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ABSTRACT 

Substances like bromate (BrO3
–), an oxidized contaminant that can be found in post-ozonation 

waters, can have a noxious effect in human health even at low concentrations and are not easily 

eliminated. Therefore, advanced treatment processes for BrO3
– removal from waters intended for 

human consumption are required.  

The present dissertation focuses on BrO3
– (200 µg L–1) reduction by heterogeneous 

photocatalysis, using a mili-photoreactor, based on the NETmix technology, and UVA light-

emitting diodes (LEDs). The photoreactor was assembled in two configurations, allowing the 

study of front-side (FSI) and back-side (BSI) irradiation mechanisms, by coating the catalyst 

nanoparticles on the channels and chambers of a back stainless steel slab (SSS) or on a front 

borosilicate slab (BS), respectively. The BrO3
– reduction rate was assessed as a function of: i) 

catalyst type; ii) solution pH; iii) dissolved oxygen (DO) content; iv) addition of formic acid 

(CH2O2) as a sacrificial agent (SA); v) catalyst film thickness; vi) illumination mechanism (BSI 

and FSI); vii) irradiation intensity; viii) solution temperature; and ix) fresh water matrix. 

Preliminary experiments showed that: i) at pH 3.0, bromate reduction was promoted by acid 

hydrolysis of the reactor acrylic structure; ii) Fe2O3 did not present photocatalytic reactivity, in 

opposition to TiO2; and iii) a controlled environment is required to a proper results comparison. 

Higher BrO3
– reduction rates were obtained: i) using the FSI mechanism, associated with a 3-

fold increase of catalyst surface area per reactor volume, when compared to BSI; and ii) at pH 

5.5, since above the TiO2-P25 pH of zero charge (~6.4) the BrO3
– molecules are weakly adsorbed 

onto the negatively charged catalyst surface. Nitrogen injection (to eliminate DO) did not 

significantly improve the reaction rate since it was not possible to completely purge the oxygen 

from the system due to the many NETmix photoreactor inlet points. The addition of CH2O2 as SA 

had a negative effect on the BrO3
– reduction at pH 6.5, either in the presence or absence of high 

amounts of DO, possibly, due to higher competition between CHO2
– and BrO3

– for the adsorption 

sites. Neither temperature nor an irradiance increase showed a considerable improvement on the 

reduction rate. Moreover, TiO2 film remain stable for at least 13 consecutive reactions. 

When compared with the synthetic water (SW) experiments, under the best conditions (SSS: 

pH=5.5, 15 mL of 2% wt. TiO2 suspension, 25ºC, SA absence, [DO] = 232 – 263 µM), the fresh 

water (FW) matrix had a negative effect on the reaction rate. This can be associated with the 

presence of both inorganic and organic matter in FW at much higher concentrations than BrO3
– 

leading to lower reaction rates since they can compete with BrO3
– for the catalyst surface. 

Heterogeneous TiO2 photocatalysis, using a NETmix photoreactor, was successfully applied to a 

chemically pre-treated FW, achieving a [BrO3
–] < 10 μg L–1 (guideline value) after 2-hour. 

Keywords: Heterogeneous photocatalysis; Bromate reduction; Titanium dioxide, NETmix 

photoreactor; Microscale illumination; Process intensification.
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RESUMO 
O pré-tratamento de águas destinadas ao consumo humano por processos de ozonização 

podem conduzir à formação do ião bromato (BrO3
–), um contaminante de difícil eliminação e que, 

mesmo em baixas concentrações, pode ter um efeito nocivo para a saúde humana. Assim, 

processos avançados de tratamento são necessários para a sua degradação.  

A presente dissertação foca-se na redução de BrO3
– (200 µg L–1) via fotocatálise heterogénea, 

usando um mili-fotoreator, baseado na tecnologia NETmix, e UVA-LEDs. O fotoreator foi 

montado segundo duas configurações, permitindo o estudo dos mecanismos de iluminação 

posterior (BSI) e frontal (FSI), através da deposição de catalisador na placa frontal de 

borossilicato (BS) ou nos canais e câmaras da placa posterior de aço inoxidável (SSS), 

respetivamente. A cinética de redução do BrO3
– foi avaliada em função: i) do tipo de catalisador; 

ii) do pH da solução; iii) do teor de oxigénio dissolvido (DO); iv) da adição de ácido fórmico 

(CH2O2) como agente sacrificante; v) da espessura de filme de catalisador; vi) do mecanismo de 

iluminação; vii) da irradiância; viii) da temperatura; e ix) da matriz de uma água real (FW). 

Os testes preliminares mostraram que: i) a pH 3,0, a redução de BrO3
– foi promovida pela 

hidrólise ácida do acrílico do reator; ii) contrariamente ao TiO2, o Fe2O3 não apresentou atividade 

fotocatalítica; e iii) é essencial um ambiente controlado para a devida comparação dos resultados. 

Velocidades de redução maiores foram obtidas: i) usando o mecanismo de FSI, devido ao 

aumento da área da superfície do catalisador por volume de reator; e ii) a pH 5,5, uma vez que 

acima do pH do ponto de carga zero (6,4) do TiO2 o BrO3
– é fracamente adsorvido na superfície 

negativamente carregada do catalisador. A injeção de azoto (para eliminação do DO) praticamente 

não melhorou a velocidade de reação, pois não foi possível a purga completa do oxigénio devido 

ao elevado número de entradas que o reator possui. A adição de CH2O2 teve efeito negativo a pH 

6,5, tanto na presença como na ausência de DO, possivelmente, devido à maior competição entre 

os iões CHO2
– e BrO3

– pelos locais de adsorção. Nem o aumento da temperatura nem da 

irradiância mostraram uma melhoria considerável na velocidade de redução. Além disso, o filme 

de TiO2 permaneceu estável após, pelo menos, 13 reações consecutivas.                      

Quando comparados à água sintética, sob as melhores condições (SSS: pH 5,5, 15 mL de uma 

suspensão de TiO2, a 2%, 25 ºC, sem CH2O2, [DO] = 232 – 263 µM), os testes com a FW 

conduziram a velocidades de reação mais baixas. Este comportamento pode ser associado à 

presença de matéria orgânica e inorgânica, em concentrações muito maiores que as do BrO3
–, que 

vão competir pela superfície do catalisador. A fotocatálise heterogénea mediada pelo TiO2, 

usando o fotoreator NETmix, foi aplicada sucesso a uma FW quimicamente pré-tratada, 

atingindo-se uma [BrO3
–] < 10 μg L–1 (valor de referência) após 2 horas de reação. 

Palavras-chave: Fotocatálise heterogénea; Redução de bromatos; Dióxido de titânio; 

NETmix fotoreator; Iluminação em microescala; Intensificação do processo. 
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1 INTRODUCTION 

 

1.1 BACKGROUND AND MOTIVATION 

One of the most important natural resources for the survival of the ecosystems in our planet 

is water. It plays a crucial role in our social and economic activities and therefore it’s a matter of 

great concern for the policymakers on a global scale. In 2015, at the United Nations summit, the 

world leaders adopted the 2030 Sustainable Development Agenda, which defined a series of goals 

and targets for all the countries in order to protect humanity and the planet, through a balance 

between the social, economic and environmental dimensions. Out of all the 17 goals, the goal 6 

is specifically related with the access to water and sanitation for everyone, which presupposes, 

among others, the access to safe drinking water and an improvement of its quality by, for example, 

reducing the pollution in water resources [1].  

Climate change and its consequences on the water-cycle along with the accelerated 

urbanization and population growth worldwide (allied to an increase in water consumption) have 

drawn attention for the problematic of water scarcity. However, this problem is aggravated when 

the available water resources end up being contaminated by untreated wastewaters, through 

leaching from contaminated soils, runoff from agriculture or by industrial discharges. This 

problematic requires a more efficient management of the resource, in order to reach a balance 

between the demand and the water availability [2].  

The presence of the so-called “emerging pollutants”, which have increased and diversified 

through the years due to the development of new chemicals and materials for industries combined 

with the constant innovations in most of the sectors, like the pharmaceutical and medical sectors 

for example, have caused the appearance of new compounds that cannot be naturally removed in 

the ecosystems or treated by conventional treatment processes [3]. Therefore, it has been 

mandatory to develop new techniques and invest in the advancement of existing technologies 

targeting cost-efficient water treatments [4]. Also, policies related to water for human 

consumption are becoming increasingly restrictive regarding the presence of certain substances 

in water. Thus, the addition of an advanced technology after the conventional treatment step can 

be an effective way to remove those contaminants [5].  

In the past few years, the advanced oxidation/reduction processes (AOPs/ARPs) as efficient 

methods to remove contaminants from water, have gained a lot of interest from the scientific 

community. The production of highly reactive species, like strong chemical oxidants or electron-

rich free radicals, allows to efficiently remove toxic compounds from water [6, 7]. Substances 

like bromate, an oxidized contaminant (Figure 1.1) that can be found in post-ozonation waters, 

can have a noxious effect in human health at low concentrations and are not easily eliminated [8].  
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Figure 1. 1 – BrO3
– formation mechanisms in ozonation processes of water containing Br– ions. 

Adapted from [9, 10]. 

 

Therefore, the application of UV-driven heterogeneous ARPs to remove them from water 

seems to be a promising option but still requires further studies in order to overcome the mass 

and photon transfer limitations inherent to this kind of processes. 

 

1.2  OBJECTIVES 

The present dissertation focuses on the intensification of heterogeneous photocatalytic 

process for bromate (BrO3
–) removal from aqueous solutions, using a mili-photoreactor, based on 

the NETmix technology, and microscale illumination. The photoreactor consists of a network of 

cylindrical chambers interconnected through a series of rectangular channels that allows a high 

degree of mixing under laminar regime. The combination of a mili-photoreactor with a microscale 

illumination system, such as ultraviolet light emitting diodes (LEDs), allows to simultaneously 

overcome photon and mass transfer limitations. Two photoreactor configurations were assessed: 

i) an acrylic structure containing a stainless steel slab (SSS) imprinted with a network of channels 

and chambers where the catalyst was deposited and then covered with a borosilicate slab (BS) 

without catalyst, corresponding to a front-side illumination (FSI) mechanism; and ii) an acrylic 

base imprinted with the network of channels and chambers (with no catalyst) and covered with a 

BS coated with a determined mass of catalyst, corresponding to a back-side illumination (BSI) 

mechanism. The bottom and upper slabs of both photoreactors were sealed together by 

mechanical compression and O-rings.  

The main purpose of this study was to evaluate the BrO3
– photocatalytic reduction under 

different operational conditions, using a synthetic aqueous solution containing 200 μg L–1 of 

BrO3
– in ultrapure water. In the best conditions, a chemically treated fresh water spiked with the 

same amount of BrO3
– was also used. The efficiency of the photocatalytic reduction reactions was 

assessed by measuring the BrO3
– and bromide (Br–) concentrations during the reaction through 

ion chromatography. The influence of the following operational variables on BrO3
– photocatalytic 

reduction was evaluated: i) catalyst type (Fe2O3 and TiO2); ii) solution pH (5.5, 6.5 and 7.5); iii) 

Br–
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presence/absence of dissolved oxygen; iv) addition of formic acid as a sacrificial agent 

([BrO3
-]:[CH2O2] molar ratio of 1:3); v) catalyst film thickness (10, 20 or 40 mg of catalyst on the 

BS and 10, 15 and 20 mL of a 2% wt. catalyst suspension on the SSS); vi) illumination mechanism 

(BSI and FSI); vii) irradiation intensity (270 and 1400 mW); viii) solution temperature (15 ºC, 

20 ºC, 25 ºC and 30 ºC). The influence of a fresh water matrix on BrO3
– reduction and the 

reusability of the photocatalytic films were also appraised. 

 

1.3 STRUCTURE OF THE THESIS  

This work is structured in six main chapters: Introduction, State of the Art, Materials and 

Methods, Results and Discussion, Conclusions and Limitations and Future Work. 

The first chapter provides a brief introduction to the problematic of water contamination and 

to the reasons that motivated us to pursue this work. It also presents the objectives and the 

structure of the dissertation. 

The second chapter introduces the contaminant under study and gives a description of the 

most relevant aspects about the advanced reduction processes, especially the photocatalytic 

removal of oxyanions in water, with emphasis on the BrO3
– reduction. The catalyst support 

medium and the photoreactor are also approached in this chapter.  

The third chapter presents a description of all the chemicals used in the experimental work, 

describes the preparation of the support media and the catalyst deposition technique, and presents 

the experimental installation and procedures. The analytical determinations and the kinetic 

models used are also included in this section. 

The fourth chapter presents and discusses the main results obtained in the experimental work, 

as well as the preliminary tests performed. The influence of the catalyst type, solution pH, 

dissolved oxygen content, addition of a sacrificial agent, catalyst film thickness, illumination 

mechanism, irradiation intensity, solution temperature, water matrix and catalyst reusability on 

BrO3
– reduction are discussed in this chapter. 

The fifth and sixth chapters summarize all the conclusions obtained throughout this study and 

the limitations encountered and perspectives for future work, respectively. 
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2 CONTEXT AND STATE OF THE ART  

 

2.1 BROMATE 

Bromate ion (BrO3
–) is an oxyanion that has a central bromine atom bonded to three oxygens 

and can also be found in the form of salt, like potassium bromate (KBrO3) or sodium bromate 

(NaBrO3). They are commonly found in the dyeing of textiles due to its oxidizing power [11]. 

KBrO3 was used in the past in flour maturation processes and as a food additive but the Joint Food 

and Agriculture Organization (FAO)/World Health Organization (WHO) Expert Committee on 

Food Additives considered that the use of KBrO3 in food processing was not acceptable and that 

bromate, in general, should not be present in food [12]. Both compounds are easily dissolved in 

water (KBrO3 solubility: 7.55 g/100 mL at 25 ºC, NaBrO3 solubility: 28.28 g/100 mL at 25ºC 

[13]), which facilitates the contamination of water bodies. Once in solution BrO3
– is very stable, 

does not volatilize and practically does not adsorb to the soil or sediments, thus it is not easily 

removed from water [12].  

During the drinking water treatment, the pre-oxidation of waters containing bromide (Br–) 

ions by ozonation, chlorination or hypochlorination processes, can result in the formation of 

disinfection by-products like BrO3
– (Figure 1.1) [8]. The formation of these by-products depends 

on the Br– concentration, water pH, organic matter content, oxidant dosage, among other factors 

[8, 14]. Although Br– may be naturally present in the majority of water bodies within a range of 

15-200 µg L–1 (especially in areas with salt intrusions, sedimentary rock dissolution, effluent 

discharge or road runoff), BrO3
– is not usually found in surface or groundwater used for drinking 

water production. However, when pre-oxidation processes are used, BrO3
– concentrations can 

range from of 0.4-60 µg L–1  [8].  

According to the International Agency for Research on Cancer (IARC), a department of the 

World Health Organization (WHO), the exposure to BrO3
– is possibly carcinogenic to humans 

(group 2B) [15], which led to the establishment of a guideline value of 10 µg BrO3
– L–1 in water 

for human consumption, both in the United States (US) [16] and the European Union (EU) [17] 

corresponding to an upper-bound excess lifetime cancer risk of 1 in 10 000 [12, 18]. This 

parametric value, defined for the Member States of the European Community through the Council 

Directive 98/83/EC, was transposed into Portuguese national law by the law decree no. 243/2001, 

subsequently amended by the law decree no. 306/2007 and, most recently, by the law decree no. 

152/2017.  

In order to comply with those requirements, it is mandatory to reduce the BrO3
– concentration 

in the water. This can be achieved in three different ways [14]:  
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(i) Decreasing the Br– concentration in the water by removing the Br- ions prior to the 

pre-oxidation stage in the water treatment process; 

(ii) Reducing the amount of BrO3
– produced during the pre-oxidation stage; 

(iii) Removing BrO3
– from post-ozonation water. 

The first method consists in reducing the Br– concentration in water, not allowing it to be 

oxidized to BrO3
–, and can be performed through membrane techniques, electrochemical 

processes or adsorption [10]. Another alternative is to prevent the BrO3
– formation during the 

water treatment, which usually involves scavenging or decreasing the concentration of some 

intermediate products like HOBr/BrO–, by ammonia or hydrogen peroxide addition, reducing the 

exposure of bromine radicals (Br●) to ozone (O3) [9, 10], or lowering the concentration of 

hydroxyl radical (HO●) trough pH dropping [19]. These techniques aim to minimize the 

concentration of BrO3
– formed during the pre-oxidation process, however, they present several 

limitations since they use high disinfectant dosages and have very high costs. In order to overcome 

those limitations, there is a third method that aims to remove BrO3
– ions from post-oxidation 

waters using advanced technologies such as photolysis, catalysis and photocatalysis, that will 

allow the reduction of BrO3
– to Br– ions. These technologies are widely used as they let the 

conversion of oxyanions into harmless by-products [20].  

