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Abstract 

Water pollution by human activities is a global environmental problem that 

requires innovative solutions. In the last years, the advanced oxidation processes 

(AOPs) have been acquiring high relevance for the treatment of water 

contaminated with organic compounds. However, these processes are also able 

to treat inorganic compounds, mainly by changing the metal/metalloid oxidation 

state, turning these compounds less toxic or soluble. 

The current thesis focuses on the assessment of some AOPs for Cr(VI) reduction 

and As(III) oxidation. Two AOPs were tested for the treatment of each 

contaminant: (i) Fe(III)/UV system in the presence of organic sacrificial agents 

and heterogeneous photocatalysis also in presence of sacrificial agents for the 

Cr(VI) reduction; (ii) UVC-H2O2 and heterogeneous photocatalysis for the 

As(III) oxidation. 

The photocatalytic reduction of Cr(VI) by Fe(III)/UV in the presence of organic 

sacrificial agents was conducted in a lab-scale tubular photoreactor with 

compound parabolic collectors under simulated solar radiation. The effect of 

parameters such as iron and citric acid concentrations, pH, temperature, UV 

irradiation source and initial Cr(VI) concentration on the process efficiency were 

analyzed, and also the addition of other organic ligands like oxalic acid, maleic 

acid and EDTA. However, the presence of citric acid proved to enhance the 

Cr(VI) reduction by Fe(III)/UV due to the formation of Fe(III)-Citrate 

complexes, providing a quicker pathway for ferric iron regeneration in the 

presence of UV-Visible light. At optimized conditions (Cr(VI):Citric acid molar 

ratio 1:3; 0.16 mM of Fe(III), at pH 5.0), the photocatalytic reduction of 0.7 mM 

of Cr(VI) present in a real galvanic effluent was completed achieved (below the 

detection limit (DL) of the analytical method) after 30 min. 
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The reduction of Cr(VI) by heterogeneous photocatalysis, in the presence of 

organic sacrificial agents was conducted in: (i) a lab-scale tubular photoreactor 

with compound parabolic collectors, packed with cellulose acetate monolithic 

(CAM) structures coated with TiO2-P25 thin films by dip coating method and 

under simulated solar radiation; (ii) a lab-scale micro-meso-structured (NETmix) 

photoreactor with cellulose acetate (CA) sheet coated with TiO2-P25 by spray 

system and under simulated solar radiation; (iii) a NETmix photoreactor with 

photocatalyst thin film deposited on the front glass slab (GS) or on the network 

of channels and chambers imprinted in the back stainless steel slab (SSS) by 

spray system and under simulated solar radiation or UVA-LEDs illumination. 

In the first heterogeneous photocatalytic system, the effect of TiO2 layers number 

on the Cr(VI) photoreduction was analyzed. At the optimal amount, the support 

geometry allowed a high surface-area-to-volume ratio, offering an illuminated 

catalyst surface area per unit of volume inside the reactor of 212 m2 m-3. 

Following, operating conditions such as pH value, citric acid concentration, 

irradiation source and initial Cr(VI) concentration were analyzed. Several 

organic species were also tested as hole scavengers. Results indicate reduction 

rates of 0.09 mmolCr(VI) m
-3

illuminated volume s
-1 and a photonic efficiency of 1.9% 

during the reduction of 0.02 mM of Cr(VI) with 6 P25 layers and 6.9 mM of citric 

acid at pH 2.5 and 25 ºC. Furthermore, the catalytic bed was reused for 10 

consecutive cycles with almost no efficiency decrease after the second cycle, 

achieving near 100% Cr(VI) removal after 90 min. 

The second photocatalytic system comprises a micro-meso-structured reactor 

with a back acrylic slab where chambers and channels are imprinted and a frontal 

borosilicate slab with especially high UV transparency. The reactor geometry 

provides an efficient exposure of TiO2-P25 CA sheets to radiation, with an 

illuminated surface per unit of volume inside the reactor of 333 m2 m-3. Different 

organic species were tested as hole scavengers, being the tartaric acid the most 
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efficient. The effect of the degree of mixing inside the photoreactor, according to 

the Reynolds number, on the Cr(VI) photocatalytic reduction was then evaluated. 

Following, operating conditions such as TiO2 mass, tartaric acid concentration, 

pH value, temperature and initial Cr(VI) concentration were analyzed. Results 

indicate high reduction rates (1 mmolCr(VI) m
-3

illuminated volume s
-1) and a photonic 

efficiency of 3.96% for Re = 830, 30 mg TiO2 and 1.8 mM of tartaric acid, at pH 

3.0 and 25 ºC. The CA sheets coated with thin films of TiO2-P25 showed to be 

suitable for continuous Cr(VI) reduction, without losing efficiency during 3 

consecutive photocatalytic cycles. 

