrary to what was observed in the adsorption 

experiments. The main difference that was observed was related to the 

concentration of dissolved ozone, which decreased with the temperature, 

thus suggesting that the temperature increase is improving the 

decomposition of ozone. Notwithstanding, the temperature increase has 

been reported to affect the ozone reactions much more significantly than 

the reactions involving hydroxyl radicals, which agrees with the increase 

in the removal of atrazine with temperature that was observed here [17]. 

The use of larger ozone concentrations on the gas feed, keeping the gas 

flow rate constant, thus increasing the ozone dose, resulted in an 

increment to the removal rate constant of atrazine. The larger dose of 

ozone leads to a larger amount of ozone that is available for reaction with 

atrazine, thus enhancing its removal from solution. 
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Figure10 – Calculated values of apparent removal rate of atrazine from 

solution during semi-batch ozonation experiments in which the 

experimental conditions were systematically varied. 
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been reported to be 7 [12], which means that the change of pH to more 

basic ones through the addition of a buffer might be changing the 

adsorption dynamics of atrazine. However, the difference in adsorption of 

atrazine at varying pH on MWCNT has been found to be negligible [5]. 

The conversion of ozone into active non-selective hydroxyl radicals in 

solution at higher pH is probably the main contributor to the degradation of 

atrazine through reactions occurring on the liquid phase. Such radicals 

are known to have a very high reaction rate with atrazine [15], and the 

small values of ozone concentrations in this case might mean that this is 

the main path for atrazine removal in this case. In fact, reactions carried 

out at pH 9 showed a decrease of almost 70% in the concentration of 

dissolved molecular ozone. 

 
Figure11 – Concentration of dissolved molecular ozone measured in 

experiments without any pollutant, using different loadings of MWCNT. 
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removal of these compounds were not calculated, since they did not vary 

significantly with the experimental conditions, and thus only the 

concentration profiles throughout the reaction are presented here, for the 

sake of brevity. 

  

  

 

 

Figure12 – Concentration of DIA during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 
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The biggest variation in the formation of DIA was observed in the 

experiment where the initial concentration of atrazine was varied, with a 

large increase in formation, due to the larger availability of atrazine in 

solution. Similarly, a large amount of DIA was formed in the experiment 

where the catalyst loading was reduced to 50 mg L
-1

. Since no trace of 

DIA was found in the experiment with larger catalyst loadings, it is clear 

that a change in the reaction mechanism occurs, either due to a decrease 

in the formation of DIA when a catalytic route is preferred, or an increase 

on the removal of DIA that is quick enough to render DIA undetectable in 

solution. Smaller increases were also observed with the increase of pH, 

which should also be related to changes in the reaction mechanism. It has 

been reported that the formation of DIA from oxidation of atrazine by 

radical action is much faster than that promoted by direct ozonation [15].  

Similarly to what was observed in the evolution of DIA during the kinetic 

ozonation experiments, the concentration of DEA increased largely in the 

experiments where the initial concentration of atrazine was increased. The 

decrease of the loading of MWCNT increased the production of DEA, has 

had been seen in the case of DIA. Since the reaction of DIA with hydroxyl 

radicals is much faster than with ozone, it is likely that in the cases where 

the radical mechanism is preferred, the decrease in the concentration of 

DEA is related to an increase in its removal rate, rather than a decrease in 

its formation rate [15]. The much higher concentrations of DEA found 

throughout these experiment are likely related, in part, with the fact that 

ozone reacts with DIA much faster than with DEA, thus decreasing the 

removal of the latter from solution [15]. On the other hand, the increase on 

pH actually decreased the amount of DEA found in solution, likely due to 

an increase in the homogeneous decomposition of ozone, resulting on a 

faster removal of DEA from solution. A similar behaviour was observed 

with the increase of the temperature. The increase of the concentration of 

ozone in the gas phase resulted, on one hand, on an increase of the 

production of DEA, and on the other hand, on a faster removal of DEA 

from solution. 
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Figure13 – Concentration of DEA during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 
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the measured concentrations during the experiments at different reaction 

conditions are presented in Figure14. 