 

2.2 ADVANCED OXIDATION/REDUCTION PROCESSES 

The Advanced Oxidation Processes (AOPs) are a treatment methodology, frequently applied 

to water decontamination, which is defined by the in-situ generation of highly reactive oxidizing 

species (ROS), more specifically hydroxyl radicals (HO●). With a very strong oxidizing power, 

these species are able to react with most organic molecules, even recalcitrant compounds, either 

completely mineralizing them or transforming them into less complex and preferably harmless 

by-products [21, 22]. This radical is one of the strongest oxidizing agent, with a standard redox 

potential of Eº(HO●/H2O) = +(2.73 ± 0.02) V vs NHE [23], and usually attack organic 

compounds with reaction rate constants in the order of 109 M–1 s–1 [24].  

AOPs can be used to remove organic contaminants from water by complete mineralization, 

generating CO2, H2O and inorganic acids, or to improve the contaminant degradability if possible, 

thereby enabling the implementation of a post-treatment when the complete mineralization is not 

achieved [5]. These processes include the use of ultraviolet (UV) radiation, ozone, hydrogen 

peroxide (H2O2), catalysts such as titanium dioxide (TiO2), ultrasounds (sonolysis), among others. 

Some examples of those systems are: UV/H2O2, UV/O3, UV/H2O2/O3, O3/H2O2, Fe2+/H2O2 

(Fenton reaction), UV/Fe2+/H2O2 (Photo-Fenton), UV/TiO2, UV/H2O2/TiO2 [25, 26]. 

When the contaminants are already in an oxidized form, a new type of treatment called 

Advanced Reduction Processes (ARPs) arises. 
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The ARPs are very similar to the AOPs mentioned before, however, instead of using oxidizing 

radicals they combine reagents and activation methods in order to produce highly reactive 

reducing radicals. Contrary to the more conventional techniques like reverse osmosis, ion 

exchange, ultra/nanofiltration, that only concentrate or transfer the contaminant to another phase, 

the ARPs allow the elimination of the pollutants or their transformation into harmless compounds, 

minimizing the waste production [27].  

Both ARPs and AOPs can be divided into homogeneous or heterogeneous processes. The 

homogeneous processes occur in a single phase and are dependent on chemical interactions 

between the reagents and the target substances. The processes that showed a greater potential are 

the UV/Sulfite systems due to the simultaneous formation of reactive reducing species, such as 

electrons (e–), hydrogen atom radicals (H●) and sulfite anion radicals (SO3
●–) [28]. Some authors 

have studied the removal of BrO3
– ions through this process and concluded, depending on the 

experimental conditions, that there are two main mechanisms present in BrO3
– removal: i) direct 

photolysis and ii) reaction with the reducing radicals [20, 29, 30]. 

On the other hand, the heterogeneous processes occur in the presence of a catalyst (slurry or 

immobilized in an inert support) through the adsorption of the reactant molecules on the active 

sites at its surface and desorption of the products after the chemical reaction occurred, leaving the 

active sites available for the adsorption of new reactant molecules [31]. The use of a catalyst in 

suspension improves mass transfer due to a higher surface area in contact with the bulk solution 

but creates the necessity of an additional step to remove the catalyst from solution, which is 

expensive and time consuming [32]. Therefore, a supported catalyst is preferred. Since this study 

is going to be focused in heterogeneous processes, they will be explored more extensively in this 

chapter. 

 

2.3 HETEROGENEOUS PHOTOCATALYSIS 

Photocatalysis and the phenomena associated with it are a well-known process that have been 

widely studied in the past decade (Figure 2.1), due to its effective approach to destroy toxic 

substances.  

Heterogeneous photocatalysis is a photoinduced reaction accelerated by the presence of a 

catalyst. Once the catalyst is activated by incident light, the photocatalytic process can be summed 

up to the following steps [33-35]: 

1. Transport of the reactants from the liquid medium (bulk) to the catalyst surface; 

2. Adsorption of the reactants at the catalyst surface; 

3. Photocatalytic reaction in the catalyst surface; 

4. Desorption of the reaction products; 

5. Transport of the reaction products from the catalyst surface to the bulk. 
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Figure 2. 1 – Number of documents published with the term “Photocatalysis” and 

“Heterogeneous photocatalysis” in the period of 2008 – 2017. Data retrieved from Scopus 

(http://www.scopus.com/) in September 2018. 

 

In heterogeneous photocatalysis, the catalyst is a semiconductor material (e.g. Titanium 

dioxide – TiO2, Cadmium sulphide – CdS, Zinc oxide – ZnO, Iron (III) oxide – Fe2O3, Tin (IV) 

oxide – SnO2, Tungsten trioxide – WO3 [36, 37]), which is activated by absorption of a photon 

(hυ) with an energy equal or higher than the semiconductor’s band-gap energy (Ebg), inducing the 

transference of a negative electron (e–) with reducing capacity from the valence band (VB) to the 

conduction band (CB) of the catalyst, thus generating a positive hole (h+) in the valence band with 

oxidative properties. Thermodynamically, when an electron acceptor A has a redox potential more 

positive than that of the eCB
–, it can be photocatalytic reduced in the CB. On the other hand, the 

electron donors D can react with the hVB
+ in the VB when its redox potential in more negative 

than the potential of the hVB
+ [38]. The photocatalytic process can be represented as follows [36, 

39]: 

 Aads+Dads 

 semiconductor 
→         

hυ > Ebg

 A-+D+ (1) 

where Aads and Dads represent the electron acceptors and donors, respectively, adsorbed on the 

catalyst surface. Figure 2.2 outlines the photocatalytic process mentioned above. 
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Figure 2. 2 – Schematic illustration of the basic mechanism of a heterogeneous photocatalytic 

process on the catalyst surface. 

 

Inorganic species can be removed by photocatalytic processes through three main 

mechanisms [38]: i) direct reduction of the target compounds by the photogenerated eCB
–; ii) 

indirect reduction of the substances by intermediate species generated via hVB
+ or HO● oxidation 

of electron donors; and iii) oxidative removal by hVB
+ or HO●.  

For example, BrO3
– molecules reduction into Br– occurs through the reaction with the 

photogenerated eCB
– (Eº = +1.423 V vs SHE), according to Eq. (2) [40]: 

 BrO3
– + 6H+ + 6e– → Br– + 3H2O (2) 

On the other hand, the photogenerated hVB
+ (Eq. (3)) can react with water (that dissociates in 

H+ and HO–) and produce the highly oxidizing HO●, as represented in Eqs. (3) – (5). Both hVB
+ 

and HO● are able to re-oxidize the reduced species to its original form, conducting to a short-

circuiting of the entire process [38].   

 semiconductor + hv → eCB
– + hVB

+
 (3) 

 H2O → H+ + HO– (4) 

 HO– + hVB
+
 → HO• (5) 

Furthermore, the electron/hole pairs (eCB
−/hVB

+) formed can, eventually, recombine and inhibit 

the photocatalytic reaction to occur, being necessary to prevent the recombination of the charge 

carriers [22, 41].  

Another concern, is the presence of oxygen, since the photogenerated electrons can react with 

the O2 molecules and reduce them to the superoxide radical (O2
●–), which can further be 

protonated to form HOO● and at the end produce H2O2 (Eq. (6) – (8)) [38, 42]. Therefore, those 

electrons are no longer available to reduce the desired contaminant. 

CB

VB

e– 

h+ 

E
x
c
it

a
ti

o
n

R
e
c
o
m

b
in

a
tio

n

Ebghν 

A

A–

D+ 

D

REDUCTION

OXIDATION



Intensifying Heterogeneous Photocatalysis for Bromates Reduction using the NETmix Photoreactor 

Chapter 2 — Context and state of the art 10 

 (O
2
)
ads
 + eCB

– → O2
•– (6) 

 O2
•– + H+ → HOO• (7) 

 2HOO• → (H2O2)
ads
 + O2 (8) 

Sacrificial agents (SA) are organic or inorganic substances that can be used in photocatalysis 

as an electron donor or acceptor. When the goal is to degrade a pollutant trough photocatalytic 

reduction reactions, adding a sacrificial electron donor agent, such as: i) alcohols; ii) carboxylic 

acids; iii) aldehydes; or iv) organic matter, to scavenge the h+ or other oxidizing species (e.g. 

HO●), might improve significantly the reaction efficiency [38]. The following reaction (Eq. (9)) 

illustrates the oxidation of a SA (e.g. carboxylic acid – RH) by the holes in VB, which might 

generate a highly reducing specie (R●) that can further be used to reduce the target pollutants [38]. 

 RH + hVB
+ → R• + H+/H2O (9) 

Therefore, the use of a SA can avoid, at the same time, the recombination of eCB
−/hVB

+ pairs, 

the re-oxidation of the pollutants that we are trying to remove through photocatalytic reduction 

reactions and generate highly reducing species. 

 

2.3.1 Photocatalysts 

2.3.1.1 Iron oxide 

Iron oxide is a metal oxide that has different crystalline structures, such as hematite (α–Fe2O3), 

maghemite (γ–Fe2O3), wüstite (FeO) and magnetite (Fe3O4), being hematite the most 

thermodynamically stable state under ambient conditions [43]. Due to its narrow bandgap energy, 

about 2.0 – 2.2 eV, when it comes to light absorption, Fe2O3 is a good photocatalyst since it can 

absorb light in the UV and visible range of the spectrum (up to 600 nm, which corresponds to 

40% of the solar spectrum), unlike TiO2 that can only absorb UV radiation (λ < 380 nm) [43, 44]. 

Hematite is a promising semiconductor material since it is cheaper, very stable in water, 

environmental compatible, non-toxic and it is an abundant compound [45]. Nevertheless, the 

utilization of hematite as a photocatalytic material can have some disadvantages such as higher 

recombination of the e–/h+ pairs, worse photocatalytic activity when compared with TiO2, lower 

charge carrier diffusion and slight conductivity [43, 46]. The use of smaller Fe2O3 particles, like 

micro or nanoparticles, showed better degradation efficiencies since they allow a higher specific 

surface area [43]. 

 

2.3.1.2 Titanium dioxide 

The most common catalyst used in heterogeneous photocatalysis is titanium dioxide (TiO2), 

a light sensitive semiconductor from the family of transition metal oxides that absorbs 

electromagnetic radiation in the near UV region. It can occur in minerals like rutile (most stable 

form of TiO2), anatase, brookite, perovskite, among others [36]. TiO2 practical applications 
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include photovoltaic cells, environmental decontamination through photocatalytic degradation of 

the pollutants, as a sensor and in biomedicine [36, 47]. Since TiO2 is a stable compound with high 

photoactivity, biologically and chemically inert, relatively cheap and easy to produce, it’s 

frequently used as a semiconductor photocatalyst [14, 34].  

Anatase and rutile have differences in their lattice structures, leading to different electronic 

band structures and density, which is responsible for the differences in their band gaps: 3.20 eV 

for anatase and 3.02 eV for rutile [36]. Also, despite of only being able to use a small percentage 

of the solar spectrum (~ 5%), TiO2 is the most photoactive catalyst in a wavelength λ < 384 nm 

for anatase and λ < 420 nm for rutile [34, 36].  

Among different TiO2 based catalysts (e.g. TiO2-P25, TiO2-PC500, TiO2-PC105, among 

others), TiO2-P25 consists of 80% anatase and 20 % rutile phases, while TiO2-PC500 and TiO2-

PC105 consists only in anatase phase. Even though anatase has a larger surface area and higher 

activity in water treatment compared to rutile, when these two phases are mixed together, they 

seem to create a synergic effect that enhances the photocatalytic reaction, possibly due to an 

effective charge-carrier separation induced by the different crystalline phases junction [38, 48]. 

As a result, TiO2-P25 has been extensively used for photocatalytic applications due to its high 

activity when compared to other TiO2 based catalysts. 

 

2.3.2 Effect of operational parameters in heterogeneous photocatalysis 

 

There are several parameters that may affect the photocatalytic processes, as described below, 

such as: i) photocatalyst type and dose; ii) nature and initial concentration of the contaminant; 

iii)) illumination source and intensity; iv) solution pH; v) temperature; vi) presence/absence of 

dissolved oxygen (DO); vii) presence of interfering species in the solution, like typical inorganic 

ions such as carbonates/bicarbonates (CO3
2–/HCO3

–), sulfates (SO4
2–), phosphates (PO4

3–), among 

others; and viii) presence of natural organic matter (NOM) [20, 33, 49]. Table 2.1 shows a 

compilation of some studies reported by several authors regarding the influence of some of the 

previous parameters on the BrO3
- photocatalytic reduction using TiO2 as catalyst.  
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Table 2. 1 – Summary of BrO3
– photocatalytic reduction studies 

[BrO3
–]0 Operational conditions Efficiency  Ref. 

100 mg L–1 

TiO2: 0.1, 0.3 and 0.5 g (suspended in a batch 

reactor); 

UVA light (Philips, 32 W); 

pH: 3, 7 and 11; 

[Methanol]: 0, 10, 15, 20, 40, 60% (v/v); 

T: 20, 40 and 60 ºC; 

[HA]: 0, 5, 30 and 50 mg L–1; 

Total volume = 200 mL. 

0.302 min–1 a (pH 3) 

0.040 min–1 a (pH 7) 

0.019 min–1 b (pH 7) 

0.007 min–1 a (pH 11) 

[50] 

0.050 mg L–1 

Platinised TiO2 (0.5% Pt w/w) in dispersion; 

Cylindrical photoreactor: two half cylinders, 

each containing six germicidal lamps (8 W, 

254 nm); 

pH: 6.5, 7.8, 7.9, 8.1;  

T = 20 ºC; 

(0.045 ± 0.004) min–1 c 

(pH 8.1); 

(0.200 ± 0.006) min–1 d 

(pH 7.9); 

(0.030 ± 0.002) min–1 d 

(pH 7.8); 

(3.20 ± 0.01) min–1 e 

(pH 6.5) 

[14] 

0.075 mg L–1 

Thin film of 50 mg of Pt/TiO2 coated on the 

quartz tube of the photoreactor; 

Commercial UV sterilizer flow reactor 

(AquaUV model: UV 605); 

40 W low-pressure Hg lamp. 

(1.6 ± 0.1) × 10–2 s–1 

12.8 mg L–1 

100 mg TiO2-P25 from Degussa (ca. 75% 

anatase and 25% rutile) in suspension; 

Reactor: glass bottle wrapped by aluminum 

foil; 

Two low pressure Hg lamps (primary output 

254 nm and 365 nm) 

pH: 1.5, 3, 5.5, 7.5, 9, 11.5 and 13.5; 

O2 or N2-athmosphere 

[HA]: 0, 3 and 30 mg L–1. 

0.028 min–1 (UV 254 nm); 

0.017 min–1 (UV 254 nm) f; 

0.0062 min–1 (UV 365 nm); 

[51] 

0.2 mg L–1 

0.2 g L–1 of TiO2 (in suspension in a 0.1 

mmol L–1 potassium nitrate solution; 

10 W black light fluorescent lamps (365 nm); 

pH 5 and 7. 

6.1×10–9 mol L–1 min–1 

(pH 7); 

1.1×10–7 mol L–1 min–1 

(pH 5) 

[52] 

10 mg L–1 

0.1 g L–1 Graphene-TiO2 (Degussa P25, 75% 

anatase and 25% rutile); 

Cylindrical pure quartz reactor; 

8 low-pressure Hg lamp (24 W, primary 

output 254 nm); 

pH: 5.1, 6.8, 8.0 and 9.2. 

0.0094 – 0.021 min–1 

(79% g and 99% h BrO3
– 

removal after 60 min) 

[53] 
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[BrO3
–]0 Operational conditions Efficiency  Ref. 

0.2 mg L–1 

0.2 g L–1 TiO2 (ST-21) in suspension in a 

KNO3 or K2SO4 aqueous solution; 

Glass vessel reactor; 

Black light fluorescent lamps; 

Alumina loaded (wt. %): 0, 2.5, 7, 10, 20, 40; 

pH: 5.0, 5.5, 6.0, 6.5 and 7.0; 

~ 0.016 min–1 (~ 65% BrO3
– 

removal in 80 min) i, j 
[54] 

50 mg L–1 

0.6 g L–1 TiO2 prepared from titanium 

isopropoxide through sol-gel method 

(suspension); 

Biannular pyrex glass reactor; 

1000 W high-pressure mercury lamp; 

pH: 3, 7 and 10; T = 30 ºC; 

~ 85% BrO3
– removal in 

80 min i,k 
[55] 

1000 mg L–1 

TiO2-P90 from Degussa; 

Annular photoreactor; 

Medium-pressure mercury-vapor lamp 

(450 W); 

pH: ~ 2.5 and ~ 6.8 to 7;  

T = 25 ºC; 

[BrO3
–]:[CH2O2] molar ratio of 1:3. 