In the third photocatalytic system using the same amount of catalyst, the reduction 

of Cr(VI) was evaluated using different catalysts (Fe2O3, ZnO, WO3, CdS, TiO2-

PC500, TiO2-PC105, TiO2-P25) irradiated by simulated solar light. Using TiO2-

P25, the reaction rate was evaluated for two illumination sources, solar light or 

UVA-LEDs. In order to evaluate the effects of back side (BSI) and front side (FSI) 

illumination mechanisms, NETmix with the front glass slab or/and back stainless 

steel slab coated with TiO2-P25, respectively, was irradiated by UVA-LEDs. At 

optimized conditions, the reduction rates were 1.16 and 3.61 mmolCr(VI) 

m-3
illuminated volume s-1, for the BSI and FSI mechanisms, respectively. The 

reusability of the photocatalytic films on the NETmix was also evaluated for three 

consecutive cycles using fresh Cr(VI) solutions.  

Finally, the photocatalytic oxidation of As(III) species over UVC/H2O2 and 

heterogeneous TiO2/Fe2O3 photocatalysis was performed in the NETmix 

photoreactor under UVA or UVC-LEDs illumination. In the UVC-LEDs/H2O2 

system, the influence of hydrogen peroxide concentration was verified, however 

as the UVC-LEDs photon flux was too low, the As(III) oxidation was not 

efficient. Nevertheless, in the heterogeneous photocatalytic systems, the As(III) 

oxidation was assessed and the effect of various parameters such as the catalyst 

load, the H2O2 addition and the illumination mechanism (BSI or FSI) were 
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evaluated. At the optimized conditions with TiO2 thin films in presence of H2O2, 

the oxidation rates were 0.44 and 1.22 mmolAs(III) m
-3

illuminated volume s
-1, for the BSI 

and FSI mechanisms, respectively. Also, the catalyst reuse was performed in the 

best operational conditions, showing no efficiency loss during 3 consecutive 

photocatalytic cycles. 
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Resumo 

A poluição da água pelas atividades humanas é um grande problema ambiental 

global que requer soluções inovadoras. Nos últimos anos, os processos de 

oxidação avançados (POAs) têm adquirido relevância para o tratamento de águas 

contaminadas com compostos orgânicos. No entanto, esses processos também 

são capazes de tratar compostos inorgânicos, principalmente através da mudança 

no estado de oxidação do metal/metalóide, tornando estes compostos menos 

tóxicos ou solúveis. 

A presente tese centra-se na avaliação de alguns POAs para promover a redução 

de Cr(VI) e a oxidação de As(III). Foram testados dois tipos de POAs para o 

tratamento de cada contaminante: (i) sistema Fe(III)/UV na presença de agentes 

sacrificantes orgânicos e fotocatálise heterogênea também na presença de agentes 

sacrificantes para a redução de Cr(VI); (ii) UVC-H2O2 e fotocatálise heterogênea 

para a oxidação de As(III). 

A redução fotocatalítica de Cr(VI) via Fe(III)/UV na presença de agentes 

sacrificantes orgânicos foi realizada em um fotorreator tubular de escala 

laboratorial com coletores parabólicos compostos sob radiação solar simulada. 

Foram analisados o efeito de parâmetros como as concentrações de ferro e ácido 

cítrico, pH, temperatura, fonte de irradiação UV e concentração inicial de Cr(VI) 

na eficiência do processo e também a adição de outros ligantes orgânicos como 

ácido oxálico, ácido maleico e EDTA. No entanto, a presença de ácido cítrico 

provou ser a melhor condição para a redução de Cr(VI) por Fe(III)/UV devido à 

formação de complexos de Fe(III)-Citrato, proporcionando uma via mais rápida 

para a regeneração do iões férricos na presença de luz UV-visível. Em condições 

otimizadas (proporção molar de Cr(VI):Ácido cítrico de 1:3, 0.16 mM de Fe(III), 

a pH 5.0), a redução fotocatalítica de 0.7 mM de Cr(VI) presente em um efluente 
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real de galvanoplastia foi completamente atingida (abaixo do limite de deteção 

(DL)  do método analítico) após 30 min. 

A redução de Cr(VI) por fotocatálise heterogênea, na presença de agentes 

sacrificantes orgânicos, foi realizada em: (i) um fotorreator tubular de escala de 

laboratorial com coletores parabólicos compostos, empacotado com estruturas 

monolíticas de acetato de celulose (MAC) revestidas com filmes finos de TiO2-

P25 por método de revestimento por imersão e sob radiação solar simulada; 

(ii) um fotorreator micro-meso-estruturado (NETmix) de escala laboratorial onde 

foram inseridas folhas de acetato de celulose (AC) revestidas com TiO2-P25 por 

sistema de pulverização e sob radiação solar simulada; (iii) fotorreator NETmix 

com filme fino de fotocatalisador depositado na placa de vidro superior ou na 

rede de canais e câmaras impressas na placa de aço inoxidável inferior por 

sistema de pulverização e sob radiação solar simulada ou iluminação LEDs-

UVA. 