  

  

 

Figure 14 – Concentration of DEIA during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 

The increase in the initial concentration of atrazine resulted on an 

increase in the amount of DEIA accumulated in solution, as was observed 

0 30 60 90 120 150 180
0

1

2

3

4

5

6

7

C
D

E
IA

 (
m

g
 L

-1
)

t (min)

 Single O3                Standard

 5 mg ATZ L


           30 mg ATZ L


 50 mg ATZ L


       

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

C
D

E
IA

 (
m

g
 L

-1
)

t (min)

 Single O3                Standard

 50 mg MWCNT       500 mg MWCNT

 250 mg MWCNT   

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

C
D

E
IA

 (
m

g
 L

-1
)

t (min)

 Single O3           Standard

 20 ºC                  35 ºC

0 30 60 90 120 150 180
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
C

D
E

IA
 (
m

g
 L

-1
)

t (min)

 Single O3                Standard

 15 g O
3
 Nm

-3
           20 g O

3
 Nm

-3

 80 g O
3
 Nm

-3
         

0 30 60 90 120 150 180
0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

C
D

E
IA

 (
m

g
 L

-1
)

t (min)

 Single O3       Standard

 pH 3               pH 9

 pH 7                 



Structured catalytic systems for water purification; Appendix A 

xviii 
 

in the case of DIA and DEA. The increase of the catalyst loading, on the 

other hand, resulted on a decrease of the detected concentration of DEIA. 

This behaviour could be due to several factors: a decrease in the 

production of DEIA, an increase in its oxidation or an increase in the 

adsorbed amount on the MWCNT. DEIA is not extensively adsorbed on 

the surface of MWCNT. Thus, either the increase of the amount of DEIA 

results on a decrease in the production of DEIA, due to a shift on the 

reaction mechanism towards other compounds, or DEIA is being oxidized 

into other compounds due to the action of the catalyst. The increase in 

temperature to 35 
o
C resulted on a decrease of DEIA in solution, and the 

same was observed when the temperature was decreased to 20 
o
C. 

However, an increase in the degradation of DEA and DIA was observed at 

35 
o
C and 20 

o
C, and thus an increase in the concentration of DEIA would 

be expected. The fact that this was not observed means that either an 

increase in the degradation of DEIA is observed when the temperature 

was changed or a change in the reaction pathway of these compounds 

takes place. Lower concentrations of ozone in the gas phase resulted in 

lower accumulated concentrations of DEIA, most likely due to a decrease 

on its formation rate, and also of the formation rate of the compounds 

from which DEIA originates. However, the experiment carried out with 80 

g O3 Nm
-3

 in the gas phase showed less accumulated DEIA than the 

standard experiment, carried out at 50 g O3 Nm
-3

 in the gas phase. Thus, 

since an increase in the formation of DEIA is expected, an increase of its 

removal rate at the highest ozone concentration in the gas phase may 

explain this behaviour. In fact, experiments at different pH showed widely 

different behaviours of the evolution of DEIA concentration throughout the 

experiments. The experiment carried out at pH 3 showed a slightly higher 

concentration of DEIA measured in solution, which is likely related to the 

hampering of the homogeneous decomposition of ozone, thus altering the 

reaction pathway in the direction of the formation of this intermediate 

compound. The reaction carried out at pH 7 showed a decrease in the 

concentration of DEIA, which is in agreement with what was observed for 

the reactions at pH 3 and at standard conditions (natural pH, 5.25). 
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However, when the pH was raised to 9, the concentration of DEIA was 

much higher than in the other experiments. It was expected that, at this 

pH, the increase in the action of radical species, surface or otherwise, 

would yield lower concentrations of DEIA, with basis in what was 

observed during other experiments. Nevertheless, a similar increase was 

observed in the formation of DEA and DIA at this pH, while at lower pH 

values, in the acidic range, the concentration of DEA and DIA decreased 

with its increase. Thus, a change in the reaction mechanism at pH 9 is 

resulting in a much larger formation of DEA and DIA, which eventually 

also lead to a higher concentration of DEIA found accumulated in solution. 