0.330 cm2/photons × 1018 

(pH ~ 2.5) 

0.0034 cm2/photons × 1018 

(pH ~ 6.8 to 7) 

[56] 

a 0.3 g TiO2, [Methanol] = 20% (v/v), T = 20 ºC. 
b 0.3 g TiO2, [Methanol] = 20% (v/v), T = 20 ºC, [HA] = 5 mg L–1. 
c Surface water. 
d Ground water. 
e Deionised water. 
f N2-atmosphere. 
g Tap water, 1% GR. 
h Deionised water, 1% GR, pH 6.8. 
i Data retrieved from the figures in the literature. 
j 2.5% wt. alumina in a 0.1 mmol L–1 KNO3 aqueous solution, pH 7. 
k In the presence of oxygen, pH 7. 

 

 

2.3.2.1 Photocatalyst dose 

Increasing the catalyst mass improves the photocatalytic reaction rate, due to a higher catalyst 

surface area available, until it reaches the optimum dose of catalyst mainly due the attenuation of 

light inside the reaction medium [36, 57]. However, for immobilized catalyst systems, and 

depending on the illumination mechanism, i.e. front-side or back-side illumination (FSI or BSI), 

further increments in the catalyst mass can lead to constant or lower reaction rates, respectively. 

In the last case, since the catalyst film is being illuminated on the opposite side to the liquid-

catalyst interface, higher film thicknesses can block the light from activating the catalyst near to 

the interface and the e−/h+ pairs will be generated further away from the liquid-catalyst boundary, 

being more susceptible to recombination [33, 36, 58-60].  
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2.3.2.2 Initial contaminant concentration 

One of the main steps in heterogeneous photocatalysis is the adsorption of the 

reagents/pollutants into the catalyst surface, so higher degradation rates are achieved when the 

adsorption capacity increases. Nevertheless, the generation and migration of e−/h+ pairs to the 

surface of the catalyst is also a limiting step in photocatalytic reactions. For solutions with a low 

concentration of pollutant, adsorption of the contaminant on the catalyst surface is the limiting 

step of the reaction [36, 61]. In these conditions, an increase on pollutant concentration enhances 

the photocatalytic reaction rate. When working with high concentrations of the pollutant, all the 

active sites on the catalyst surface will be occupied and further increments in its concentration 

will not favor the reaction rate. For this situation, the limiting step is the number of reactive 

species generated on the catalyst surface. In addition, a high pollutant concentration can saturate 

the catalyst surface, blocking the catalyst surface, restricting the activation of the catalyst by the 

UV light [19, 36]. Moreover, the adsorption of the generated intermediate products can also block 

the reactive sites in catalyst surface [36]. 

 

2.3.2.3 Illumination source and intensity 

Photocatalysis depends directly on a light source, whether it is UV or visible light, to activate 

the catalyst and generate the e−/h+ pairs, which will take part on the reduction/oxidation reaction 

of the desired compound [62]. The e−/h+ recombination is a recurrent problem in photocatalytic 

reactions, so it is absolutely essential to prevent such phenomena. An increase in the illumination 

intensity will enhance the probability of catalyst activation and re-excitation of recombined e−/h+ 

pairs [63]. Moreover, the wavelength range of the light source will also influence the reaction rate 

since, in order to activate the catalyst and generate the e−/h+ pairs, it is necessary a minimum 

threshold corresponding to the band gap energy of the photocatalyst [36]. Different light sources 

may be chosen, such as halogen lamps, mercury lamps, light emitting diodes, UV lamps, xenon-

lamps, among others. The appropriate light source and intensity must be chosen in order to 

improve the reaction rate and reduce energy consumption [41]. 

 

2.3.2.4 Solution pH 

Photocatalytic reactions in aqueous solutions are strongly dependent on the pH of the solution 

since it affects the: i) catalyst surface charge; ii) adsorption/desorption of the pollutants/products; 

iii) position of conduction and valence bands; iv) amount of HO● produced; v) change of the 

pollutant molecules; and vi) redox potential of the contaminants [36, 41, 64]. The surface 

chemistry of the catalyst, associated with the pH point of zero charge (pHPZC), will determine the 

reaction between the donors and acceptors of electrons. That is, when solution pH > pHPZC, the 

catalyst surface is negatively charged (Eq. (10)) and occurs electrostatic repulsion of anionic 

compounds, but when solution pH < pHPZC, the surface is positively charged (Eq. (11)) and 
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anionic compounds are attracted, favoring the degradation of the pollutant [36, 41]. For TiO2, the 

pH value (acidic or alkaline) of the solution can protonate or deprotonate the surface, according 

to [65, 66]: 

 TiOH + OH– ⟷ TiO
– + H2O (10) 

 TiOH + H+ ⟷ TiOH2
+
 (11) 

The pHPZC is given by the negative logarithm of the first and second acid dissociation 

constants, as follows [36, 66]:  

 pH
PZC
 = 

1

2
(pK

a1
s  + pK

a2
s ) (12) 

For example, it has been reported for Degussa TiO2 – P25 a pKa1
s = 2.4 and pKa2

s = 8.0, which 

results in a pHPZC = 6.25 [66]. 

 

2.3.2.5 Temperature 

In photocatalytic systems the activation of the photocatalyst is achieved by photonic 

adsorption, thus not requiring heating [64]. The increment on solution temperature favors the 

collision of the molecules with the catalyst surface, enhancing the reaction kinetics [41, 67]. 

However, when the temperature is very high (T > 80 ºC) the recombination of the e−/h+ pairs is 

promoted and the desorption of adsorbed molecules is enhanced, thus decreasing the reaction rate 

[41, 68]. On the other hand, lower temperatures (T < 0 ºC) favor the adsorption of the molecules 

through a spontaneous exothermic process, but desorption can be very slow and becomes the rate-

limiting step of the reaction [36, 64]. A temperature range between 20 ºC and 80 ºC has been 

reported as the optimum for photocatalytic reactions [64].  

 

2.3.2.6 Dissolved oxygen 

Dissolved oxygen (DO) is an electron acceptor, therefore can act as a scavenger of the 

photoexcited e– in the conduction band, preventing the recombination of e–/h+ pairs [42]. In 

addition, DO can also: i) contribute to the formation of highly reactive oxygen species (e.g. 

superoxide radical O●– - Eq.(6), hydrogen peroxide - Eq.(13), and other subsequent species like 

HO2
●– - Eq.(7)) [69]; ii) be directly involved in photocatalytic reactions; and iii) participate in the 

stabilization of radical intermediates [64].  

 O2 + 2e– + 2H+ → H2O2 (13) 

So, photocatalytic oxidation reactions are promoted in the presence of DO in solution, which 

is supplied using an aeration system, such as mechanical agitation or compressed air diffusion, 

and/or the electrooxidation of the H2O molecule in the anode (Eq.(14)) [41]. 

 2H2O → O2 + 4H+ + 4e– (14) 

However, when it comes to photocatalytic reduction processes, DO can block the adsorption 

of the pollutants into the catalyst surface since both reduction reactions occur in the same active 
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sites. The scavenging of electrons in photocatalytic reduction reactions will reduce the amount of 

reactive species able to react with the pollutants and reduce them to an innocuous form, therefore 

interfering on the overall process efficiency. 

 

2.3.2.7 Inorganic compounds  

When photocatalysis is applied on the treatment of real waters, it is expected the presence of 

some ubiquitous compounds like inorganic ions, being necessary to understand their role in the 

photocatalytic process. Both inorganic anions (e.g. PO4
3–, SO4

2–, HCO3
–, Cl–) and cations (e.g. 

Fe2+, Cu2+) have been reported to influence photocatalysis, since they can compete for the active 

sites in the catalyst surface [65, 70-74]. Under acidic conditions (pH < pHPZC), due to electrostatic 

attraction between the positively charged catalyst surface and the negatively charged ions, anions 

can easily adsorb to the catalyst surface, blocking the active sites [74].  

 

2.3.2.8 Natural organic matter 

Natural organic matter (NOM) is naturally present in surface and underground waters and 

may contain different compounds like: i) humic acids (HAs), which usually constitute the 

majority of the NOM in some waters and are insoluble in waters with pH < 2; ii) fulvic acids 

(FAs), soluble in the entire pH range; and iii) humin, an insoluble component of soil organic 

matter at both acidic and alkaline pH [75, 76]. 

Photocatalysis depends on the absorption of photons to generate highly reactive species able 

to degrade the pollutants. Organic substances, such as NOM, can absorb or scatter the photons 

emitted by the light source and reduce the amount of radiation that reaches the surface of the 

catalyst [77]. Therefore, lower amounts of e–/h+ pairs are generated. Moreover, those big 

molecules can adsorb on the catalyst surface, blocking the active sites. In turn, organic matter has 

also been reported to react with h+ and HO●, exhibiting reaction rates constants in the order of 108 

to 1010 M–1 s–1, which could increase the reduction reaction rates since it prevents the re-oxidation 

of the Br– ions by HO● radicals and h+ [78].  

 

2.4 PHOTOCATALYTIC REACTORS 

 

2.4.1 Photoreactors limitations 

2.4.1.1 Photon transfer limitations 

In photocatalytic processes, the first step is the light transport to the catalyst, in order to 

activate the semiconductor material by the incident radiation and produce e–/h+ pairs to initiate 

redox reactions on its surface [34]. Reactor design is a determinant factor for an efficient photon 

transport through the reaction medium, especially when it comes to scale-up, since the incident 
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light has to pass through: i) a transparent wall; and ii) a medium, liquid or gaseous, that contains 

the reagents and other components that might absorb or scatter the radiation. Illumination 

efficiency also depends on the irradiation source (solar or artificial light), and it can cause 

restrictions in the reactor configuration. Hence, its design must be an integrated process [34, 79, 

80]. It is also very important to guarantee a homogeneous distribution of the incident radiation on 

the catalyst surface, considering that a minimum amount of energy is required to activate the 

catalyst [34, 81].  

Solar light is a costless and sustainable energy source. However, the solar-driven technologies 

demand high investment costs related to the collectors needed for the solar photons capture. 

Besides that, sunlight has several issues associated with its intermittency, intensity variation and 

with the fact that some catalysts can only use a small percentage of the solar spectrum. For 

instance, TiO2 only uses 5% of the solar spectrum, corresponding to the UV radiation (λ ≤ 400 

nm) that reaches the Earth surface [33, 34, 36, 79]. As an alternative, artificial light can be used 

more flexibly and adapted to the reactor design.  

Higher lighting efficiency can be achieved by using micro or nanoscale illumination [34]. 

Light emitting diodes (LEDs) are miniaturized light sources that arise as an alternative to classic 

lamps due to its robustness, long lasting, small size, availability in different wavelengths, 

efficiency and non-toxicity [34, 79, 82]. Combined with microreactors, microscale illumination 

provides a large illuminated catalyst surface per unit of reactor volume and its short irradiation 

path diminishes the barriers associated with photon transport to the catalyst surface and allows 

spatial uniformity of irradiance [83]. Furthermore, the catalyst surface illumination mechanism 

(FSI or BSI), can affect the reaction efficiency. In a BSI mechanism, increments on the catalyst 

film thickness improves the reaction rate until it reaches a maximum value, and then an additional 

increase on the film thickness leads to lower reaction rates since the charge carriers are generated 

far from the catalyst-liquid interface, enhancing the electron/hole recombination. On the other 

hand, in a FSI mechanism, increasing the catalyst film thickness enhances the reduction rate until 

it reaches the optimum value. Then, the reaction rate remains constant since after a certain catalyst 

film thickness the diffusional length of the charge carriers to the catalyst–liquid interface does not 

change. [58].  For this reason, photon transfer limitations could also be surpassed by the use of 

FSI mechanism. 

 

2.4.1.2 Mass transfer limitations 

When it comes to reactions on a solid-liquid interface, mass transfer is also an issue to take 

into consideration. It can be divided into external and internal mass transfer. External mass 

transfer includes the diffusion of the reagents from the bulk solution to the liquid-catalyst 

boundary, which is highly influenced by the degree of mixing inside the reactor. Internal mass 

transfer is related with the inter-particle diffusion of the reagents within the catalyst film to the 



Intensifying Heterogeneous Photocatalysis for Bromates Reduction using the NETmix Photoreactor 

Chapter 2 — Context and state of the art 18 

active surface sites, where they can adsorb and eventually react, and it is mainly depended on the 

film porosity [34, 59]. 

Overcoming mass transfer limitations can be achieved by intensifying reactor designs that 

promote a large illuminated catalyst surface area per unit of reactor volume. Some of the reactors 

types are slurry systems, spinning disc reactors, monolithic reactors and microreactors [34]. 

Microreactors are one of the most promising reactor types due to its: i) high surface-to-volume 

ratio, which improves the mass and heat transfer; ii) short molecular diffusion path; and iii) fast 

mixing, even under laminar flow [34, 83]. External and internal mass transfer limitations can be 

also minimized by using turbulent flow regimes (high Reynolds number), promoting a higher 

degree of mixture of the bulk solution [34]. However, laminar flow regime reduces the friction 

between fluid and catalyst surface, preventing catalyst detachment, and the energy for liquid pump 

operation is diminished, saving costs. 

 

2.4.2 Micro and mili-photoreactors 

Nowadays, the use of immobilized catalyst configurations instead of a dispersed catalyst 

powder in photocatalytic processes is preferable since it avoids an additional step for catalyst 

separation from the solution. However, one of the major problems associated with it is the scale-

up of such reactors, due to lower ratios of illuminated surface area per unit of reactor volume 

which leads to mass transfer limitations [84]. Therefore, the incorporation of micro- or even mili-

structured photoreactors can minimize the limitations associated with the scale-up as they allow 

higher surface-to-volume ratios [85].  

Microreactors major advantages are their high surface areas, excellent heat transfer properties, 

high reaction efficiencies, smaller molecular diffusion paths and high degree of mixing under 

laminar regime [83, 85, 86]. Also, the numbering-up concept in microreactors allows maintaining 

the optimal performance of the reactors by increasing the number of reactors instead of increasing 

its size. The numbering-up may occur by replicating the internal main functional elements of the 

reactor or by replicating the whole experimental set-up. This allows treating higher volumes 

without occupying very large areas for the experimental installation, reducing the associated costs 

[87].  

Static mixers (SMs) incorporation in many industrial processes is increasing, mainly due to 

its good mixing and heat transference properties. SMs have the ability to divide and redistribute 

the streamlines using the energy of the flowing fluid [88]. A static continuous flow mixer, based 

on the NETmix technology, is constituted by a network of channels and chambers (Figure 2.3) 

that were modeled as perfect segregation plug flow devices connected with perfectly mixed stirred 

tanks. The high degree of mixing under laminar flow is one of the major advantages of using this 

mili-photoreactor [89, 90]. Therefore, its application to photocatalytic reactions can reduce mass 

transfer limitations and improve the overall process.  
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Figure 2. 3 – NETmix photoreactor: a) network of channels and chambers; b) detailed chamber 

and respective channels. 
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3 MATERIALS AND METHODS  

3.1 CHEMICALS AND MATERIALS  

The BrO3
– stock solution (1000 mg L–1), used throughout this work, was prepared by 

dissolving sodium bromate (NaBrO3) salt, used as received, in ultrapure water (UPW). Table 3.1 

displays the main characteristics of the commercial salt. BrO3
– aqueous solutions were prepared 

before each experiment by diluting the required volume of the stock solution in UPW to obtain 

the desired concentration. All the synthetic solutions, including standards used on the calibration 

of analytical equipment, were prepared using ultrapure water (UPW) obtained from a Millipore 

Direct-Q® (18.2 MΩ cm at 25 ºC) water purification system. The entire laboratorial material used 

was cleaned with UPW before each use. Pure water (PW), used to dilute the alkaline detergent 

during the catalyst’s supports cleaning procedure, was obtained through a reverse osmosis system 

from Panice®. 

 

Table 3. 1 – Sodium bromate physicochemical properties. 

Physicochemical properties 

Chemical name Sodium bromate 

Molecular structure 

 
Molecular formula NaBrO3 

Molecular weight (g mol–1) 150.90 

Purity >99% 

Supplier Merck 

 

Iron (III) oxide (Fe2O3) nanopowder (particle size <50 nm, density of 5.24 g cm–3, surface 

area: 50–245 m2 g−1, molecular weight (MW): 159.69 g mol−1) was supplied from Sigma-

Aldrich® and used as obtained. Titanium dioxide, Aeroxide® TiO2 P25 powder (purity: > 99.5% 

wt., average primary particles size of 21 nm, density of ca. 4 g cm3, specific surface area (BET): 

50 ± 15 m2 g−1, crystal phases: 80% wt. anatase, 20% wt. rutile) was purchased from Evonik and 

used as received.  