No primeiro sistema de fotocatálise heterogênea, o efeito do número de camadas 

de TiO2 na fotoredução Cr(VI) foi analisada e, na quantidade ideal, a geometria 

do suporte permitiu uma alta relação superfície-volume, oferecendo uma área de 

superficial de catalisador iluminada por por unidade de volume dentro do reator 

de 212 m2 m-3. Em seguida, foram analisadas as condições operacionais, tais 

como valor de pH, concentração de ácido cítrico, fonte de irradiação e 

concentração inicial de Cr(VI). Várias espécies orgânicas também foram testadas 

como agentes sacrificantes para reagir com as lacunas. Os resultados indicam 

taxas de redução de 0.09 mmolCr(VI) m
-3

illuminated volume s
-1 e uma eficiência fotônica 

de 1.9% durante a redução de 0.02 mM de Cr(VI) com 6 camadas de P25 e 

6.9 mM de ácido cítrico a pH 2.5 e 25 ºC. Além disso, as estruturas MAC foram 

reutilizadas durante 10 ciclos consecutivos com quase nenhuma diminuição de 

eficiência após o segundo ciclo, atingindo remoções próximas a 100% (Cr) após 

90 min. 
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O segundo sistema fotocatalítico compreende um reator micro-meso-estruturado 

com uma placa de acrílico inferior onde são impressos câmaras e canais e uma 

placa superior de vidro borossilicato com uma elevada transparência a radiação 

UV. A geometria do reator proporciona uma eficiente exposição das folhas de 

AC com filmes de TiO2-P25 à radiação, com uma superfície iluminada por 

unidade de volume dentro do reator de 333 m2 m-3. Diferentes espécies orgânicas 

foram testadas como agentes sacrificantes para reagir com as lacunas, sendo o 

ácido tartárico o mais eficiente. O efeito do grau de mistura dentro do fotorreator, 

de acordo com o número de Reynolds, foi avaliado na redução fotocatalítica de 

Cr(VI). Em seguida, foram analisadas as condições operacionais tais como massa 

de TiO2, concentração de ácido tartárico, valor do pH, temperatura e 

concentração inicial de Cr(VI). Os resultados indicam elevada taxa de redução 

(1 mmolCr(VI) m
-3

illuminated volume s
-1) e eficiência fotônica de 3.96% para Re = 830, 

30 mg de TiO2 e 1.8 mM de ácido tartárico, a pH 3.0 e 25 ºC. As folhas de AC 

revestidas com filmes finos de TiO2-P25 mostraram ser adequadas para redução 

contínua de Cr(VI), sem perda de eficiência, durante 3 ciclos fotocatalíticos 

consecutivos. 

No terceiro sistema fotocatalítico, a redução de Cr(VI) foi avaliada utilizando a 

mesma quantidade de diferentes catalisadores (Fe2O3, ZnO, WO3, CdS, TiO2-

PC500, TiO2-PC105, TiO2-P25) irradiados por luz solar simulada. Usando TiO2-

P25, a taxa de reação foi avaliada para duas fontes de irradiação, luz solar ou 

LEDs-UVA. Para avaliar os efeitos dos mecanismos de iluminação posterior 

(BSI) e frontal (FSI) foi usado o reator NETmix com a placa de vidro superior 

e/ou a placa de aço inoxidável inferior revestida com TiO2-P25. Em condições 

otimizadas, as taxas de redução foram de 1.16 e 3.61 mmolCr(VI) m
-3

illuminated volume 

s-1, para os mecanismos BSI e FSI, respectivamente. A reutilização dos filmes 

fotocatalíticos no NETmix também foi avaliada por três ciclos consecutivos 

usando soluções novas de Cr(VI). 
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A oxidação fotocatalítica das espécie As(III) através dos sistemas UVC/H2O2 e 

fotocatálise heterogênea com TiO2/Fe2O3 e foi realizada no fotorreator NETmix 

sob iluminação de LEDs-UVA ou -UVC. No sistema LEDs-UVC/H2O2, a 

influência da concentração de peróxido de hidrogênio foi verificada. No entanto, 

devido ao baixo fluxo de fotões emitidos pelos LEDs-UVC, a oxidação de As(III) 

não foi eficiente. Por outro lado, nos sistemas de fotocatálise heterogênea, a 

oxidação As(III) foi atingida e avaliou-se o efeito de vários parâmetros, como a 

quantidade de catalisador, a adição de H2O2 e o mecanismo de iluminação (BSI 

ou FSI). Nas condições otimizadas com filmes finos de TiO2, as taxas de 

oxidação foram de 0.44 e 1.22 mmolAs(III) m-3
illuminated volume s

-1, para os 

mecanismos BSI e FSI, respectivamente. Além disso, a reutilização do 

catalisador foi realizada nas melhores condições operacionais, não mostrando 

perda de eficiência durante 3 ciclos fotocatalíticos consecutivos. 
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1 Introduction 