The formation of other unquantified organic compounds is also relevant in 

the study of the influence of the reaction conditions in the catalytic 

ozonation of atrazine. In fact, as seen before, there are four compounds 

which are accumulated in solution, and which are relevant for this study: 

UOC2, UOC3, UOC4 and UOC6. The relative peak area was calculated in 

relation to the maximum area found for each compound in the 

chromatograms, throughout all the kinetics experiments presented in this 

section. The relative peak areas of UOC2 found during the experiments at 

varying reaction conditions are presented in Figure15. 
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Figure15 – Relative amount of UCO2 during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 
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organic compounds. When the concentration of MWCNT was varied, the 

accumulation of UOC2 in solution was smaller for larger values of catalyst 

loading. It is possible that adsorption, as well as an increase in the 

oxidation of UOC2, is playing a part, since the removal of UOC2 from 

solution has been observed to probably be related with surface reactions 

in experiments carried out to give insight into the reaction mechanism. 

Regardless of the direction of the variation of temperature, these 

experiments resulted in less UOC2 in solution than what was found in the 

case of the experiment at standard conditions. A similar behaviour has 

been observed for the previously presented organic intermediates. While 

the decrease in the ozone concentration in the gas phase resulted on 

much smaller concentrations of UOC2, when compared with the 

experiment at standard conditions, the increase of the ozone 

concentration also resulted in small concentrations. In the former case, it 

is likely that this effect is due to a diminished production of the organic 

compound during reaction, while the latter should be due to an increase in 

the removal of UOC2 from solution, since there is more ozone available to 

react with the pollutant, likely through radical action. A similar behaviour 

was observed in the experiments at different values of pH. While basic pH 

may enhance the removal of the compound due to the homogeneous 

decomposition of ozone, it is likely that at lower values of pH the 

production is being hindered. However, UOC2 formation has been linked 

with direct ozonation reactions during experiment carried out in the 

presence of tert-BuOH. 

The relative amount of UOC3 found accumulated in solution during the 

experiments at varied reaction conditions are presented in Figure16. 
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Figure16 – Relative amount of UCO3 during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 

The increase of the initial concentration of atrazine, as before, yielded 

larger concentrations of UOC3 found during the catalytic experiments. 

Higher loadings of MWCNT resulted in smaller concentrations of UOC3, 

which may be explained by either adsorption of the compound on the 
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surface of the catalyst, or by an increase in the oxidative potential of the 

system. When the temperature was varied, a similar behaviour to what 

was observed before, was also registered in the case of UOC3; changes 

in the temperature yielded smaller concentrations when compared with 

the catalytic experiment at standard conditions. The catalytic experiments, 

independent of the ozone concentration in the gas phase, resulted in 

smaller concentrations than the single ozonation experiment, without 

major differences between them. Changes in the pH of the solution 

through buffering resulted in similar UOC3 concentrations to those that 

were observed for UOC2, which suggested that at high pH, the removal of 

the intermediate compound is being enhanced, and at low pH, the 

production of the intermediate compound is being hindered. In fact, the 

formation of UOC3 has been suggested to be linked with reactions with 

radical species formed in solution, during experiments carried out using a 

radical scavenger. 

The relative amount of UOC4 found accumulated in solution during the 

experiments at varied reaction conditions are presented in Figure17. 
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Figure17 – Relative amount of UCO4 during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 

In general, the catalytic experiments yielded smaller concentrations of 

UOC4 in solution throughout the experiments, the exception being the 

experiment carried out using the highest initial concentration of atrazine. 

In fact, the increase in this factor resulted in gradually higher 
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concentration of UOC4 in solution. On the other hand, the larger loadings 

of MWCNT resulted in smaller concentrations of UOC4, which suggests 

that either the oxidation of this compound is being enhanced, or its 

formation is being hindered when catalytic reaction mechanisms are more 

prominent. The role of surface reactions in the oxidation of UOC4 has 

been shown to be important during experiments carried out in the 

presence of a radical scavenger. Nevertheless, the role of adsorption 

should not be ignored. Changes to the reaction temperature did not alter 

the concentration of UOC4 during the catalytic ozonation experiments. 

Low concentrations of ozone in the gas phase decreased the 

concentration of UOC4 observed in solution, due to a decrease in the 

production of this compound. The increase from 50 to 80 g O3 Nm
-3

 did 

not alter the concentration, which suggests that the removal is not 

affected by an increase in the ozone dose. However, changes in the pH 

resulted in very different concentrations of UOC4, which suggest that the 

oxidation through radical mechanism is important in the formation and/or 

removal of this organic compound. 