All the other chemicals used in this work are summarily described in Table 3.2. 
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Table 3. 2 – Physicochemical properties of the chemicals used in this work. 

Chemical 
Molecular 

formula 

Molecular weight 

(g mol−1) 

Purity / 

Concentration 

Density 

(g cm−3) 
Supplier Purpose 

Surfactant Triton® X–

100 

t-Oct-C6H4-

(OCH2CH2)nOH, 

n = 9–10 

625 (average) ---- 1.07 Sigma-Aldrich® Preparation of catalyst suspensions 

Bromate standard BrO3
− 127.901 (1000 ± 4) mg L−1 1.00 Sigma-Aldrich® Standard for ion chromatography 

Bromide standard Br− 79.904 (1000 ± 4) mg L−1 0.997–1.001 Sigma-Aldrich® Standard for ion chromatography 

Formate standard CHO2
− 45.017 1000 mg L−1 0.999 Fluka® Analytical Standard for ion chromatography 

Potassium hydroxide KOH 56.11 1.0 N ---- Alfa Aesar Eluent for ion chromatography 

Sodium hydroxide NaOH 39.997 ≥ 99% (w/w) 1.03 Labkem pH buffer 

Sulfuric acid H2SO4 98.07 > 95% (w/w) 1.83 Fisher Scientific pH buffer 

Hydrochloric acid HCl 36.46 37% (w/w) 1.18 Fisher Scientific pH buffer 

Formic acid CH2O2 46.025 99.5% (w/w) 1.22 VWR Chemicals Organic SA 

Acetic acid C2H4O2 60.05 99.83% 1.048 Fisher Scientific 
Determination of total dissolved iron 

concentration 

Ascorbic acid C6H8O6 176.13 99.83% 1.65 Fisher Scientific 
Determination of total dissolved iron 

concentration 

Ammonium acetate C2H7NO2 77.08 99.6% (w/w) 1.17 Fisher Scientific 
Determination of total dissolved iron 

concentration 

1,10-Phenanthroline 1-

hydrate 
C12H8N2.H2O 198.23 ≥ 99% (w/w) ---- Panreac 

Determination of total dissolved iron 

concentration 

Ethanol C2H6O 46.07 99.99% (w/w) 0.789 Fisher Scientific 
Preparation of Fe2O3 catalyst 

suspensions 

Acetone C3H6O 58.08 ---- 0.79 VWR Chemicals 
Cleaning borosilicate glass slabs 

before catalyst depositions 

Derquim LM 01 ---- ---- ---- ---- Panreac 

Alkaline detergent to wash the 

laboratorial material and catalyst 

supports 
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3.1.1 Fresh water sample from a Water Treatment Plant 

In order to evaluate the influence of a natural water matrix, a water sample pre-treated by a 

sequential ozonation-flocculation-filtration process was collected from a Water Treatment Plant 

(WTP) located near Porto, Portugal. Since the fresh water (FW) did not contain BrO3
–, as could 

be seen in Table 3.3, it was spiked with 200 μg L–1 of BrO3
– prior its use. 

 

Table 3. 3 – Physicochemical characterization of the FW from a WTP. 

Parameter (units) Fresh Water Sample 

Color n.d. a 

Odor n.d. a 

pH 7.36 

Temperature (ºC) 25 

Conductivity (μS cm–1) 283 

Alkalinity (mg CaCO3 L–1) 51 

Turbidity (NTU) 0.25 

Total dissolved carbon – TDC (mg L–1) 19.5 

Dissolved inorganic carbon – DIC (mg L–1) 16.0 

Dissolved organic carbon – DOC (mg L–1) 3.5 

Total dissolved iron, TDI (mg L–1) < 0.13 b 

Total suspended solids – TSS (mg L–1) < 2 

Volatile suspended solids – VSS (mg L–1) < 2 

Nitrate – N-NO3
− (mg L–1) 0.9 

Sulfate – SO4
2− (mg L–1) 27.1 

Bromate – BrO3
– (μg L–1) <3.7 c 

Bromide – Br– (μg L–1) 24.2 

Chloride – Cl− (mg L–1) 14.2 
a n.d. – not detected 

b quantification limit value 

c detection limit value 

 

3.2 PHOTOREACTOR EXPERIMENTAL SETUP 

The mili-photoreactor, based on the NETmix technology, has been fully described elsewhere 

[89-91]. It consists of a network of cylindrical chambers interconnected through a series of 

rectangular channels, whose characteristics are given in Table 3.4. This configuration allows a 

high degree of mixing under laminar regime. The NETmix photoreactor has two stainless steel 

distributors (see Figure 3.2): i) one with an inlet injection point and eight outlet points connected 

to the eight inlet points of the photoreactor (which are equally distributed on the top and on bottom 

of the reactor); and ii) other with one outlet point and eight inlet points that are connected with 

the eight outlet points of the reactor, located at the end of the network. Two different 

configurations of the mili-photoreactor were used: i) an acrylic structure containing a stainless 

steel slab (SSS) imprinted with a network of channels and chambers where the catalyst was 

deposited (10-20 mL of a 2% wt. TiO2–P25 aqueous suspension, which corresponds to 

193-381 mg), and then covered with a borosilicate slab (BS) without catalyst, being possible to 
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analyze the mechanism of FSI (catalyst illuminated surface area per unit of reactor volume of 989 

m2 m-3); and ii) an acrylic base imprinted with the network of channels and chambers and covered 

with a BS coated with 10-40 mg of catalyst, thereby analyzing the mechanism of BSI (catalyst 

illuminated surface area per unit of reactor volume of 333 m2 m–3). The bottom and upper slabs 

were sealed together by mechanical compression and O-rings. 

Two different radiation sources, placed on top of the BS, were used and they comprised: i) 9 

UVA–LEDs (270 mW, λpeak = 365 nm); and ii) 18 UVA-LEDs (1400 mW, λpeak = 365 nm). 

The experimental setup (see Figure 3.1 and 3.2)  consists of: i) a cylindrical glass vessel 

(capacity of 1.8 L) with a jacket, connected to a thermostatic bath to keep the solution temperature 

on the desired values; ii) a gear pump (ISMATEC BVP-Z Standard) operating at a flow rate of 

75 L min–1 to recirculate the solution; iii) magnetic stirrer (Fisher Scientific FB 15011) to 

homogenize the solution inside the glass vessel; iv) pH electrode with temperature sensor (Hanna 

Instruments HI-2020 edge® hybrid multiparameter pH/temperature meter); and v) dissolved 

oxygen probe (Thermo Scientific™ Orion™ 3-Star benchtop dissolved oxygen meter). All the 

system units were connected by polytetrafluoroethylene (PTFE) tubing. A photonic flux of 

0.61 ± 0.09 W was determined by Marinho et al. [92] in a 2-nitrobenzaldehyde (25 mM) 

actinometry for 9 UVA-LEDs (270 mW, λpeak = 365 nm). Furthermore, in a unpublished work 

from the investigation group (data not showed), a photonic flux of 2.67 W for 18 UVA-LEDs 

(1400 mW, λpeak = 365 nm) was determined. 

 

Table 3. 4 – Summary of the NETmix photoreactor design dimensions. 

NETmix photoreactor dimensions 

Window  

Length (cm) 13.7 

Width (cm) 7.7 

Chambers  

Diameter (mm) 6.5 

Depth (mm) 3 

Channels  

Length (mm) 2 

Width (mm) 1 

Depth (mm) 3 

Borosilicate glass slab  

Thickness (mm) 4 

Area (cm2) 135 

Total illuminated area (cm2) 5.6 

Total illuminated volume (cm3) 16.7 
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Figure 3. 1 – Schematic representation of the experimental installation setup. 

 

 

Figure 3. 2 – Photograph of the experimental apparatus. 
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3.3 PREPARATION OF CATALYST FILMS 

Borosilicate glass slab (BS) and stainless steel slab (SSS) were used as catalyst support. Prior 

to catalyst deposition, BS was: i) thoroughly cleaned with alkaline detergent, diluted in PW, in an 

ultrasonic cleaning unit (Elmasonic S 120 (H) from Elma at 37 kHz) for 15 minutes; ii) washed 

with UPW; iii) cleaned with acetone; iv) rinsed with UPW; and v) dried in an oven. SSS was 

prepared before catalyst deposition by: i) cleaning with alkaline detergent, diluted in PW, in an 

ultrasonic cleaning unit for 30 minutes; ii) rinsed with UPW; and iii) drying in an oven. 

Both Fe2O3 (0.1 mol L−1) and TiO2-P25 (2% wt.) catalyst aqueous suspensions were prepared 

in UPW, with the addition of 1 drop of Triton® X-100 per 100 mL of aqueous suspension. Before 

deposition, the catalyst suspension was sonicated in an ultrasonic unit for 15 minutes in order to 

disperse the catalyst particles and avoid agglomerations.  

Spray deposition method was used to deposit the catalyst aqueous suspension over both 

support media. The spray system (Figure 3.3) was constituted by an airbrush (DEXTER DX-

1839) connected to an air compressor (Wuto TC-20 series). Before deposition (Figure 3.4 a)), the 

BS was weighted in an analytical balance and then placed over a heating plate (T = 200 ºC) during 

the catalyst deposition (10, 20 and 40 mg) (Figure 3.4 b)). Afterwards, the BS was removed from 

the heating place and allowed to cool in air. Then, it was weighted to determine if the desired 

mass of catalyst had already been achieved and, if not, the process was repeated until the desired 

catalyst mass was reached. At the end, the BS was placed in an oven to remove the moisture and, 

after that, it was weighted in order to determine the exact mass of catalyst deposited. On the other 

hand, the deposition on the SSS was performed by measuring the deposited volume of the catalyst 

aqueous suspension, since the slab in too heavy to determine the catalyst mass by weight 

difference. Therefore, the SSS was placed over a heating plate (T = 150 ºC) and different volumes 

of the catalyst aqueous suspension (10, 15 and 20 mL) were deposited. At the end, both slabs 

were allowed to cool in the air before being assembled in the photoreactor (Figure 3.4 c) and d)). 
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Figure 3. 3 – Spray deposition system. 

 

 

Figure 3. 4 – Photograph of the (a) BS and (b) SSS: (.1) before and (.2) after the TiO2-P25 

aqueous suspension deposition. 
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3.4 PHOTOCATALYTIC EXPERIMENTS PROCEDURE 

Experiments were conducted with UPW and FW spiked with BrO3
– to obtain a concentration 

of 200 µg L–1. In order to evaluate the isolated influence of carbonates, sulfate and humic acids 

on the BrO3
– photoreduction reaction, UP was also spiked with the same amount of dissolved 

inorganic carbon, sulfate and dissolved organic carbon (using humic acids as carbon source) 

encountered on the FW (see Table 3.3). 

The experimental procedure consisted of the following steps: i) 1.5 L of a 200 µg L–1 BrO3
– 

solution (1.56 µM) was added to the jacketed glass vessel, connected to the thermostatic bath in 

order to maintain the solution temperature at the intended value (15, 20, 25 and 30 ºC); ii) the 

solution pH was adjusted to the desired value (5.5, 6.5 and 7.5); iii) the recirculation pump was 

turned on (at 75 L min–1) and the solution was recirculated for 5 minutes in the dark for 

homogenization. When DO levels lower than 0.1 mg L–1 were required, nitrogen (N2) was also 

injected into the solution and the glass vessel was sealed with Parafilm® M in order to avoid the 

entry of oxygen. For the reactions with CH2O2 as SA, a given volume of the CH2O2 stock solution 

was added to the BrO3
– solution, aiming a [BrO3

–]:[CH2O2] molar ratio of 1:3, right before the 

reaction started. Then, the initial sample was collected immediately after the reaction was initiated 

(t0) by turning on the UVA-LEDs. During the reaction, the pH was adjusted with acid or alkaline 

buffers to maintain the solution pH in the required value. Samples were collected at predefined 

times, during a 2- or 3-hour reaction period, and filtered using a 0.20 µm nylon membrane filter 

(VWR International), to quantify BrO3
– and Br– concentrations by ion chromatography (IC). 
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3.5 ANALYTICAL METHODS 

Table 3.5 presents all the analytical determinations performed during this study. 

 

Table 3. 5 – Analytical methods. 

Parameter Methodology 

BrO3
– a 

Br– a 

CHO2
– a 

N–NO3
– a 

SO4
2– a 

Cl– a 

Bromate, bromide, formate, nitrate, sulfate and chloride ions concentration 

were determined using a Thermo Scientific Dionex™ ICS-2100 Ion 

Chromatography System equipped with a Dionex™ IonPac™ AG19 guard 

column (2 × 50 mm) + Dionex™ IonPac™ AS19 analytical column (2 × 250 

mm) and a Dionex™ AERS™ 500 Carbonate Electrolytically Regenerated 

Suppressor (2mm) in an Auto Suppression Recycle Mode. The operational 

conditions were the following: i) applied current to the suppressor of 15 mA; 

ii) column temperature of 30 ºC; iii) isocratic elution of a 20 mM KOH eluent 
at a flow rate of 0.30 mL min–1; and iv) injection volume of 5 µL;  

Temperature/pH 
Temperature and pH were measured using a Hanna Instruments HI-2020 edge® 

hybrid multiparameter pH/temperature meter. 

DO 
Dissolved oxygen (DO) was measured using a Hanna Instruments HI-9143 

portable dissolved oxygen meter or a Thermo Scientific™ Orion™ 3-Star 

benchtop dissolved oxygen meter. 

Conductivity 
Conductivity was obtained from a Hanna Instruments HI-9828 multiparameter 

portable meter. 

Color 
Color was determined according to the method 2120 B of Standard Methods 

for the Examination of Water and Wastewater [93]. 

Odor 
Odor was determined according to the method 2150 B of Standard Methods for 

the Examination of Water and Wastewater [93]. 

Alkalinity 
Alkalinity was determined according to the method 2320 B of Standard 

Methods for the Examination of Water and Wastewater [93]. 

Turbidity Turbidity was determined using a Hanna Instruments HI88703 turbidimeter  

Total dissolved 

iron 

Total dissolved iron (Fe2+ and Fe3+) concentration was determined according to 

the ISO 6332 [94] in the beginning and at the end of the experiments with Fe2O3 

using a colorimetric method with 1,10-Phenanthroline, measuring the 

absorbance at 510 nm using a VWR UV-6300 Double Beam 

Spectrophotometer. 

TDC a 

DIC a 

DOC a 

Total dissolved carbon (TDC) and dissolved inorganic carbon (DIC) were 

measured using a Shimadzu TOC-VCSN analyzer. Dissolved organic carbon 

(DOC) was obtained by the difference, i.e.: DOC = TDC – DIC. 

TSS 

Total suspended solids (TSS) content was determined according to the method 

2540 D of Standard Methods for the Examination of Water and Wastewater 

[93], by filtrating the sample through a glass-fiber filter (GF/C) and drying the 

retained residue at 105 ºC until a constant weight was reached. 

VSS 

Volatile suspended solids (VSS) content was determined according to the 

method 2540 D of Standard Methods for the Examination of Water and 

Wastewater [93], by igniting at 550 ºC the residue obtained from the TSS 

determination, until constant weight. 
a Samples were filtrated before analysis using 25 mm filters with 0.20 µm nylon membrane from VWR 

International.  
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3.6 KINETIC MODELS 

BrO3
– photocatalytic reduction processes for different operational parameters was evaluated 

by fitting a mathematic model to the experimental data, in order to obtain the kinetic constants of 

the reaction. A pseudo-first-order kinetic model was adjusted to the data by a nonlinear regression 

method using Fig.P software for Windows from Biosoft, minimizing the sum of the squared 

deviations between the experimental data and the predicted values. The pseudo-first-order kinetic 

model is represented by Eq. (15): 

 C = C0e
–kt (15) 

where, C is the BrO3
– concentration at time t, C0 is the initial BrO3

– concentration and k is the 

pseudo-first-order kinetic constant.  