 

 

 

 

 

 

 

 

This first chapter presents an overview of arsenic and chromium 

oxyanions occurrence in natural waters, their potential risks for the 

ecosystem and human health, as well as the current and potential 

treatment methods for water and wastewater remediation. The 

fundamentals concepts of the main advanced oxidative or reductive 

processes used in this thesis are detailedly described. Lastly, 

objectives and thesis outline are provided. 
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1.1 General aspects of arsenic and chromium 

The concern about water quality and sanitation has increased during the last 

century. Since safe drinking water is scarce in several regions of the planet and 

fresh water is continuously polluted by countless contaminants, the water quality 

must be monitored and protected to reduce adverse health effects [1]. Unlike most 

organic pollutants, which can be biodegradable, inorganic chemicals, including 

oxyanions, are continuously accumulated in the environment [2], posing a threat 

to human health due to the potential risk of entry into the food chain. The 

ecosystem can be contaminated with inorganic chemicals from both natural and 

anthropogenic activities. Industrial processes such as electroplating, metal 

smelting and chemical manufacturing, are examples of anthropogenic sources of 

inorganic chemicals in water [3]. In order to protect the water quality, the World 

Health Organization (WHO) published the first guidelines for drinking-water 

quality in 1958 and the last update was in 2011. Additionally, others regulatory 

agencies have published local guidelines for drinking-water quality based on the 

treatment performance, analytical achievability and risks related to human health. 

Table 1.1 lists the maximum levels allowed in drinking water for some oxyanions 

contaminants by the European Union, USA and Brazil legislation, as well as the 

values suggested by the WHO. The potential health effects and the common 

sources of each contaminant are also presented. 
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Table 1.1 - Maximum level allowed in drinking water for some oxyanions by the European Union, USA and Brazil 

legislation, values suggested by the WHO, potential health effects and common sources of each contaminant. 

Contaminant 
Maximum allowed contaminant level  

Potential health effects Common sources Ref. 
EUa USAb Brazilc WHOd 

Sb 
(g L-1) 

(M) 

5 

0.04 

6 

0.05 

5 

0.04 

20 

0.16 
Blood alterations 

Fire retardants, petroleum refineries, 

combustion of Sb-rich coal, electronic 

waste 

[4], [5] 

As 
(g L-1) 

(M) 

10 

0.13 

10 

0.13 

10 

0.13 

10 

0.13 

Risk of cancer, circulatory 

system alterations, skin 

damage 

Erosion of natural deposits, glass and 

electronics wastes 
[6] 

Cr 
(g L-1) 

(M) 

50 

0.96 

100 

1.92 

50 

0.96 

50 

0.96 

Risk of cancer, allergic 

dermatitis 

Erosion of natural deposits, pulp mills, 

electroplating, textile dyeing, leather 

tanning and metallurgy factories 

[7], [8] 

NO3
- 

(g L-1) 

(M) 

50000 

962 

10000 

161 

10000 

161 

50000 

962 
Blue-baby syndrome 

Erosion of natural deposits, sewage, 

fertilizers 
[9], [10] 

NO2
- 

(g L-1) 

(M) 

500 

11 

1000 

22 

1000 

22 

3000 

65 
Blue-baby syndrome 

Erosion of natural deposits, sewage, 

fertilizers 
[11], [12] 

Se 
(g L-1) 

(M) 

10 

0.13 

50 

0.13 

10 

0.13 

40 

0.51 

Circulatory problems, hair 

and fingernails loss, 

numbness in fingers or 

toes 

Erosion of natural deposits, petroleum 

and metal refineries, mines 
[13], [14] 

a – European Union Council Directive (98/83/CE, 3/11/1998); b – United States Environmental Protection Agency (EPA) in 

https://www.epa.gov/ground-water-and-drinking-water/table-regulated-drinking-water-contaminants#Inorganic; c – Brazilian Ministry of Health 

(Act 2914, 12/12/2011); d – World Health Organization - Guidelines for drinking-water quality - 4th ed.  
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In water contaminated with inorganic chemicals, the options for its remediation 

usually require an oxidative or reductive process to achieve the less soluble or 

less mobile form. Arsenic and chromium are examples of oxyanions that require 

initially an oxidative and a reductive pre-treatment step before their removal, 

respectively. The most toxic and mobile arsenic species is the trivalent one, being 

necessary a previous oxidation to remove it from water. However, chromium in 

its hexavalent form is more toxic and mobile than the trivalent one, being 

necessary a reductive process for water remediation. Additionally, arsenic and 

chromium are in the top of the 20 substances that pose the most significant 

potential threat to human health according to the Agency for Toxic Substances 

and Disease Registry (ATSDR 2015, USA). Therefore, the present chapter 

briefly reviews the sources, chemistry, toxicity, distribution, analytical methods 

and removal techniques of arsenic and chromium from water. Special emphasis 

is given to the photocatalytic treatment systems. 