Finally, the relative amount of UOC6 found accumulated in solution during 

the experiments at varied reaction conditions are presented in Figure18. 
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Figure18 – Relative amount of UCO6 during semi-batch ozonation 

experiments in which the experimental conditions were systematically 

varied. 

Similarly to what has been observed for the other organic intermediates, 

the concentration of UOC6 increased with the increase in the initial 

concentration of atrazine. In a similar manner, the increase in the loading 

of MWCNT yielded smaller concentrations of UOC6, which may be due to 
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changes in the formation of this compound, the increase in the oxidative 

potential of the system due to the role of MWCNT as catalyst, or to the 

contribution of adsorption to the removal of organic compounds from 

solution. The increase in the temperature to 35 
o
C seemed to slightly 

lower the concentration of UOC6 found in solution, which could be related 

to an increase in the oxidative potential of the ozonation system. 

However, the increase in the ozone dose only increased the concentration 

of UOC6 up to 50 g O3 Nm
-3

, which suggests that lower concentrations 

might be related to the hindering of the formation of this compound. 

Nevertheless, basic pH values showed smaller concentrations of UOC6, 

which suggest that the oxidation of the organic compound by radical 

action in solution is important to its degradation. In the experiments using 

a radical scavenger, it was suggested that the formation of this product is 

link with reactions through radical species, either directly, or due to 

differences in the formation of the products which originate UOC6. 

In summary, it was observed that adsorption of atrazine, and of its 

intermediate degradation products, plays an important role in their 

removal from solution, during catalytic ozonation experiments. Changes in 

the experiment conditions were shown to affect the oxidation of atrazine. 

Moreover, the reaction pathways of atrazine degradation was observed to 

be widely altered when different experimental conditions were employed, 

due to changes in the reaction mechanism, i.e. direct ozonation, radical 

action in solution or on the surface of MWCNT, to changes in the 

availability of the reactants and due to the contribution of adsorption. 
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APPENDIX B 

BEHAVIOUR OF BY-PRODUCTS OF OZONATION OF EMERGING 

ORGANIC MICROPOLLUTANTS DURING OPERATION CONDITION 

EXPERIMENTS 

TWO-PHASE AND THREE-PHASE SYSTEM 

The concentration at steady-state of the main quantified intermediates of 

ATZ degradation during the ozonation experiments is presented in Figure 

1. 

 
Figure 1 – Concentration of main by-products of atrazine ozonation 

during continuous experiments using a two-phase and a three-phase 

configuration of the catalytic system, at steady-state. 

The observed concentrations of the intermediates of atrazine ozonation 

follow a similar trend to what was observed in the detailed study in section 

Ozonation of emerging organic micropollutants; i.e. while DIA and DEA, 

which are compounds which result directly from atrazine [1], do not 
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present a clear trend, the secondary degradation products, such as oxalic 

acid and DEIA were found in lower concentrations as the removal of TOC 

increased. The concentration of ionic products in solution follows an 

inverse trend, decreasing when the mineralization degree increases, 

suggesting changes to the degradation pathway when a catalyst is used 

in the system [2]. 

The concentrations of the by-products identified and quantified during 

experiments using metolachlor at steady-state are presented in Figure 2. 

 
Figure 2 – Concentration of main by-products of metolachlor ozonation 

during continuous experiments using a two-phase and a three-phase 

configuration of the catalytic system, at steady-state. 

The behaviour of the quantified intermediates of the ozonation of 

metolachlor followed what was expected when compared with the 

mineralization degree achieved during each experiment, as was reported 

during semi-batch experiments [3] (see section Ozonation of emerging 

organic micropollutants). The main aromatic intermediate, 2-ethyl-6-

methylaniline, did not present a significant change among the different 

configurations. In fact, this compound is easily oxidized by ozone alone, 

and thus the catalytic system does not enhance its removal, as is also 
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observed for the parent pollutant. On the other hand, oxamic acid also did 

not present any significant changes in concentration at steady-state. 