The goodness of the kinetic model fitting was evaluated considering the (i) relative standard 

deviation, (ii) residual variance (S2
R) and (iii) coefficient of determination (R2). 
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4 RESULTS AND DISCUSSION 

All the reactions were performed using solutions with an initial BrO3
– concentration of 1.56 

μM , as described in chapter 3. A flow rate (Q) of 75 L h–1, corresponding to a Reynolds number 

(Re) of 834 (laminar flow), was adopted for all experiments performed since it was the optimum 

value reported by Marinho et al. [95]. The authors described that an increase in Re up to 830 

increased the degree of mixing and improved the mass transfer of the pollutants in the bulk 

solution to the catalyst surface. Furthermore, Laranjeira et al. [89] determined that for Re > 150 

(critical value), the flow in the NETmix photoreactor was enough to induce an intense mixing 

inside the chambers of the photoreactor. A temperature of 25 ºC was chosen as it is a close value 

to the ambient temperature. The reaction efficiency was assessed by measuring the decay in BrO3
– 

concentration over time through ion chromatography. Br– concentration was also assessed to 

verify that BrO3
– was reduced to Br–.  

 

4.1 PRELIMINARY RESULTS 

Before starting the experiments, some preliminary tests were performed in order to understand 

some operational details that might be affecting the photocatalytic process and interfering with 

the validity of the obtained results. All of the preliminary tests were performed using the NETmix 

photoreactor with an acrylic base, imprinted with channels and chambers, and with the catalyst 

deposited in the BS. Initially, the experiments were performed using an acidic pH value, around 

pH 3, since it was selected by several authors [50, 74, 96] as the optimal pH for BrO3
– reduction. 

Table 4.1 presents the operational conditions and kinetic parameters obtained for all the 

preliminary tests performed. 

 

4.1.1 Influence of pH using iron oxide (Fe2O3) as photocatalyst 

To evaluate the influence of pH on BrO3
– reduction reaction rates, using Fe2O3 photocatalyst, 

a thin film of 20 mg was coated onto the BS (since it was determined by Marinho et al. [92] as 

the optimal TiO2-P25 mass for Cr(VI) reduction under UVA-LEDs illumination)  and 

experiments at pH 3 and at the natural solution pH (i.e. without control at the beginning and during 

reaction, pH ~ [5.6 – 5.8]) were performed. Figure 4.1 presents the results obtained for the 

different experimental conditions, showing both BrO3
– decay and Br– formation. The respective 

reaction rates are summarized in Table 4.1. 



Intensifying Heterogeneous Photocatalysis for Bromates Reduction using the NETmix Photoreactor 

Chapter 4 — Results and Discussion 32 

Table 4. 1 – Operational conditions and pseudo-first-order kinetic constants for bromate reduction (k), calculated for the preliminary tests performed, along with 

the corresponding coefficient of determination (R2) and residual variance (S2
R). 

PRELIMINARY RESULTS 

Experiment a Catalyst pHav.
b Light source 

mdeposited 

(mg) 
DO (μM) 

[BrO3
–]:[CH2O2] 

ratio 

Time 

(min) 
k (× 10–3 min-1) R2 S2

R (μM2) 

Influence of pH using iron oxide (Fe2O3) as photocatalyst 

4.1.1 Fe2O3 3.08 LEDs 270 mW 20 [232 – 263] ---- 0 – 180 3.0 ± 0.2 0.993 3.7×10–4 

4.1.2 Fe2O3 3.08 No light 20 [232 – 263] ---- 0 – 180 2.7 ± 0.2 0.990 4.4×10–4 

4.1.3 Fe2O3 3.04 No light 0 [232 – 263] ---- 0 – 180 2.6 ± 0.1 0.995 2.3×10–4 

4.1.4 Fe2O3 5.92 c No light 20 [232 – 263] ---- 0 – 180 d d d 

4.1.5 Fe2O3 5.49 c LEDs 270 mW 20 [232 – 263] ---- 0 – 180 d d d 

Influence of DO and formic acid using titanium dioxide (TiO2-P25) as photocatalyst 

4.2.1 TiO2–P25 5.52 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 11 ± 1 0.994 1.3×10–3 

4.2.2 TiO2–P25 5.54 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 16 ± 1 0.998 5.8×10–4 

4.2.3 TiO2–P25 5.63 LEDs 270 mW 20 <3.1 ---- 0 – 120 10.2 ± 0.4 0.999 1.7×10–4 

4.2.4 TiO2–P25 5.55 LEDs 270 mW 20 <3.1 ---- 0 – 120 17 ± 2 0.990 2.7×10–3 

4.2.5 TiO2–P25 5.53 LEDs 270 mW 20 [232 – 263] 1:3 0 – 120 11 ± 1 0.992 1.6×10–3 

4.2.6 TiO2–P25 5.54 LEDs 270 mW 20 [232 – 263] 1:3 0 – 120 17 ± 2 0.994 1.7×10–3 

4.2.7 TiO2–P25 5.55 LEDs 270 mW 20 <3.1 1:3 0 – 120 9.8 ± 0.5 0.998 3.2×10–4 

4.2.8 TiO2–P25 5.55 LEDs 270 mW 20 <3.1 1:3 0 – 120 14 ± 2 0.990 2.5×10–3 
a Conditions: [BrO3

–]0 = 1.56 μM; Fe2O3 photocatalyst; Q = 75 L h–1; T = 25 ºC; Vi = 1500 mL. 
b Average of the pH values measured during the reaction. 
c Solution pH; no pH adjustment performed during the reaction. 
d Not adjustable to a pseudo-first-order kinetic model. 
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Figure 4. 1 – Influence of pH on BrO3
– reduction mediated by Fe2O3 photocatalyst coated onto 

the BS. Open symbols: 20 mg Fe2O2, no light. Solid symbols: 20 mg Fe2O2, UVA-LEDs. No 

symbol (dashed line): no catalyst, no light. pH 3 (, , - - -), solution pH (, ). Experimental 

conditions: [BrO3
–]0 = 1.56 μM, Q = 75 L h–1, T = 25 ºC, [DO]: 232-263 μM. 

 

Initially, a reaction at pH 3 with light was performed, resulting in a BrO3
– reduction of 39.9% 

after 3 hours. To verify that adsorption of BrO3
– on the catalyst surface was not occurring, a 

reaction in the same conditions but in the dark was performed, and it was verified that BrO3
– 

concentration was decaying as well, allowing to achieve a BrO3
– removal of 37.6%, which is very 

close to the value obtained using UVA-LEDs. Given these results and considering that batch 

adsorption tests have shown no adsorption of both BrO3
– and Br– ions onto the Fe2O3 surface at 

pH 3 (data not shown), a reaction at this pH without catalyst or light was also performed, in order 

to evaluate if the photoreactor alone could be having some influence in the reaction. In fact, it 

was checked a BrO3
– reduction of 37.0%, thus corroborating the influence of the reactor materials 

on the reduction reaction. 

As the photoreactor is made of acrylic, more specifically of polymethyl methacrylate 

(PMMA), an acidic hydrolysis of this ester could be occurring. PMMA hydrolysis results in the 

formation of a carboxylic acid, the methacrylic acid, and an alcohol, the methanol, according to 

Eq. (16) [97].  

 CH2=C(CH3)COOCH3 + H2O → CH2=C(CH3)COOH + CH3OH (16) 
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When the PMMA is hydrolyzed, changes in the carbon oxidation state (COS) are happening, 

which might be associated with the BrO3
– reduction since electrons are being transferred. That is, 

while in PMMA, the average COS is -4/5, in its hydrolysis’ products, namely methacrylic acid 

and methanol, the average COS is -1/2 and -2, respectively. Therefore, when the PMMA is 

hydrolyzed, an oxidation and a reduction might be occurring simultaneously. Taking into 

consideration that the ester redox potential is negative (between -2.3 and -1.4 V [98]) and BrO3
– 

has a higher redox potential, the electrons generated in the oxidation reaction of the PMMA might 

preferably reduce the BrO3
– molecule, thus, explaining the removal efficiencies obtained in the 

absence of light and photocatalyst at pH 3.  

To reinforce this hypothesis and verify if this phenomenon still occurred at less acidic 

conditions, an experiment at a higher pH was performed. Accordingly, a reaction at the natural 

solution pH (without adjusting, pH average = 5.92), with Fe2O3 and in the dark was performed, and 

only a 2.7% decay of BrO3
– in a 3-hour reaction period was verified, which supports the 

hypothesis of the acidic hydrolysis of PMMA. So, it was decided that further reactions must all 

be performed at higher pH values.  

Since at pH 3, the BrO3
– reduction rate without catalyst is very close to the values obtained 

using Fe2O3 (with or without radiation), as it is showed in Table 4.1 and Figure 4.1, it was 

concluded that this catalyst was not working at low pH values. To understand the efficiency of 

the reaction using Fe2O3 as photocatalyst, at higher pH values, a reaction at the natural solution 

pH with UVA-LEDs radiation was also performed but the removal was only 6.6% in the same 

reaction period. Such weak performance could be associated with the short bandgap energy of 

this photocatalyst, which favors the recombination of the photogenerated e–/h+ pairs [43, 44]. For 

this reason, it was decided to test a different photocatalyst, with a higher bandgap energy, to 

prevent the recombination and improve the photocatalytic reaction. Therefore, TiO2-P25 was 

chosen for all further experiments. Furthermore, since a total or nearly total reduction of BrO3
– 

into Br– was being achieved in all the experiments, the Br– formation results will not be showed 

from now on. 

 

4.1.2 Influence of dissolved oxygen content and addition of a sacrificial agent using TiO2-

P25 as photocatalyst 

Several experiments were performed using TiO2-P25 in different conditions: i) with DO and 

without addition of a SA; ii) without DO and without addition of a SA; iii) with DO and adding 

a SA; and iv) without DO and adding a SA. A pH of 5.5 was adopted for such reactions since it 

was an intermediate value between pH 3 and the pH of a fresh water (ca. 7.5), and it was selected 

by Zhang et al. [51] as the optimal value for BrO3
– reduction using TiO2-P25 as photocatalyst. As 

mentioned before, the SA can be an organic compound, such as a carboxylic acid, that is used as 

a scavenger of h+ or HO●, in order to enhance photocatalytic reduction reactions [38]. So, CH2O2 
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was chosen as a SA, once according to Tan et al. [99], it has also demonstrated to be a good SA 

in the photocatalytic reduction of selenium anions using TiO2 as photocatalyst and UV radiation. 

Formic acid concentration was selected according to the stoichiometry of the reaction, which 

corresponded to a [BrO3
–]:[CH2O2] molar ratio of 1:3 [56]. To evaluate the parameters mentioned 

earlier, a mass of 20 mg of a 2% wt. TiO2-P25 aqueous suspension was deposited on the BS. A 

replicate of each reaction was performed to evaluate the replicability of the results. Figure 4.2 (a 

– d) compares the first and second reactions for each operational condition evaluated and Figure 

4.2 (e – f) compares all the first and second reactions, respectively. 

 

Figure 4. 2 – Influence of DO content and addition of CH2O2 as a SA on the BrO3
– reduction by 

TiO2-P25 photocatalyst deposited on the BS. Solid symbols: (e) first reactions. Open symbols: (f) 

second reactions. (a) With DO, without CH2O2 (, ); (b) without DO, without CH2O2 (, ); 

(c) with DO, with CH2O2 (, ); (d) without DO, with CH2O2 (, ). Experimental conditions: 

[BrO3
–] = 1.56 μM, pH 5.5, Q = 75 L h–1, T = 25 ºC, UVA-LEDs 270 mW, 20 mg of TiO2-P25. 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 20 40 60 80 100 120
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 20 40 60 80 100 120
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

(d)(c)

(b)

[B
rO

3
- ] 

(µ
M

)

(a)

[B
rO

3
- ] 

(µ
M

)

[B
rO

3
- ] 

(µ
M

)

[B
rO

3
- ] 

(µ
M

)

(f)(e)

[B
rO

3
- ] 

(µ
M

)

Time (min)

[B
rO

3
- ] 

(µ
M

)

Time (min)



Intensifying Heterogeneous Photocatalysis for Bromates Reduction using the NETmix Photoreactor 

Chapter 4 — Results and discussion 36 

 

As it is showed in Figure 4.2 (a – d), the BrO3
– decay was visibly higher in the second reaction 

for each experimental condition. It is worth to mention that each operational condition was 

assessed in the same day, with the first reaction performed early in the morning and the second 

reaction performed around midday. Moreover, the reactions were performed in an uncontrolled 

environment, so the influence of some environmental conditions might be reflected in the results. 

It was verified that all the second reactions coincided with the hottest period of the day (midday), 

where the ambient temperature reached high values, between 30 and 35 ºC, in contrast with the 

morning reactions that were performed at an ambient temperature around 20 or 25 ºC. Such fact 

could be related with the performance of the LEDs used as illumination source. According to the 

Stefan-Boltzmann’s law (Eq. (17)), the irradiated power per unit of area (I) of a body is 

proportional to the fourth power of its temperature (T), suggesting that an increment in room 

temperature could lead to an augmentation of the LEDs temperature, which could increase the 

irradiated power [100]. 

 I = ε σ T4 (17) 

where, I is the irradiated power per unit of area (W m–2), ε is the emissivity of the body, σ is 

the Stefan-Boltzmann constant (5.672 × 10–8 W m–2 K–4) and T is the temperature of the body (K). 

This could explain the differences in the results performed in the morning, where the ambient 

temperature was lower, with the results of the experiments performed during midday. However, 

further tests should be conducted in order to confirm the origin of such differences. 

Therefore, it was concluded that all the reactions needed to be performed in a controlled 

environment that could maintain a constant ambient temperature, minimizing the external 

fluctuations and allowing a proper comparison between the experiments. So, the experimental 

setup was relocated to another laboratory where air-conditioning was installed, thus being 

possible to control the room temperature. 

In addition, from Figure 4.2 and Table 4.1, it was possible to verify that there was no 

significant difference between all the first and second reactions, indicating that neither the 

presence of oxygen nor the presence of a SA had influence on the BrO3
– photocatalytic reduction, 

as it will be explored in the next chapters. Furthermore, contrary to Fe2O3, TiO2 showed good 

catalytic activity, reaching to removal efficiencies higher than 70% with pseudo-first-order kinetic 

constants between (9.8 ± 0.5) × 10–3 and (17 ± 2) × 10–3 min-1. 
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4.2 BOROSILICATE GLASS SLAB EXPERIMENTS  

4.2.1 Influence of pH, dissolved oxygen content, sacrificial agent addition and catalyst 

film reusability  

In a controlled environment, fluctuations of the ambient parameters are reduced. So, the 

results were expected to be reproducible. For this reason, the replicability of the results was 

evaluated while varying the pH of the solution. The concentration of H+ or HO– ions in solution, 

controlled by the pH, will have an effect on the photocatalyst surface (Eq. (10) and (11)), which 

could interfere in the adsorption of the contaminants and, consequently, affect the photocatalytic 

reaction. Therefore, two different pH values were tested (6.5 and 5.5) using TiO2-P25 deposited 

on the BS (Figure 4.3). 

 

 

Figure 4. 3 – (a) Influence of pH, DO content and CH2O2 addition on the BrO3
– reduction by 

TiO2-P25 photocatalyst deposited on the BS. (b), (c) Replicates: 1st (_____), 2nd (- - - - -), 

3rd (. . . . .), 4th (. . – . .). Solid symbols: pH 6.5. Open symbols: pH 5.5. With DO, without CH2O2 

(, ); without DO, without CH2O2 (); with DO, with CH2O2 (); without DO, with CH2O2 

(). Experimental conditions: [BrO3
–] = 1.56 μM, Q = 75 L h–1, T = 25 ºC, UVA-LEDs 270 mW, 

20 mg of TiO2-P25. 

 

Four replicates at pH 6.5 were performed, three in the same day and a final one in the 12th use 

of the catalyst film (Figure 4.3 (b) and (c)), and it was observed that the kinetic constants were 

very similar, so it is possible to conclude with a 95% certainty that the results were replicable. At 

pH 6.5, a BrO3
– removal of 25.2% in a 2-hour reaction period was obtained. When comparing 

with a further reaction performed at pH 5.5, a 7.8-fold increase in the kinetic constant (Table 7) 

was observed (BrO3
– reduction of 73.5% after 2 hours) (Figure 4.3 (a)). Since pHPZC of TiO2-P25 

is around 6.4 [101, 102], when the solution has a pH near to this value, the surface of TiO2 has a 
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neutral net charge (positive charges are in equilibrium with negative charges), which could cause 

electrostatic repulsion of anionic substances by the negative charges on the catalyst surface. On 

the other hand, as it was described earlier, when the solution pH is lower than pHPZC (Eq. (10)), 

the TiO2 surface becomes positively charged (positive charges predominate on its surface) and 

negatively charged compounds will be more attracted to its surface. This is of high importance 

since it will favor the adsorption of the pollutants on the catalyst surface and, thus, promote the 

contact between them and the reactive species [51]. 

Furthermore, for BrO3
– reduction reaction to occur, 6 H+ per BrO3

– molecule are 

necessary (as shown in Eq. (2)) [51]. So, decreasing the pH increases the H+ concentration in the 

solution which improves the reaction rate. 