 

1.1.1 Sources of arsenic and chromium 

Arsenic is a metalloid with distribution on earth of approximately 2.5 mg kg-1 

and about 3.5 mg in the human body. Elemental arsenic occurs in three different 

allotropic forms: i) metallic arsenic, ii) yellow arsenic and iii) black arsenic. 

However, its incidence in the free state is uncommon, being widely distributed 

in soils, water, air and biota in more than 200 different minerals as a trace 

impurity or primary constituent, mostly in association with sulfides and oxides 

[15-18]. Typically, inorganic and organic arsenic compounds are non-volatile 

white powders, with no smell and no taste, being not detectable by the human 

sense. They can be easily solubilized depending on the pH, redox conditions, 

temperature and solution composition. The speciation is a key factor for 

monitoring the arsenic mobility, availability and toxicity [17, 18]. 
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Usually, natural process as volcanic emissions and erosion of natural deposits are 

the most substantial processes responsible to mobilize arsenic species to the 

environment [16, 17]. The water contamination by arsenic is a problem that 

reaches all parts of the world. The health problems associated with water 

contaminated by arsenic are alarming in countries with high arsenic 

concentrations in all environmental compartments (Argentina, Bangladesh, 

Chile, China, Hungary, India, Mexico, Nepal, Rumania, Taiwan, Vietnam and 

the United States) and where the groundwater is one of main sources of drinking 

water and presents arsenic concentrations beyond its safe limit (Bangladesh, 

Brazil, China, Canada, England, India, Nepal, Thailand, United States) [18, 19]. 

Although natural activities are the main source of arsenic contamination, 

anthropogenic activities accentuated this problem. Even though in some 

countries inorganic arsenic compounds can no longer be used in agriculture, 

organic arsenic compounds are still used as pesticides [17]. In addition, activities 

in mining areas enhance the mobilization of arsenic and other co-pollutants. The 

use of arsenic contaminated groundwater for irrigation purposes in crop fields 

also elevates the arsenic contamination [16]. 

Arsenic is used in alloys, lead-acid batteries for automobiles and small quantities 

of elemental arsenic are added to other metals to form metal mixtures or alloys. 

Others processes as wood preservation, combustion of fossil fuels, and urban 

wastes are additional pathways for environmental arsenic problems and the 

contamination of soil sediments, water and food chain [18, 20].  

The wood preservation with chromated copper arsenate (CCA) (hexavalent 

chromium, and pentavalent arsenic) is no longer used in several countries. 

However, constructions older than 20 years may still contain these compounds. 

As CCA is a water-soluble inorganic pesticide, it can be eluted from CCA-treated 

wood by exposure to rainwater or diffused in the air if the CCA-treated wood is 

incinerated. In Japan, for example, an earthquake in 2011 generated about 20 
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million tons of debris mainly from destroyed wooden houses which may contain 

high levels of chromium, copper and arsenic [21]. In the USA, the picnic tables 

have to be coated with an appropriate penetrating oil every two years to minimize 

the leaching of the toxic compounds and the adverse dermal contact [22]. 

Chromium was isolated and discovered as an element in 1797 from a sample of 

crocoite (PbCrO4), a mineral used as pigment. It occurs naturally on Earth’s crust 

in an average of 100 mg kg-1 as constituent of the granitic and basaltic igneous 

rocks, limestone, sandstones and ultramafic rock [23]. Besides the crocoite, 

chromium is found in other minerals as chromite (FeCr2O4), vauquelinite 

(CuPb2CrO4PO4OH), tarapacaite (K2CrO4) and bentorite (Ca6(CrAl)2(SO4)3). 

The major reserves of chromium are localized in China, India, Kazakhstan and 

South Africa, being 95% of the world reserves localized in the last two countries. 

Depending on the environmental conditions, it may continue in the original 

minerals or co-precipitated with manganese, aluminum and iron oxides and 

hydroxides, which are usually adsorbed on soil particles or complexed with soil 

organic compounds [24]. Chromium can occur in oxidation states ranging from 

−2 to +6. However, only trivalent (Cr(III)) and hexavalent (Cr(VI)) species are 

stable. The most common form that naturally occurs in the environment is Cr(III), 

which is insoluble in natural waters under near neutral conditions, presenting 

very low mobility and bioavailability. On the other hand, under strong oxidizing 

conditions, Cr(VI) can occur and persists in polyatomic anionic forms [23]. In 

fact, these two common forms are extremely different in charge, toxicity and 

physicochemical properties, being the speciation indeed an essential parameter 

[25]. 