However, this compound is known to be very unreactive to both ozone 

and ozone-derived radicalar species [4], and thus the catalytic process is 

likely not enhancing its removal in these conditions. Regarding the 

increase observed for pyruvic acid, for short semi-batch reaction times, it 

has been observed that the catalytic process tends to produce more of 

this compound than single ozonation. However, the situation is inverted as 

the reaction proceeds to longer contact times. Thus, it is likely that there is 

an increase in the production of pyruvic acid in the early stages of 

reaction, due to attack of the radicalar species, during the catalytic 

process, but it is also being degraded by these same species, which is 

observed in the latter stages of reaction. Considering the retention time of 

the continuous system, steady-state is being reached when the reaction is 

still in the earlier stages in this case. The ionic compounds released into 

solution are also in accordance to what is expected, when compared to 

the mineralization degree obtained in the different system configurations. 

Dechlorination of the organic pollutant is almost total, while the nitrogen 

content found in ionic form is still far away from the total nitrogen of the 

feed solution contained in metolachlor. In any case, the trends of nitrate 

and ammonia formation follow what was expected regarding the 

mineralization degree, suggesting, once again, changes in the reaction 

path of ozone or the ozone-derived reactants with the organic compounds 

in solution. Nitrate levels measured at steady-state decreased with the 

increase of TOC removal, while ammonia levels increased. 

In the case of nonylphenol, the identification and/or quantification of the 

organic intermediates was not possible, due to no available quantification 

methods or to very low concentrations in solution; furthermore, no release 

of ionic species was expected in this case, which was confirmed by 

analysis in ionic chromatography. Therefore, no analysis in the effect of 

the system configuration on the distribution of by-products of nonylphenol 

ozonation in the outlet of the system was made. 
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LIQUID FLOW RATES 

The concentrations of the main identified intermediates, as measured at 

steady-state, of the ozonation of atrazine during the experiments at 

different loop flow rates using the 64 cpsi 11.4% monolith are presented in 

Figure 3. 

 
Figure 3 - Concentration of main by-products of atrazine ozonation during 

continuous experiments; comparison between non-catalytic and catalytic 

systems at different loop flow rates, using 64 cpsi 11.4% monolith. 

The concentration of the main identified intermediates formed during the 

ozonation of atrazine follow a similar trend to what was observed in 

section Ozonation of organic emerging micropollutants. The improved 

mineralization achieved by the increase in the loop flow rate resulted in a 

lower concentration of DEIA and oxalic acid in the effluent at steady-state. 

These two compounds should be those which are more affected by the 

reactions occurring at the surface of the catalyst, and thus should benefit 

more from the added mass transfer potential from the liquid to the solid 

phase caused by the increase in the flow rate [2, 5].  
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The concentration of main identified intermediates, as measured at 

steady-state, of the ozonation of metolachlor during the experiments at 

different loop flow rates using the 64 cpsi 11.4% monolith are presented in 

Figure 4. 

 
Figure 4 - Concentration of main by-products of metolachlor ozonation 

during continuous experiments; comparison between non-catalytic and 

catalytic systems at different loop flow rates, using 64 cpsi 11.4% 

monolith. 

As in the case of atrazine, the concentration of the identified intermediates 

found at steady-state is in accordance to what was described in section 

Ozonation of emerging organic micropollutants, concerning their 

distribution when compared with the mineralization degree achieved [3]. 

The increase in the loop flow rate lead to an increase in the degradation of 

oxalic acid, which can be attributed to the promotion of surface reactions 

between this compound and highly reactive surface species formed by 

ozone. On the other hand, 2-ethyl-6-methylaniline reacts very promptly 

with molecular ozone, while oxamic acid has a slow reaction rate with 

both ozone and ozone-derived species, and thus do not show a significant 

difference. The increase in concentration of pyruvic acid and ammonia, 
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and decrease in the release of nitrate agree with what is observed in 

semi-batch experiments, considering the retention times here used, while 

dechlorination of the organic pollutant is total. 

As seen in the case of the 64 cpsi monolith, the role of surface reactions 

is confirmed where the concentrations of the intermediates of atrazine and 

metolachlor ozonation using the 400 cpsi monolith are concerned (Figures 

5 and 6 respectively), showing almost identical behaviour to what was 

observed in the case of the 64 cpsi monolith. 