Zhang et al. [51] studied a large range of pH (1.5, 3, 5.5, 7.5, 9, 11.5 and 13.5) and 

reported in their experiments a higher BrO3
– removal at pH 5.5 using TiO2-P25 as photocatalyst, 

with a decrease in the efficiency when working at strong acidic or alkaline conditions. Moreover, 

they associated the decrease in efficiency at higher pH values with the decreasing of active sites 

for BrO3
– adsorption. Marks et al. [56] also reported that, for several oxoanions photocatalytic 

reduction, including BrO3
–, the decrease of pH improved the reaction rates. A 7.6-fold decrease 

on BrO3
– kinetic constants was observed by Lin et al. [50] when the pH increased from 3 to 7, 

which is also agreement with the results here obtained.  

Another important parameter, when applying photocatalytic reduction processes for 

pollutants removal, is DO since oxygen is an e– acceptor and might compete with pollutants for 

the photogenerated electrons on the surface of the catalyst [42, 51]. To assess the oxygen 

influence, experiments were carried out with BrO3
– synthetic solutions at pH 6.5, using 20 mg 

TiO2-P25 deposited on the BS, with DO concentrations: (i) in a range of 232 – 263 μM, achieved 

only by the equilibrium with the atmosphere (no O2 or air addition); and (ii) below 3.1 μM 

(detection limit of the DO probe), by injecting N2 into the solution. It is important to point out 

that it was not possible to remove some air or N2 bubbles inside the photoreactor that tended to 

accumulate near to the BS. This could impair the bromate mass transfer to the catalyst deposited 

on the BS. 
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Table 4. 2 – Operational conditions and pseudo-first-order kinetic constants for bromate reduction (k), calculated for the borosilicate glass slab experiments, 

along with the corresponding coefficient of determination (R2) and residual variance (S2
R). 

BOROSILICATE GLASS SLAB 

Experiment a pHav.
 b Light source 

mdeposited 

(mg) 
DO (μM) 

[BrO3
-]:[CH2O2] 

molar ratio 

Time 

(min) 
k (× 10–3 min-1) R2 

S2
R 

(μM2) 

Replicates 

4.3.1 – 1st replicate 6.40 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 1.5 ± 0.5 c 0.943 4.2×10–4 

4.3.2 – 2nd replicate 6.45 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 1.5 ± 0.5 c 0.949 3.5×10–4 

4.3.3 – 3rd replicate 6.45 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 1.4 ± 0.3 c 0.976 1.4×10–4 

4.3.4 – 4th replicate 6.39 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 1.7 ± 0.5 c 0.954 4.4×10–4 

Influence of pH, DO content and CH2O2 addition 

4.3.5 – with DO, no CH2O2 5.46 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 12.3 ± 0.9 0.992 1.3×10–3 

4.3.6 – with DO, no CH2O2 6.42 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 1.6 ± 0.2 c, d 0.981 1.4×10–4 

4.3.7 – without DO, no CH2O2 6.63 LEDs 270 mW 20 <3.1 ---- 0 – 120 2.0 ± 0.1 c 0.997 3.3×10–5 

4.3.8 – with DO, with CH2O2 6.38 LEDs 270 mW 20 [232 – 263] 1:3 0 – 120 0.7 ± 0.2 c 0.970 6.4×10–5 

4.3.9 – without DO, with CH2O2 6.42 LEDs 270 mW 20 <3.1 1:3 0 – 120 0.9 ± 0.2 c 0.961 1.1×10–4 

Influence of the catalyst film thickness 

4.4.1 – 10 mg 5.51 LEDs 270 mW 10 [232 – 263] ---- 0 – 120 6.3 ± 0.6 0.982 1.3×10–3 

4.4.2 – 20 mg 5.46 LEDs 270 mW 20 [232 – 263] ---- 0 – 120 12.3 ± 0.9 0.992 1.3×10–3 

4.4.3 – 40 mg 5.53 LEDs 270 mW 40 [232 – 263] ---- 0 – 120 17 ± 1 0.996 8.5×10–4 
a Conditions: [BrO3

–]0 = 1.56 μM; TiO2-P25 photocatalyst; Q = 75 L h–1; T = 25 ºC; Vi = 1500 mL. 
b Average of the pH values measured during the reaction. 
c The pseudo-first-order kinetic constants were determined in the time interval from 15 to 120 min, without considering the first point (t = 0 min). 
d Determined using the average of the replicates. 
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As it is observed from Table 4.2, the BrO3
– removal was only slightly improved when N2 was 

added to the solution at pH 6.5, with an increase of the kinetic constant of 1.3 times. Since both 

BrO3
– and O2 reduction reactions take place at the same locations, at higher solution pH the active 

sites for anions adsorption on the TiO2 surface are reduced and the competition between BrO3
– 

and O2 could be higher. Therefore, when the DO content is reduced, fewer oxygen molecules will 

compete with BrO3
– for the adsorption on the limited active sites of the catalyst and an 

improvement in the reaction rate is possible to occur. At lower pH values, this is less likely to 

occur since there are much more active sites on the surface of the catalyst for the adsorption of 

BrO3
–, and the competition between BrO3

– and O2 might not be considerable. In the preliminary 

results (Figure 4.2), it was possible to conclude with 95% confidence that, at pH 5.5 using TiO2-

P25 as photocatalyst, the efficiencies did not suffer a considerable variation by the removal of 

DO from the solution. 

Xie and Shang [103] reported a 35% decrease on the BrO3
– removal when increasing the [DO] 

from 8 to 18 mg L–1, however, when the DO content decreased from 8 to ca. 0 mg L–1, only an 

8% improvement was observed. Moreover, Wang et al. [104] verified that at pH 2.5 using TiO2 

as photocatalyst, the reduction of Cr(IV) in a N2-purged system did not suffer an improvement, 

which means that at acidic pH values, the thermodynamic driving forces for O2 and Cr(IV) 

reduction are similar. Other authors have reported a decrease in the photocatalytic reduction of 

BrO3
– using TiO2 [51], or in the amount of Cr(VI) photoreduced using ZnO as catalyst [105], 

when purging the DO content from the solution, which could indicate that the presence of oxygen 

might have other role in solution besides being just an e– acceptor.  

Therefore, it was concluded from this study that the removal of DO from the solution did not 

induce a considerable improvement on the reduction of BrO3
– using TiO2 as photocatalyst 

deposited onto the BS. 

Relatively to the influence of the SA addition, some organic compounds can act as an h+/HO● 

scavenger, avoiding the e–/h+ recombination and producing strong reductive species. Therefore, 

the photocatalytic reduction of a substance/pollutant can occur: i) directly, by reacting with the e– 

in the CB; or ii) indirectly, by the reaction between the pollutants and highly reductive species, 

generated by the oxidation of organic compounds in the VB. Carboxylic acids, such as formic 

acid (CH2O2), can be used as a SA since their reaction with h+/HO● could form the CO2 radical 

(Eº(CO2/●CO2
–) = ~ – 2.0 V), as follows [38, 106]: 

 CH2O
2
 + HO• → CO2

•– (18) 

Two reactions at pH 6.5, adding formic acid in the [BrO3
–]:[CH2O2] molar ratio of 1:3 

(stoichiometric ratio), were performed, one with N2 injection, to purge the DO, and the other 

without removing the oxygen. As it is observed in Figure 4.3 (a), the addition of CH2O2 as SA 

caused a decrease on the reaction efficiency, especially when [DO] was in the range of 232 – 263 

μM. From the results in Table 4.2, it is possible to verify that the reaction rate decreased 2.2 times 
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with the addition of CH2O2, in the presence of DO. The same was also verified in the reactions 

performed with injection of N2, where a 2.3 decrease in the reaction rate was obtained by adding 

CH2O2. It was observed that purging the DO from the solution, prior to the addition of the SA, 

resulted in a smaller decrease of the reaction rate since there were less O2 molecules competing 

for the active sites, contrary to what happens in the reaction with O2 and CH2O2, where both will 

be competing for the adsorption sites on the catalyst surface.  

Tan et al. [99] used different organic compounds (formic acid, methanol, ethanol, acetic acid, 

salicylic acid and sucrose) as SA for the TiO2-driven photocatalytic reduction of selenium ions 

and verified that the fastest reduction rates were achieved using CH2O2 (at pH 3, with N2 

injection). They suggested that the good performance of CH2O2 was related with the fact that this 

organic molecule is relatively small and, at the solution pH in which the reactions were performed, 

CH2O2 could be ionized (pKa = 3.75) into formate ions (CHO2
–). This anion would be more 

predisposed to adsorb on the positively charged TiO2 surface, which was proved by the higher 

CH2O2 adsorption (0.73 mg C g–1 TiO2) on the TiO2 surface when selenium ions were present in 

solution. Higher adsorption of CH2O2 promotes the contact between the organic substance and 

the h+ or HO●, which ensures the scavenging of these oxidizing species and might promote the 

formation of strong reducing species. Furthermore, they also obtained higher selenium reductions 

in the presence of CH2O2 when the DO was purged from the system by addition of N2, which they 

found to be related with the CH2O2 capability to react with the oxygen in the TiO2 matrix. Hérissan 

et al. [107] performed the photocatalytic reduction of nitrate in the presence of CH2O2, using TiO2 

as photocatalyst and a [NO3
–]:[CH2O2] molar ratio of 1:5 (to assure that CH2O2 was not the 

limiting agent as the molar ratio based on the stoichiometry of the reaction was 1:4). They verified 

that higher concentrations of CH2O2 did not improve the efficiency of the reaction since there was 

a higher competition for the adsorption sites between CH2O– and NO3
–. These authors also 

verified that the presence of DO in solution was not desirable since O2 molecules compete with 

NO3
– for the e– on the TiO2 surface. Wang et al. [104] carried out a series of experiments for the 

photocatalytic reduction of Cr(VI), using different photocatalysts (TiO2, ZnO and ZnS) and with 

the addition of CH2O2 (20 mM) as a SA. They observed that for TiO2 and ZnO, the increase of 

solution pH resulted in lower removal efficiencies (ca. 46% decrease when the pH increased from 

2.5 to 6), which they assumed to be related to the decrease of positive charges on the TiO2 surface 

with the increase of pH. At pH > 6, the larger amount of negative charges resulted in greater 

electrostatic repulsion between the TiO2 surface and both Cr(VI) ions and COO●– radicals 

(pKa [HCOO●/COO●–] = 1.4), which interfered with the adsorption of those molecules onto the 

catalyst surface and, consequently, with the photocatalytic reaction. The authors have also found 

that with the increase of pH, more COO●– molecules would be repulsed by TiO2 into the bulk 

solution and be free to reduce the pollutants. However, this increase in free radicals was not 
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reflected on the reaction rates, which means that the reaction mainly occurs through direct reaction 

with the e– on the surface of the catalyst and not by reaction with the free COO●– radicals.  

Since this work was performed at pH 6.5, which is close to the pHPZC = 6.4 of TiO2-P25 [101, 

102], the surface of TiO2 would be very close to neutrality, with fewer positive charges when 

compared with lower pH values, and the adsorption of BrO3
– onto its surface could be reduced. 

Moreover, a [BrO3
–]:[CH2O2] molar ratio of 1:3 could saturate the catalyst surface due to the high 

amount of CH2O2 molecules in solution and then reduce the efficiency of the photocatalytic 

process by blocking the active sites for BrO3
– adsorption. In the presence of high DO 

concentrations, the competition between BrO3
– and O2 for e– was even greater. In this case, BrO3

– 

removal efficiencies were lower than when DO was purged from solution, since in the latter the 

competition would not be considerable and more e– would be available for the BrO3
– reduction. 

However, in both cases, the addition of a SA had a negative effect on the reaction rate. 

During the reactions with the addition of CH2O2, the molar ratio of [BrO3
–]:[CH2O2] was not 

maintained constant, which allowed to observe the SA consumption behaviour during the 

reaction. Therefore, CH2O2 was found to be consumed relatively fast during the beginning of the 

reaction (when the ratio between BrO3
– and CH2O2 was superior), and then the consumption starts 

slowing down (data not shown). This fast depletion of CH2O2 in solution can be related with its 

shorter reaction pathway, during which e– can be generated, which diminishes the reducing power 

of CH2O2 when compared to other SAs [108].  

For these reasons, one can conclude that the addition of CH2O2 in a [BrO3
–]:[CH2O2] molar 

ratio of 1:3 did not enhance the photocatalytic reduction, in fact, it actually worsens the reduction 

of BrO3
–. So, it was decided to perform further experiments without the addition of a SA. In the 

future, different CH2O2 concentrations and different SAs shall be used, since they might have a 

different behaviour in BrO3
– solutions. 

 

4.2.2 Influence of catalyst film thickness 

Lastly, the influence of the catalyst film thickness was assessed by depositing 10, 20 and 40 

mg of catalyst on the BS (Figure 4.4). As before, a 2% wt. TiO2-P25 aqueous suspension was 

used, as described in section 3.3. The reactions were performed at pH 5.5 since, as it was 

mentioned earlier, better reaction rates were obtained. For all the film thicknesses evaluated, three 

replicates were conducted and the average was used for comparison. The experimental conditions 

and the pseudo-first-order kinetic constants obtained for each film thickness are presented in 

Table 4.2.  
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Figure 4. 4 – Influence of catalyst film thickness on the BrO3
– reduction by TiO2-P25 

photocatalyst deposited on the BS. Mass of catalyst: 10 mg (); 20 mg (); 40 mg (). 

Experimental conditions: [BrO3
–] = 1.56 μM, pH 5.5, Q = 75 L h–1, T = 25 ºC, [DO]: 232-263 

μM, UVA-LEDs 270 mW. 

 

In the experiments performed with 10 mg of TiO2-P25 (film thickness of 0.19 μm) deposited 

on the BS, only 49.7% of BrO3
– was reduced after 2-hour irradiation. When doubling the mass of 

catalyst to 20 mg (film thickness of 0.37 μm), a 73.5% BrO3
– removal efficiency was achieved, 

corresponding to a 2-fold increase on the kinetic constants (Table 4.2), which is in accordance 

with the 2-fold increase of the film thickness. However, an increase of the catalyst mass to 40 mg 

(film thickness of 0.74 μm), only improved 1.4 times the reaction rate, which corresponded to 

85.9% BrO3
– removal efficiency. Overall, a 2.8-fold increase on the reduction rate was observed 

with the increment of catalyst amount from 10 to 40 mg. This behavior suggests that the optimum 

TiO2 dose should be near to 40 mg, corresponding to a film density of 0.30 mg cm-2 (considering 

ABS = 135 cm2). 

When the catalyst is deposited on the BS, a BSI mechanism is present, which means that the 

e–/h+ pairs will be generated on the opposite site of the liquid-catalyst interface where the 

pollutants are adsorbed. As it is expected for a BSI mechanism, the reaction rate reaches a 

maximum value and an additional increase on the catalyst film thickness lead to lower reaction 

rates since the charge carriers are generated far from the catalyst-liquid interface, enhancing the 

electron/hole recombination [58]. In order to overcome these limitations, the catalyst should be 
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deposited in the channels and chambers of the photoreactor, allowing a FSI mechanism, as it will 

be further demonstrated in this chapter.  

In these experiments, it was not possible to observe the decay of the reactions rates. In the 

future, additional experiments with a superior (> 0.74 μm) and inferior film thickness (between 

0.37 and 0.74 μm) should be conducted in order to verify this phenomenon and to ensure the 

optimum catalyst film thickness.  

 

4.3 STAINLESS STEEL SLAB EXPERIMENTS  

As it was mentioned before, there are several limitations in photocatalytic processes that may 

affect the reduction reactions of the pollutants in solution. A series of experiments were conducted 

with a SSS as catalyst support on the NETmix photoreactor, since this reactor design allowed to 

overcome some limitations mentioned in chapter 2.4.1. Therefore, a 2% wt. TiO2-P25 aqueous 

suspension was used for the spray deposition of the catalyst on the channels and chambers of the 

NETmix photoreactor.  

 

4.3.1 Influence of solution pH and dissolved oxygen content 

Even though the optimal pH in the BS was 5.5, it is still important to assess the influence of 

this parameter when the catalyst is deposited onto the SSS, since this reactor configuration allows 

a higher catalyst surface area per reactor volume, which enhances the efficiency of the reaction. 

Hence, three pH values (5.5, 6.5 and 7.5) were evaluated, as it is shown in Figure 4.5, in order to 

get as close as possible to the pH of a fresh water in a WTP (see Table 3) but still obtaining good 

efficiencies. The operational parameters and the pseudo-first-order kinetic constants are 

represented in Table 4.3. 