Chromium has a large range of uses in the metals and chemical industries, as 

stainless steel and noniron alloys production, electropainting, pigments, leather 

processing, catalysts, surface treatments, wood preservation and refractories 

bricks. Its use in alloys enhances the metal resistance to impact, corrosion and 
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oxidation, providing, at the same time, toughness and brittleness. This application 

is responsible for consuming about 80% of the chromium extracted from mines 

[22]. Both Cr(III) and Cr(VI) may occur in wastewaters derived from these 

processes and get in the environment from several sources such as direct 

infiltration of leachate from landfill disposal of solid and mining wastes, sewage 

sludge, industrial lagoons, wood preserving facilities and other industrial 

operations. These anthropogenic sources are the main source of the hazardous 

chromium form in the environment [23]. 

 

1.1.2 Distribution of arsenic and chromium in natural waters and environmental 

impact 

In nonpolluted natural waters arsenic concentration is, usually, in the range from 

1 to  10 µg L-1 (0.013 – 0.133 µM) [26]. However, depending on the 

characteristics of the aquatic system this range can change. Values for 

groundwater can be found in the range from 0.5 to 5000 µg L-1 (0.007 – 67 µM), 

in surface waters as rivers the typical range is from 0.1 to 2 µg L-1 (0.001 – 0.027 

µM), in lakes usually lower than 1 µg L-1 (0.013 µM), and in sea water the 

average is calculated as 3.7 µg L-1 (0.05 µM) [27]. Nevertheless, there is an 

estimation of 226 million of persons in around 105 different countries exposed 

to water contaminated with arsenic in concentrations from 9 to 900 times higher 

than the recommended [28]. Figure 1.1 shows the arsenic concentration in 

contaminated ground or surface water in 16 different countries: Argentina [29], 

Bangladesh [30], Brazil [31], Chile [29], China [32], Finland [33], Hungary [33], 

India [34], Iran [35], Ireland [36], Japan [33], Mexico [29], New Zealand [33], 

Spain [37], USA [28] and Vietnam [38].  

Groundwater aquifers, generally, have physical and geochemical conditions that 

favor the arsenic mobilization and accumulation, and consequently the water 

compartment presents the highest arsenic concentrations [16, 39]. The 
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concentrations of arsenic reported in Bangladesh, Brazil, Finland, Hungary and 

Mexico (Figure 1.1) are from groundwater samples. The groundwater proprieties 

as pH, oxidation-reduction potential, presence of organic matter and salt ions, as 

well as chemical processes (dissolution/precipitation), microbiological 

transformations, physicochemical processes (adsorption/desorption) and ion 

exchange influence directly the arsenic speciation and availability [19, 29]. For 

example, under oxidizing condition (high redox potentials) the most common 

arsenic species are As(V) oxyanions, on the other hand at reducing conditions the 

As(III) is the main species [33]. Another factor that influences the arsenic 

presence in groundwater is the geothermal activity, and New Zealand and Japan 

are good examples (Figure 1.1). In the aquifers with arsenic-containing rocky and 

geothermal activity, the warm water can solubilize the arsenic from the rocky and 

turn the water rich in minerals [19]. 

 

 

Figure 1.1 - Arsenic concentration in ground or surface water in different 

countries. 
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In surface waters, the natural arsenic presence depends on the bedrock 

composition, the baseflow influence and the surface recharge formation [39]. 

Chile, India and Spain are countries where river waters contain much arsenic 

(Figure 1.1). 

In seawater the major fraction of the total arsenic stays bound on the suspended 

particulate materials and only a small part remains in solution, being the arsenate 

ion the most thermodynamically stable species [33]. Furthermore, the arsenate 

levels depends on the water salinity, redox potential and river flow rate [16]. In 

the literature, the oceanic arsenic concentration is reported in the range from 1 to 

2 µg L-1 (0.013 – 0.027 µM) and the average calculated in seawaters with 3.6% 

of salinity is 1.7 µg L-1 (0.023 µM) [19, 27]. 

Total chromium concentration in freshwater generally ranges from 0.1 to 

6.0 µg L−1 (0.002 – 0.115 µM), with an average of 1.0 µg L−1 (0.02 µM), while 

in seawater it ranges from 0.2 to 50 µg L−1 (0.013 – 0.027 µM) with an average 

of 0.3 µg L−1 (0.006 µM). In natural water systems, Cr(III) is the most common 

chromium form naturally occurring. Unless the pH is extremely low, the Cr(III) 

is mostly immobile and natural waters contain it only in trace amounts. However, 

Cr(VI) can occur and persists as anionic form under strongly oxidizing conditions 

[23]. 

The main source of chromium contamination is related to anthropogenic 

activities and it is located near industrial activities or where the natural reserves 

are present. India, Eastern Africa, South America and China were reported by the 

Blacksmith Institute’s Toxic Sites Identification Program as the regions with 

more significant chromium contamination [24]. In the State of Minas Gerais, 

Brazil, the chromium contamination in rivers and sediments was related to 

tannery discharges, resulting in fish chromium levels 35 times higher than the 

Brazilian recommendation value for human consumption [40]. In the USA, 

California and some high urbanized states reported significant Cr(VI) 
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contamination, affecting drinking water supply wells and other water sources 

[22]. 