 
Figure 5 - Concentration of main by-products of atrazine ozonation during 

continuous experiments; comparison between non-catalytic and catalytic 

systems at different loop flow rates, using 400 cpsi 16.0% monolith. 
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Figure 6 - Concentration of main by-products of metolachlor ozonation 

during continuous experiments; comparison between non-catalytic and 

catalytic systems at different loop flow rates, using 400 cpsi 16.0% 

monolith. 
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Figure 7 - Concentration of main by-products of atrazine ozonation during 

continuous ozonation experiment with different catalyst contact areas 

available for reaction. 

 
Figure 8 - Concentration of main by-products of metolachlor ozonation 

during continuous ozonation experiment with different catalyst contact 

areas available for reaction. 
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In the case of atrazine, the increase in the available catalyst contact area 

resulted in a more extended degradation of DEIA, one of the main 

accumulated by-products of atrazine ozonation [2]. It is interesting to 

notice that the increase in TOC removal actually corresponded to a slight 

increase in the accumulated oxalic acid in the effluent. Since oxalic acid 

has been shown to be removed to a wider extent with the increase of the 

contact area, it is then clear that this increase results from a larger 

formation of oxalic acid derived from the degradation of atrazine and its 

organic by-products [5]. Considering the products of metolachlor, it is 

observed that the larger contact area resulted in less oxalic acid 

accumulated in the effluent. The increase in the production of oxamic and 

pyruvic acid may be related with the more extensive degradation of 

organic intermediates from the ozonation of the parent pollutant [3].  

To assess the role that the increase of the contact area may have in 

enhancing the mineralization of persistent organic pollutants and in the 

reduction of the toxicity of the resulting effluents, experiments were 

performed using DEIA and 2-ethyl-6-methylaniline (not pictured), chosen 

due to their persistence in solution during catalytic ozonation (in the case 

of DEIA) and their toxic potential (in the case of 2-ethyl-6-methylaniline). It 

was observed that, while single ozonation mineralized 15% of 2-ethyl-6-

methylaniline, the catalytic ozonation using one monolith increased this 

value up to 25%, and the use of four monoliths raised the mineralization 

degree up to 35%. The removal of this compound was approximately 96% 

for all the cases. In the case of DEIA, the mineralization degree achieved 

was not as prominent, rising from 0% to 3% when comparing single 

ozonation to catalytic ozonation using one monolith, and up to 7% using 

the four monoliths setup. The removal of this organic pollutant was 

approximately 20% in all the cases. 
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WATER MATRIX 

The concentration of the main intermediates found during the ozonation 

procedure using different water matrices is presented in Figure 9. 

 
Figure 9 - Concentration of main by-products of atrazine and metolachlor 

ozonation during continuous ozonation experiment with different water 

matrices. 
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When the formation of intermediates during continuous ozonation of 

atrazine and metolachlor is considered, some care in the analysis of the 

results is needed. Even though it is possible to normalize the amount 

formed during reaction, at steady state, by the amount of CNF present on 

the structured catalysts, the significance of these observations may not be 

correct. The relevance of reactions which do not involve the catalysts, 

through direct ozonation, is too large to be ignored [2, 6-11]. The 

concentration of 2-ethyl-6-methylaniline during ozonation of metolachlor 

has been observed to decrease in the presence of a catalyst, when 

compared with the single ozonation process, which may be attributed to 

DEIA DIA DEA 2-ethyl-6-methylaniline

0.0

0.2

0.4

0.6

0.8

1.0

1.2

re
m

o
v
a

l 
(%

)

 Single ozonation

          UP

 Single ozonation

          NW

 Catalytic ozonation

         UP

 Catalytic ozonation

         NW

ATZ MTLC



Structured catalytic systems for water purification; Appendix B 

 

xi 
 

changes in the degradation pathway of metolachlor [3]. Thus, the 

normalization of the concentration at steady state by the mass of CNF 

does not reflect what is actually taking place in the reaction system. On 

the other hand, at similar contact times, the concentration of DEA and 

DEIA was smaller in the catalytic ozonation experiment, when compared 

with the non-catalytic counterpart, while the concentration of DIA 

increased when a catalyst was applied. Since DEIA was observed to be 

accumulated in solution during semi-batch experiments, it is expected that 

changes in its concentration at steady state are attributed to changes in 

the degradation path. Similarly, it has also been observed that differences 

in the concentration of DEA and DIA are related to similar phenomena. 