As was verified for the BS experiments, the BrO3
– reduction rates using the SSS as catalyst 

support decreased with the increase of pH, which was related with the depletion of positive 

charges when approaching the pHPZC of TiO2-P25 (ca. 6.4 [101, 102]), and with the fact that above 

PZC the TiO2 surface is negatively charged and electrostatic repulsions occur between the catalyst 

surface and the negatively charged BrO3
– molecules [36, 41, 64]. 
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Figure 4. 5 – Influence of pH and DO content on the BrO3
– reduction by TiO2-P25 photocatalyst 

deposited on the SSS. Reactor: NETmix photoreactor (_____); Batch photoreactor (- - - - -). Solid 

symbols: [DO]: 232-263 μM (without N2 injection). Open symbols: [DO] < 3.1 μM (with N2 

injection). Solution pH: 5.5 (, ), 6.5 (), 7.5 (). Experimental conditions: [BrO3
–] = 1.56 

μM, Q = 75 L h–1, T = 25 ºC, UVA-LEDs 270 mW, 15 mL of a 2% wt. TiO2-P25 aqueous 

suspension. 

 

BrO3
– removal at pH 5.5 was ca. 99% in a 2-hour period, but when the solution pH was 

increased to 6.5 and 7.5, the BrO3
– decay was 90.3% and 52.4%, respectively. As it is represented 

in Table 4.3, the increment of pH from 5.5 to 6.5 resulted in a 55% drop on the BrO3
– reaction 

rate and a further increase from pH 6.5 to 7.5 led to a 73% reduction on the BrO3
– photoreduction 

rate. Overall, an 8.3-fold decrease on the BrO3
– reaction rate occurred when the pH was changed 

from 5.5 to 7.5. Using as an example a WTP in the Region of Porto (Portugal), a chemically 

treated fresh water from that treatment plant has a pH around 7.4 (see Table 3), which implies 

that if a photocatalytic reduction process for BrO3
– removal is proposed to be incorporated in the 

treatment line, it would be necessary a preliminary acidification step to allow the pH correction 

to values near 6.5. Besides, a further pH correction step can be also required to achieve values 

near 7.0. So, it is very important to study the application of a photocatalytic process to a fresh 

water treatment at different pH values, in order to determine the highest pH possible for the 

treatment without significantly losing efficiency, which it will be done in the section 4.3.4. 
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Table 4. 3 – Operational conditions and pseudo-first-order kinetic constants for bromate reduction (k), calculated for the stainless steel slab experiments 

performed, along with the corresponding coefficient of determination (R2) and residual variance (S2
R). 

STAINLESS STEEL SLAB 

Experiment pHav.
b Light source 

Vdeposited 

(mL) 

mdeposited
 c 

(mg) 
DO (μM) 

Time 

(min) 
k (× 10–3 min-1) R2 S2

R (μM2) 

Influence of solution pH 

4.5.1 – pH 5.5 a 5.52 UVA-LEDs 270 mW 15 286.7 [232 – 263] 0 – 120 50 ± 2 0.999 2.3×10–4 

4.5.2 – pH 6.5 a 6.44 UVA-LEDs 270 mW 15 285.8 [232 – 263] 0 – 120 22 ± 2 0.995 1.3×10–3 

4.5.3 – pH 7.5 a 7.37 UVA-LEDs 270 mW 15 285.8 [232 – 263] 0 – 120 6.0 ± 0.7 d 0.990 7.5×10–4 

Influence of the DO content 

4.5.4 – DO presence a 5.52 UVA-LEDs 270 mW 15 285.8 [232 – 263] 0 – 120 50 ± 2 0.999 2.3×10–4 

4.5.5 – DO absence a 5.54 UVA-LEDs 270 mW 15 285.8 <3.1 0 – 120 54 ± 2 0.999 4.2×10–4 

4.5.6 – Batch e  5.55 150 W mercury vapor lamp f ---- g [232 – 263] 0 – 42.5 80 ± 9 0.995 5.0 

4.5.7 – Batch e 5.50 150 W mercury vapor lamp f ---- g <3.1 0 – 42.5 156 ± 9 0.997 2.0 

Influence of the catalyst film thickness 

4.6.1 – 10 mL a 5.52 UVA-LEDs 270 mW 10 192.5 [232 – 263] 0 – 120 40 ± 4 0.992 2.3×10–3 

4.6.2 – 15 mL a 5.52 UVA-LEDs 270 mW 15 286.7 [232 – 263] 0 – 120 50 ± 2 0.999 2.3×10–4 

4.6.3 – 20 mL a 5.51 UVA-LEDs 270 mW 20 381.2 [232 – 263] 0 – 120 50 ± 2 0.998 5.7×10–4 

Influence of radiation intensity 

4.6.4 – LEDs 270 mW a 5.52 UVA-LEDs 270 mW 15 286.7 [232 – 263] 0 – 120 50 ± 2 0.999 2.3×10–4 

4.6.5 – LEDs 1400 mW a 5.52 UVA-LEDs 1400 mW 15 285.8 [232 – 263] 0 – 120 61 ± 5 0.995 1.6×10–3 

4.6.6 – LEDs 270 mW a 5.51 UVA-LEDs 270 mW 20 381.2 [232 – 263] 0 – 120 50 ± 2 0.998 5.7×10–4 

4.6.7 – LEDs 1400 mW a 5.52 UVA-LEDs 1400 mW 20 381.2 [232 – 263] 0 – 120 61 ± 4 0.995 1.3×10–3 

Influence of the photoreactor, photolysis and adsorption of BrO3
– 

4.6.8 a 5.54 No light 15 286.7 [232 – 263] 0 – 120 h h h 

4.6.9 a 5.57 No light 0 0 [232 – 263] 0 – 120 h h h 

4.6.10 a 5.53 UVA-LEDs 270 mW 0 0 [232 – 263] 0 – 120 h h h 
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STAINLESS STEEL SLAB 

Experiment pHav.
b Light source 

Vdeposited 

(mL) 

mdeposited
 c 

(mg) 
DO (μM) 

Time 

(min) 
k (× 10–3 min-1) R2 S2

R (μM2) 

Influence of the Temperature 

4.7.1 – 15 ºC i 5.50 UVA-LEDs 270 mW 15 287.6 [232 – 263] 0 – 120 41 ± 3 0.994 1.7×10–3 

4.7.2 – 20 ºC i 5.51 UVA-LEDs 270 mW 15 287.6 [232 – 263] 0 – 120 42 ± 4 0.993 1.9×10–3 

4.7.3 – 25 ºC i 5.52 UVA-LEDs 270 mW 15 286.7 [232 – 263] 0 – 120 50 ± 2 0.999 2.3×10–4 

4.7.4 – 30 ºC i 5.51 UVA-LEDs 270 mW 15 287.6 [232 – 263] 0 – 120 50 ± 4 0.994 1.8×10–3 

Influence of the fresh water matrix 

4.8.1 – SW pH 5.5 a 5.52 UVA-LEDs 270 mW 15 286.7 [232 – 263] 0 – 120 50 ± 2 0.999 2.3×10–4 

4.8.2 – SW pH 6.5 a 6.44 UVA-LEDs 270 mW 15 285.8 [232 – 263] 0 – 120 22 ± 2 0.995 1.3×10–3 

4.8.3 – SW pH 7.5 a 7.37 UVA-LEDs 270 mW 15 285.8 [232 – 263] 0 – 120 6.0 ± 0.7 d 0.990 7.5×10–4 

4.8.4 – FW pH 5.5 a 5.52 UVA-LEDs 270 mW 15 287.6 [232 – 263] 0 – 120 23 ± 1 0.999 3.1×10–4 

4.8.5 – FW pH 6.5 a 6.53 UVA-LEDs 270 mW 15 287.6 [232 – 263] 0 – 120 8.9 ± 0.4 0.996 4.5×10–4 

4.8.6 – FW pH 7.5 a 7.40 UVA-LEDs 270 mW 15 287.6 [232 – 263] 0 – 120 4.0 ± 0.1 0.997 1.2×10–4 
a Conditions: [BrO3

–]0 = 1.56 μM; TiO2-P25 photocatalyst; Q = 75 L h–1; T = 25 ºC; Vi = 1500 mL. 
b Average of the pH values measured during the reaction. 
c Taking into account the mass loss (< 5%). 
d Determined using the average of the replicates 
e [BrO3

–]0 = 78 μM; TiO2-P25 photocatalyst; T = 25 ºC; V = 800 mL. 
f UV-Immersion lamp (150 W): medium-pressure mercury vapor lamp with an emission spectrum in the UV range above 190 nm. 
g 100 mg L–1 of TiO2-P25 in suspension. 
h Not adjustable to a pseudo-first-order kinetic model. 
i Conditions: [BrO3

–]0 = 1.56 μM; TiO2-P25 photocatalyst; Q = 75 L h–1; Vi = 1500 mL. 
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As mentioned earlier for the BS experiments, it was observed some bubbles (air or N2) inside 

the photoreactor that could not be purged from the system and that tended to accumulate on top, 

near to the BS. While these bubbles could cause some mass transfer limitations when the catalyst 

was deposited on the BS, when the catalyst is deposited on the channels and chambers of the 

NETmix photoreactor their interference should be less significant. Therefore, it was also assessed 

the influence of the DO content using TiO2 as photocatalyst supported on the SSS. To this end, 

an experiment at pH 5.5 with injection of N2 into the BrO3
– solution (until reaching a DO 

concentration below 3.1 μM) was performed and then compared with a reaction at pH 5.5 with 

[DO] within a range of 232 – 263 μM.  

From Figure 4.5, it was possible to observe that purging the oxygen from the solution did not 

have a considerable effect on the reaction rate, which is proven by the 1.1-fold (~ 8%) increase 

on the BrO3
– reaction rate when [DO] < 3.1 μM. This value was not in accordance with the 

experimental results obtained in a batch photoreactor, where a 2-fold increase of the kinetic 

constant was observed when the DO was purged from the system. Since the NETmix photoreactor 

has a lot of inlets points, some air might be entering the system and preventing the DO 

concentration to reach values close to zero μM. 

Since the detection limit of the DO probe is 3.1 μM, it was not possible to guarantee the 

complete absence of DO. Furthermore, as the detection limit is almost the double of the initial 

concentration of BrO3
– in solution, a competition between oxygen and BrO3

– for the adsorption 

sites on the catalyst surface may still occur with the injection of N2. Hence, the injection of N2 for 

the DO removal from the solution did not have a significant influence on the BrO3
– reduction, 

whether the catalyst was deposited on the BS or on the SSS of the NETmix photoreactor. 

 

4.3.2 Influence of the catalyst film thickness and illumination intensity 

In chapter 2.3.2.1. it was mentioned that increments on the catalyst mass improves the 

photocatalytic reaction, due to higher catalyst surface area available for degradation of the 

pollutants, until it reaches an optimum dose of catalyst [58]. Therefore, in order to evaluate the 

catalyst film thickness, different volumes of a 2% wt. TiO2-P25 aqueous suspension were 

deposited on the SSS and the BrO3
– decay was assessed (Figure 4.6): i) 10 mL (film thickness of 

1.78 μm); ii) 15 mL (film thickness of 2.65 μm); and iii) 20 mL (film thickness of 3.53 μm). Three 

replicates of each film thickness were performed and the average was used for comparison. 

Prior to these experiments, a reaction without catalyst and without light was performed, in 

order to verify if the composition of the photoreactor had an effect on the BrO3
– removal and, 

then, the same experiment but with light (UVA-LEDs 270mW) was conducted to evaluate if 

BrO3
– photolysis could occur. For both reactions, a slight BrO3

– decay (< 2.5%) was observed, 

which revealed that BrO3
– did not reacted with the light or with the photoreactor material. 

Furthermore, a reaction in the dark with 15 mL of TiO2 deposited on the SSS also shown a 
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negligible adsorption (2.5 %) of BrO3
–. Hence, it is possible to conclude that the photoreactor 

material did not have an influence on the BrO3
– removal and that this compound was not removed 

by photolysis or adsorption on the TiO2 surface.  

 

 

Figure 4. 6 – Influence of the catalyst film thickness and illumination intensity on the BrO3
– 

reduction by TiO2-P25 photocatalyst deposited on the SSS and comparison with the BS () best 

result (40 mg of TiO2, pH 5.5, [BrO3
–] = 1.56 μM, Q = 75 L h–1, T = 25 ºC, [DO]: 232-263 μM, 

without CH2O2). Solid symbols: with catalyst, UVA-LEDs 270 mW. Open symbols: with catalyst, 

UVA-LEDs 1400 mW. Crossed symbols: no light. TiO2-P25 deposited on the SSS: 0 mL (, 

), 10 mL (), 15 mL (, , ), 20 mL (, ). Experimental conditions: [BrO3
–] = 1.56 μM, 

pH 5.5, Q = 75 L h–1, T = 25 ºC, [DO]: 232-263 μM. 

 

The catalyst film thickness experiments revealed that a TiO2-P25 mass of 286.7 mg (15 mL 

of a 2% wt. TiO2-P25 aqueous suspension deposited on the SSS) corresponded to the best film 

thickness (2.65 μm), with a 99.1% BrO3
– removal in a 2-hour reaction time. An increment on the 

film thickness from 1.78 to 2.65 μm (film density from 0.7 to 1.1 mg cm–2) led to a 1.3-fold 

increase on the reduction rate (Table 4.3). However, when the film thickness was increased from 

2.65 μm to 3.53 μm (film density from 1.1 to 1.4 mg cm–2), almost no improvement on the 

reaction rate was observed (~ 1%). This is in good agreement with the results reported in the 

literature [34, 58, 59] for a FSI mechanism, since after a certain catalyst film thickness the 

diffusional length of the charge carriers to the catalyst–liquid interface does not change. This 
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performance means that the optimal value is 286.7 mg (15 mL) of TiO2-P25, which corresponds 

to a film density of 1.1 mg cm–2. Furthermore, the TiO2 films deposited on the SSS by the spray 

technique showed good adherence and stability after 13 consecutive reactions. 

Comparing the FSI with the BSI mechanism (film thicknesses of 2.65 and 0.74 μm, 

respectively) under the best conditions, one can conclude that the photocatalyst reactivity in 

combination with the photoreactor was improved 2.9 times, from 41 to 118 μmol 

BrO3
– m– 3

illuminated volume s–1. For this reactor configuration (FSI mechanism), a catalyst surface 

illuminated area per reactor volume of 989 m2 m–3 was obtained. Comparing with the BSI 

mechanism, which only allowed 333 m2 m–3, the FSI mechanism resulted in a 3-fold increase on 

the catalyst surface area per reactor volume, which is in concordance with the 2.9-fold increase 

on the photocatalyst reactivity when FSI was used. 

The influence of the illumination intensity was also evaluated by comparing two UVA-LEDs 

(365 nm) sources, one with an output power of 270 mW and other with 1400 mW, for the optimal 

conditions obtained so far, using two catalyst film thicknesses: 15 and 20 mL of TiO2-P25. By 

analyzing Figure 4.6, the BrO3
– decay did not seem to have suffered a substantial increase with a 

5.2-fold increment of the LEDs output power. However, when determining the pseudo-first-order 

kinetic constants (Table 4.3), it was possible to observe a 1.23-fold and a 1.21-fold increase on 

the reaction rate, using a SSS deposited with 15 and 20 mL of TiO2-P25, respectively, irradiated 

with UVA-LEDs 1400 mW. An enlargement of the section of the graph, where these differences 

are more visible, is represented in Figure 4.6.  

The illumination of a determined catalyst film thickness with a more powerful light source 

enhances the probability of more activated sites being generated on the surface of the TiO2 and 

promotes the re-excitation of the recombined e–/h+ pairs [63]. Venkatachalam et al. [109] studied 

the effect of illumination intensity, in a range from 16 to 64 W, on the degradation of 4-

chlorophenol by TiO2 nanoparticles doped with Zr4+ and verified that increasing the light intensity 

led to an increase on the degradation of this compound. The authors concluded that higher 

illumination intensities increase the probability of excitation of the catalyst particles and re-

excitation of recombined electrons. Therefore, the increment on the reaction rates (Figure 4.6) 

verified for the increase in the irradiation intensity is in accordance with the literature. 

Nevertheless, for the reactions with the UVA-LEDs 1400 mW, raising the catalyst film thickness 

from 2.65 μm to 3.53 μm still did not have an effect on the BrO3
– reduction rates. 