 

1.1.3 Arsenic and Chromium Speciation 

Arsenic is a metalloid belonging to the group 15 of the periodic table. It is mostly 

found in natural waters in the inorganic form as oxyanions of trivalent arsenite 

(As(III)) or pentavalent arsenate (As(V)). The organic arsenic may be produced 

by biological activity or in waters impacted by industrial pollution [39]. Arsenic 

is disposed to mobilization at a broad range of pH, including the near neutral 

values normally found in groundwater, and in redox potential under both 

oxidizing and reducing conditions [19]. 

The redox potential (E) and the pH solution are the most important parameters as 

concerns arsenic speciation. The species H2AsO4
− and HAsO4

2− are typically 

found in positive E values (oxidative conditions) and pH range from 4 to 8. At 

extremely lower or higher pH values the predominant species are H3AsO4 and 

AsO4
3−, respectively. However, in negative E values (reducing conditions) the 

H3AsO3 predominates for acid and near neutral pH values (pH values lower than 

9.2) [16, 19]. In solution, arsenate is present as H3AsO4, a triprotic acid, and the 

deprotonated forms are H2AsO4
− (pKa1 = 2.24), HAsO4

2− (pKa2 = 6.96) and 

AsO4
3− (pKa3 = 11.50) [41], while arsenite occurs as H3AsO3 and its 

deprotonated forms are H2AsO3
− (pKa1 = 9.2) and HAsO3

2−  (pKa2 = 12.7) [29, 

39]. At Figure 1.2 is represented the distribution diagram of arsenite and arsenate 

species as a function of pH. It is important to mention that the As(III)/As(V) ratio 

in groundwater is variable and depends on the aquifers oxidizing or reducing 

conditions. Furthermore, in contrast to the other oxyanion-forming 

metal/metalloids, arsenic barely precipitates at near neutral pH and commonly is 

not adsorbed by metal oxides or clays [16, 19]. 
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Figure 1.2 - Arsenic Pourbaix diagram ([As] = 0.013 mM). 

 

Chromium is a metal belonging to group 6 in the periodic table. It can present 

oxidation numbers from 0 to VI, however, only trivalent (Cr(III)) and hexavalent 

chromium (Cr(VI)) are stable in environmental conditions. Cr(III) is the most 

stable form in natural water conditions, however, in specific conditions Cr(VI) 

can naturally occur too. The Aromas Red Sands aquifer is an example, where the 

manganese oxides possibly oxidized the Cr(III) mineral deposits making the 

Cr(VI) available in the aquifer [42]. While Cr(III) adsorbs on soil particles, 

showing low mobility and bioavailability, Cr(VI), on the other hand, is a strong 

oxidant, with high mobility due to its clay repulsion. In aqueous media, Cr(VI) 

can exist in several anionic species and it is highly soluble in a wide pH range 

[23]. In oxygenated surface waters, not only pH and O2 concentration, but also 

the nature and concentration of reducers, oxidants and complexing agents play 

an important role in the Cr(III)/Cr(VI) ratio [25]. Figure 1.3 shows the 

distribution diagram of Cr(III) and Cr(VI) species as a function of pH. 
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Figure 1.3 - Chromium Pourbaix diagram ([Cr] = 0.02 mM). 

 

1.1.4 Toxicity and human health 

Since the beginning of the last century, arsenic poisoning cases were often 

reported around the world. Furthermore, the presence of arsenic in mummies 

from the northern Chile region suggests that contamination by arsenic may have 

occurred 7000 years ago in the indigenous local population [29, 43]. The arsenic 

entrance in the human body could be via respiratory or oral, by dust and fumes 

or contaminated water and food. The arsenic toxicity depends on its forms 
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As(V) were able to overpass the mammal placenta during pregnancy and in 

humans similar arsenic concentrations in cord blood and maternal blood were 

observed, after mother exposure to drinking water contaminated with arsenic. In 

addition, exposure to inorganic arsenic during pregnancy may induce abortion, 

congenital malformations and children cognitive development deficiencies [29, 

44, 45].  

Arsenic is assumed to have a lot of damaging effects caused by acute and chronic 

exposition that at the cellular level contribute to genotoxicity, oxidative stress 

and altered DNA repair capacity. As matter of fact, in 2012 the International 

Agency for Research on Cancer (IARC) classified arsenic and its inorganic 

compounds as “carcinogenic to humans” (group 1). In addition, numerous studies 

have reported other adverse health effects including reproductive outcomes, 

cardiovascular, renal and lung diseases, hyperpigmentation and keratosis, 

weakness, anemia, burning sensation of eyes, solid swelling of legs, liver fibrosis, 

gangrene of toes, etc. [20, 33, 46, 47]. Long-term exposure to arsenic, for 

example by the consumption of contaminated drinking water over a long period 

of time, may cause the chronic illness named arsenicosis. This disease starts with 

the arsenic detection in the patient urine or body tissue samples but without other 

symptoms and may culminate with the development of skin, lung or bladder 

tumors or cancers [20].  