Thus, in order to evaluate the difference in activity of CNF and N-CNF, a 

different approach has to be made. In Figure 10 the difference in the 

concentration of the main intermediate products, in relation to the single 

ozonation experiments, whether positive or negative, is presented. 

 
Figure 10 – Difference of the concentration of the main intermediates 

from atrazine and metolachlor during continuous ozonation experiments 
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using unmodified and N-doped CNF covered monoliths when compared 

with single ozonation experiment: absolute values and normalized by CNF 

mass values. 

In the case of 2-ethyl-6-methylaniline, a slightly smaller concentration is 

produced in the case of catalytic ozonation, which corresponds to the 

early stages of the product distribution observed in the semi-batch 

experiment, in section Ozonation of emerging organic micropollutants [3]. 

When the CNF mass was considered, the difference to the concentration 

measured in single ozonation was slightly larger in the case of the N-CNF. 

It is important to notice that these differences are likely not related with a 

larger extent of oxidation of this intermediate product. In fact, during semi-

batch ozonation experiments using 2-ethyl-6-methylaniline, it was 

observed that it was removed from solution similarly in the non-catalytic 

and in the catalytic system. Therefore, changes in its concentration in 

solution at steady state should be attributed to changes in the degradation 

path of metolachlor during the ozonation process in the presence of a 

catalyst. Thus, the modifications of the surface of the catalyst are then 

also expected to lead to changes in the concentration of such products. In 

the case of DEA, a similar behaviour took place, since it was observed 

that even considering the mass of CNF in the structured catalysts the N-

CNF system yielded a smaller concentration of this compound at steady 

state. It has been observed that reaction with direct ozone result in a 

larger amount of DEA in solution, in prior experiments with a radical 

scavenger in semi-batch ozonation. Moreover, the action of the catalysts, 

through surface and liquid bulk reactions, was observed to yield smaller 

amounts of DEA, whether through faster degradation of a change in the 

degradation pathway of atrazine. Thus, in this case, the N-doping of the 

structured CNF did not seem to enhance the catalytic activity of CNF, 

when the mass was considered. It is likely that different reaction 

mechanisms are at play here (i.e., a predominance of surface reactions 

over liquid bulk reactions or prevalence of some types of radicals over 

others). An opposing behaviour was observed in the case of DIA; the 
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concentration of this compound was much larger than in the case of single 

ozonation, which suggests that the presence of a catalyst is in fact 

changing the degradation pathway of atrazine. However, similarly to what 

was observed with DEA, even when the mass of CNF was considered, 

the yield of this product was still larger when the not-modified CNF 

structured catalyst was used. This behaviour again suggests that changes 

in the degradation pathway of atrazine due to changes in the reaction 

system may be taking place when the N-doped CNF was used. In fact, it 

has been proposed that, besides improving the ability of the catalyst to 

enhance the activity of ozone through changes in the electronic density of 

the catalytic surface [12], some types of N-containing functionalities may 

lead to a preference for the formation of hydroxyl radicals in solution, thus 

shifting the reaction pathway taking place [13-15]. In the case of DEIA, 

however, the N-CNF structured catalyst yielded a larger concentration of 

this compound per mass of CNF, which indicates that the N-containing 

functionalities are leading to a larger formation of DEIA. In fact, it has 

been observed that the catalytic system accumulates a larger amount of 

DEIA in solution when compared with single ozonation [2]. 

The difference in the concentration of the main organic acids formed 

during ozonation of atrazine and metolachlor, in relation to the single 

ozonation experiments, whether positive or negative, is presented in 

Figure 11. 
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Figure 11 – Difference of the concentration of the main organic acids 

formed from atrazine and metolachlor during continuous ozonation 

experiments using unmodified and N-doped CNF covered monoliths when 

compared with single ozonation experiment: absolute values and 

normalized by CNF mass values. 
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trends were observed when the concentrations found were compared with 

the single ozonation experiment, the use of N-CNF catalyst enhances the 
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observed for the formation of organic acids corresponds to the expected 

enhanced catalytic performance of N-doped CNF [12]. The trends 

observed, in terms of increase or decrease in the production of the acids, 

when compared with the single ozonation experiments, correspond to 

what was observed in section Ozonation of organic emerging pollutants 
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presence of N-functionalities on the surface of the carbon catalysts did not 

seem to play a determinant role. 
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