Since the increment of the reaction rate was much lower when compared with the increment 

on the LEDs output power, it was decided to pursue the experiments using the LEDs with lower 

irradiance. 
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4.3.3 Influence of temperature 

As mentioned in chapter 2.3.2.5, variations in temperature between 20 and 80 ºC are not 

expected to have a drastic effect on the reaction rates, since the apparent activation energy within 

this range is often very small [64]. Evgenidou et al. [110] studied the influence of temperature on 

dichlorvos (10 mg L–1) degradation rate for both TiO2 (100 mg L–1, pH 6.2) and ZnO (500 mg L–

1, pH 7.4) photocatalysts and they verified a slight increase in the reaction rate with the increase 

of temperature. Likewise, the studies conducted by Chen and Ray [67] for the degradation of 4-

nitrophenol (200 ppm) using TiO2 photocatalyst (2 g L–1) on a temperature range from 15 to 50 

ºC revealed a linear increase of the reaction rate with the temperature. Both studies concluded that 

these results could be related to a higher collision frequency of molecules with the catalyst. They 

also referred that since the bandgap of the catalyst is too high to overcome by thermal excitation, 

the generation of the e–/h+ pairs is mainly achieved by irradiation. 

Therefore, the influence of temperature variation in BrO3
– removal was assessed by testing 

different values of temperature (15, 20, 25 and 30 ºC) on the best experimental conditions. Figure 

4.7 represents the decay in BrO3
– concentration, during a 2-hour reaction period, for the different 

temperatures assessed and shows the pseudo-first-order kinetic constants obtained for each 

temperature (see also Table 4.3). 

 

 

Figure 4. 7 – Influence of temperature on the BrO3
– reduction by TiO2-P25 photocatalyst 

deposited on the SSS. Temperature: 15 ºC (); 20 ºC (); 25 ºC (); 30 ºC (). Experimental 

conditions: [BrO3
–] = 1.56 μM, pH 5.5, Q = 75 L h–1, UVA-LEDs 270 mW, [DO]: 232-263 μM, 

15 mL of a 2% wt. TiO2-P25 aqueous suspension. 
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It was observed that there was no major difference in the reaction rates, except when the 

temperature was increased from 20 to 25 ºC where a 14.8% increase was attained. Taking into 

account the confidence interval for both kinetic constants (Table 4.3), the difference was 

negligible. Overall, one can conclude that small increments in temperature led to a minor increase 

on the reaction rate, as it was previously seen on the literature.  

 

4.3.4 Influence of a fresh water matrix 

The previous experiments demonstrated good results for the application of heterogeneous 

photocatalysis for BrO3
– reduction on a synthetic water (UPW spiked with BrO3

–). However, it is 

important to access the applicability of such process to fresh water matrices from a WTP that have 

been chemically treated. In this case, it is necessary to consider the physicochemical properties 

of the water, since some of their natural characteristics may affect the photocatalytic reduction of 

the target compound, such as the inorganic (PO4
3–, SO4

2–, CO3
2–/HCO3

–, Cl–) and organic matter 

(humic and fulvic acids) content [20, 42]. 

Several experiments with a fresh water sample (FW), physic and chemically treated in a WTP 

through an ozonation + flocculation + filtration process (physicochemical characteristics 

described in chapter 3.1.1), were conducted at pH 5.5, 6.5 and 7.5, and compared with the results 

for the synthetic water. Except for pH, the best operational conditions obtained for the 

experiments with the BrO3
– synthetic solutions were used (15 mL of a 2% wt. TiO2-P25 

suspension deposited on the SSS, [BrO3
–] = 1.56 μM, Q = 75 L h–1, T = 25 ºC, UVA-LEDs 270 

mW, [DO]: 232-263 μM). Figure 4.8 and Table 4.3 present the results for the SW (analysed on 

chapter 4.3.1) and FW experiments.  

 

 

Figure 4. 8 – Influence of the fresh water matrix on the BrO3
– reduction by TiO2-P25 

photocatalyst deposited on the SSS. Solid symbols: synthetic water. Open symbols: chemically 

treated fresh water. pH: 5.5 (, ); 6.5 (, ); 7.5 (, ). Experimental conditions: [BrO3
–] 

= 1.56 μM, Q = 75 L h–1, T = 25 ºC, UVA-LEDs 270 mW, [DO]: 232-263 μM, 15 mL of a 2% 

wt. TiO2-P25 aqueous suspension. 
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As expected, according to the results obtained for the SW, the FW experiments at pH 5.5 

(94% BrO3
– removal) revealed a higher BrO3

– reduction rate in a 2-hour reaction period, followed 

by pH 6.5 (64% BrO3
– removal) and lastly for pH 7.5 (38% BrO3

– removal). As shown in Table 

4.3, an increment on the pH of the fresh water samples from 5.5 to 6.5 led to a 2.6-fold decrease 

of the reaction rate and a further increment from pH 6.5 to 7.5 resulted in a 2.2-fold decrease of 

the reaction rate. When compared with SW, the results for drinking water samples showed a lower 

BrO3
– reduction rate for all the pH values tested, more specifically a decrease of: i) 54.5% at pH 

5.5; ii) 60.4% at pH 6.5; and iii) 33.1% at pH 7.5, which suggests that the FW matrix had a 

negative effect on the reaction rate.  

Natural organic matter (NOM), such as humic (HA) or fulvic (FA) acids, present in drinking 

water samples can act as a SA agent of reactive species, such as h+ or HO●, avoiding the re-

oxidation of Br– into BrO3
– and minimizing the e–/h+ recombination. However, NOM in the 

solution or adsorbed on the catalyst surface can block light, decreasing the number of photons 

absorbed by the photoactive sites [20, 77]. In this case, the constituents of NOM are most likely 

the main contributors for the observed slower reaction rates using FW when compared to synthetic 

water.  In addition, some typical inorganic ions (PO4
3–, SO4

2–, CO3
2–/HCO3

–, Cl–) that are naturally 

present in water can interfere with the BrO3
– removal, blocking the catalyst surface [111]. On the 

other hand, these ions can act as a radical scavenger (e.g. HO● scavenging by carbonate and 

bicarbonate ions [73]), which could improve the reaction efficiency by preventing the re-

oxidation of Br– ions. 

Ji et al. [70] performed the photocatalytic oxidation of atenolol by TiO2 aqueous suspensions 

and investigated the influence of natural water constituents (HCO3
– and HAs) and river water 

matrix. Their studies revealed that HAs presence decreased substantially the reaction rates, 

especially at higher concentrations, which was possibly related with the adsorption of HAs onto 

the TiO2 surface and blockage of active sites, competition for the reactive species (such as HO● 

radicals) and light screening and inner filter effects. On the other hand, HCO3
– was expected to 

have a detrimental effect on atenolol degradation since they can act as a HO● scavenger, but the 

presence of HCO3
– actually improved the reaction rates due to the production of CO3

●– radicals 

that have a longer lifetime than HO● and could diffuse into the bulk solution and react with the 

pollutant. These authors have also reported a decrease of the reaction rates when comparing the 

river water experiments with the reactions performed with UPW, which could be related with the 

saturation of the TiO2 surface with ions (CO3
2–, HCO3

–, Cl–, etc.) naturally present in the river 

water and that would block atenolol from adsorbing on the catalyst surface. These results 

demonstrated that HO● radical scavenging, which in our study could have a positive effect on the 

reaction rates, can be masked through the saturation of the catalyst surface with other ions or with 

NOM. Zhang et al. [51] also investigated the influence of HA (3 mg L–1 and 30 mg L–1) on BrO3
– 

(0.1 mmol L–1) reduction by TiO2 suspensions and UV (254 nm) irradiation. They found that at 
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lower HA concentrations, the removal of BrO3
– was enhanced by 11%, which could be due to the 

scavenging of HO● radicals. However, at higher HA concentrations, the reaction rate suffered a 

severe decrease possibly due to the saturation of the TiO2 surface with HA, which could interfere 

with the adsorption of BrO3
– on the active sites. Furthermore, high concentrations of HA can 

block the transference of light which could also interfere with the photon absorption by the 

catalyst particles and, consequently, with the generation of e–/h+ pairs. The HA concentration of 

3 mg L–1 (0.25 mmol C L–1) used by these authors was 2.5 times higher than the BrO3
– amount in 

solution and the competition for the adsorption sites on the surface of the catalyst might be 

negligible. However, in the FW experiments conducted in this dissertation, the [DOC] of 3.5 

mg L–1 (0.29 mmol C L–1) was 187 times superior to the BrO3
– concentration (1.56 μmol L–1), 

which could generate a very high competition for the adsorption sites and decrease the reaction 

efficiency. 

Therefore, the less efficient results obtained for the FW experiments might be related with the 

presence of organic matter and inorganic ions that could be interfering with the adsorption of 

BrO3
– on the TiO2 surface. The physicochemical characterization (Table 3.3) of the fresh water 

sample revealed a concentration of [SO4
2–] = 0.28 mmol L–1, [Cl–] = 0.40 mmol L–1, [DIC] = 1.3 

mmol C L–1, which are in much higher concentrations than [BrO3
–]0 = 1.56 μmol L–1, and could 

result in an intense competition for the adsorption sites on the TiO2 surface. Also, the organic 

matter content in the FW ([DOC] = 0.29 mmol C L–1) was considerably high, which could be 

saturating the TiO2 surface and blocking the light from reaching the catalyst particles. To better 

understand the influence of such parameters, some reactions with sulfate (pH 5.5; [SO4
2–] = 

0.28 mmol L–1), bicarbonate (pH 6.5 and with a concentration correspondent o the [DIC] present 

in the FW at pH 6.5, i.e. 0.8 mmol C L–1) and humic acids (pH 5.5; [HA] = 0.29 mmol C L–1) 

were performed (data not shown). It was verified a 50.1%, 63.8% and 48.2% decrease on the 

BrO3
– reduction rate for the reactions with the addition of SO4

2–, HCO3
– and HAs, respectively. 

Such results revealed that at much higher concentrations than BrO3
–, inorganic ions could be 

competing for the adsorption sites at the surface of the catalyst and impeding the adsorption of 

BrO3
– and, consequently, decreasing the efficiency of the reaction. Likewise, the presence of HAs 

in high concentrations can be saturating the TiO2 surface and block the BrO3
– molecules from 

adsorbing and reacting with the reducing species, and could also be screening the incident light 

and reducing the amount of photons that reach the catalyst surface and photoexcite the TiO2 

particles. 

These experiments showed promising results for the application of a heterogeneous 

photocatalytic process for BrO3
– reduction on chemically treated fresh waters since a 

concentration bellow 10 μg L–1 was achieved under 2-hour reaction time. It is worth mention that 

a pH correction step would be necessary (lower pH values resulted in better reduction rates) to 

enhance the removal of this pollutant.  
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5 CONCLUSIONS 

The TiO2-driven photocatalytic reduction of BrO3
– using the NETmix mili-photoreactor 

irradiated by UVA-LEDs was successfully accomplished. Preliminary results demonstrated that: 

i) highly acidic pH values (~3.0) had an effect on the acrylic structure of the NETmix 

photoreactor, resulting in its acidic hydrolysis, thus promoting indirect BrO3
- reduction; ii) for 

higher pH values (~5.5), contrary to TiO2, Fe2O3 did not prove to be a good photocatalyst, 

exhibiting very low reaction rates; and iii) high ambient temperatures affected the LEDs 

performance, by increasing the irradiated power, so a controlled environment was necessary to 

perform the experiments. TiO2–P25 was deposited on a BS and on a SSS through spray deposition 

technique, thereby studying the BSI and FSI mechanisms, respectively. Moreover, the catalyst 

films showed good adherence and stability after at least 13 consecutive reactions. 

For the BS experiments, it was concluded that: i) the BrO3
– reaction rate increased 7.8 times 

with a decrease of pH from 6.5 to 5.5, since below pHPZC the surface of TiO2 is positively charged 

and improves the adsorption of BrO3
–; ii) DO levels below 3.1 μM at pH 6.5 slightly improved 

the kinetic constant by 1.3 times, possibly due to smaller competition between O2 and BrO3
– 

molecules for e–, but did not improve the reaction at pH 5.5; iii) the use of CH2O2 as a SA 

([BrO3
– ]:[CH2O2] molar ratio of 1:3) had a negative effect at pH 6.5 on BrO3

– reduction, either in 

the presence or absence of high amounts of DO, decreasing the reaction rate by ca. 2.3 times, 

which could be related with higher competition between CHO2
– and BrO3

– for the adsorption 

sites; and iv) increasing the catalyst film thickness improves the reaction rate until the maximum 

value is reached, which should be around 0.74 μm (40 mg of TiO2-P25).  

On the other hand, the experiments conducted with a thin film of catalyst deposited onto the 

channels and chambers of the SSS, corresponding to a FSI mechanism, proved to be the best 

photoreactor configuration due to an increase on the catalyst surface area per reactor volume, 

from 333 m2/m3 to 989 m2/m3, when compared to BSI. Such as in the BS, higher reaction rates 

were obtained at lower pH values (pH 5.5 > pH 6.5 > pH 7.5), since above the pHPZC of TiO2-P25 

the surface is negatively charged and electrostatic repulsions can occur between the catalyst 

surface and the BrO3
– molecules. Purging the DO from the solution showed a negligible effect on 

BrO3
– reduction, which was not in accordance with the 2-fold increase of the kinetic constant 

obtained in a batch photoreactor, possibly due to the numerous inlet points on the NETmix 

photoreactor, which might let some air into the system and preventing the DO concentration to 

reach values close to zero. An increase on the catalyst film thickness from 1.78 μm to 2.65 μm 

led to a 1.3-fold increase on the reduction rate and a further increase to 3.53 μm did not improve 

on the reaction rate, which is in good agreement with a FSI mechanism. Therefore, the optimal 

catalyst film thickness proved to be 2.65 μm (15 mL of 2% wt. TiO2-P25 suspension). Comparing 
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the FSI with the BSI mechanism, under the best conditions, one can conclude that the 

photocatalyst reactivity in combination with the photoreactor was improved 2.9 times, which is 

in good agreement with the 3-fold on the catalyst surface area per reactor volume. Increasing the 

UVA-LEDs output power slightly improved the photocatalytic reaction, but the increment on the 

reaction rate was much lower than the increment on the LEDs output power, which is not cost-

effective. Also, temperature variation (15-30ºC) had a negligible effect on the reduction reaction 

rate. Under the best conditions (SSS, pH 5.5, 15 mL of a TiO2 suspension, 25 ºC, absence of SA 

and [DO] = 232 – 263 µM), the fresh water matrix affected negatively the reaction when 

compared with the results obtained for the synthetic one. The presence of both inorganic and 

organic matter in FW, such as SO4
2–, HCO3

– and HAs, at much higher concentrations than BrO3
-, 

can have a detrimental effect on the reaction efficiency since they can compete for the active sites 

on the catalyst surface and the presence of HAs can also block the incident radiation, thus reducing 

the photogenerated e–/h+ pairs. 

Under the best conditions, promising results were obtained for the application of a 

heterogeneous TiO2 photocatalytic process to a chemically treated fresh water from a WTP, since 

a concentration bellow 10 μg L–1 (guideline value) was achieved under 2-hour reaction time. 

Nevertheless, a pH correction step may be also needed to enhance the BrO3
– reduction rates. 
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6 LIMITATIONS AND FUTURE WORK  

In order to validate the hypothesis of acidic hydrolysis of the acrylic polymer (i.e. PMMA) 

used in the NETmix manufacturing, additional experiments at different pH values should be 

performed using a solution of pristine PMMA in a chemically inactive reactor.   

Since the addition of a [BrO3
–]:[CH2O2] molar ratio of 1:3 did not improve the reaction rate, 

lower ratios could be tested to assess if the competition between BrO3
– and CH2O2 was less 

significant at those ratios. A higher concentration of CH2O2 could also be tested to understand the 

behavior of the reaction rate at higher [BrO3
–]:[CH2O2] molar ratios. Moreover, different SAs, 

like methanol, ethanol, citric acid, tartaric acid or oxalic acid, could also be tested to increase our 

knowledge about the influence of other compounds in the reduction of BrO3
–. 

The morphological properties of the TiO2-P25 thin films is also an important parameter to 

evaluate. So, in order to assess the homogeneity (distribution of the particles), actual film 

thickness, and particles shape and size, scanning electron microscopy (SEM) should be 

performed. To better understand the influence of the FW matrix on the TiO2 films surface and 

complement the SEM analysis, additional studies based on energy dispersive X-ray spectroscopy 

(EDX), X-ray photoelectron spectroscopy (XPS) and Fourier Transform infrared spectroscopy 

(FTIR) could also be carried out. 

Finally, since inorganic ions are naturally present in fresh waters and sulfate and bicarbonates 

proved to have a negative influence on the BrO3
– photocatalytic reduction, some experiments with 

other inorganic ions (e.g. NO3
–, Cl–, PO4

3–) should also be performed. The effect of other types of 

NOM, like fulvic acids, could also be assessed. 
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