Chromium toxicity is highly dependent on its oxidation state. While Cr(VI) is 

toxic to plants, animals and microorganisms, Cr(III) is an essential dietary 

nutrient for humans [48]. Cr(VI) causes substantial damaging effects on human 

health including lung cancer, and kidney, liver and gastric injury. A common 

form of Cr(VI) is the chromate ion (CrO4
2–). Chromates are oxidizing agents that 

are able to cross the membrane cells and once inside the cell can promote the free 

radicals formation by the reduction of Cr(VI) to Cr(III). These free radicals may 

cause damages on the DNA structures during their replication [25]. 
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Chromium has no perceptible odor or taste, and its ingestion by drinking 

contaminated ground or surface water is the main intoxication via. Dermal 

contact can occur through bathing or washing with contaminated water and may 

cause skin allergies, dermatitis, dermal necrosis and corrosion [22]. Inhalation is 

also an important human exposure pathway, being associated with exposure to 

industrial processes such as welding, cutting, heating chromium alloys, which 

can induce to nasal septum perforation, asthma, bronchitis, pneumonitis, larynx 

and liver inflammation [25]. Some scientists suggest that Cr(VI) can cause cancer 

even when inhaled as an aerosol by showering in Cr(VI)-contaminated water 

[22]. 

 

1.1.5 Analytical techniques 

Instrumental analytical methods for arsenic and chromium quantification include 

flame atomic absorption spectroscopy (FAAS), graphite furnace atomic 

absorption spectrometry (GFAAS), electrothermal atomic absorption 

spectrometry (ETAAS), hydride generation followed by atomic absorption 

spectroscopy (HG-AAS), ultraviolet-visible spectroscopy (UV-vis), inductively 

coupled plasma – mass spectrometry (ICP-MS), neutron activation analysis 

(NAA) and anodic stripping voltammetry (ASV). These technics present 

detection limits (DL) in the order of g L-1 and ng L-1, which is coherent with the 

maximum contaminant levels allowed in drinking water. Since the chemical and 

toxicological properties change with the oxidation states, the speciation in 

environmental samples is very important. For aqueous matrices, this could be 

simpler than for biological fluids and other complex samples [49]. However, 

usually, a combination of chromatographic separation and preconcentration 

techniques is necessary for arsenic and chromium speciation and detection [50]. 

A brief overview of some technics for arsenic and chromium analysis and 

speciation is presented in Table 1.2. 
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Table 1.2 - Analytical techniques for arsenic and chromium determination.  

Species determined Method 
DL 

(g L-1) 

DL 

(M) 
Ref. 

Colorimetric techniques - Ultraviolet-visible spectroscopy (UV-vis) 

As(V) Molybdenum blue 1 0.013 [51] 

As, As(III), As(V) Silver diethyldithiocarbamate 1 0.013 
ISO 

6595 

Cr(VI) 1,5-Diphenylcarbazide 2 0.038 [52] 

Cr, Cr(III), Cr(VI) 
Oxidation of Celestine blue by H2O2 in the presence of 2,2′-bipyridyl 

and cetylpyridinium chloride 
0.65 0.013 [53] 

Flame atomic absorption spectroscopy (FAAS) 

Cr(VI) 
Electro-membrane extraction followed by flame atomic absorption 

spectrometry (IEME-FAAS) 
0.003 6 × 10-5 [54] 

Hydride generation followed by atomic absorption spectroscopy (HG-AAS) 

As(III) 
Cloud point extraction followed by hydride generation atomic 

absorption spectrometry (CPE-HGAAS) 
0.008 1 × 10-4 [55] 

Graphite furnace atomic absorption spectrometry (GFAAS) 

As, As(III), As(V) 

Solid phase extraction coupled with dispersive liquid–liquid 

microextraction based on the solidification of floating organic drop 

followed by graphite furnace atomic absorption spectrometry (SPE-

DLLME-SFO-GFAAS) 

0.003 4 × 10-5 [56] 

Cr Graphite furnace atomic absorption spectrometry (GFAAS) 0.09 0.002 [57] 

Electrothermal atomic absorption spectrometry (ETAAS) 

As(III), As(V) 
Solid-phase extraction with carbon nanotubes followed by 

electrothermal atomic absorption spectrometry (SPE-ETAAS) 
0.02 3 × 10-4 [58] 
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Species determined Method 
DL 

(g L-1) 

DL 

(M) 
Ref. 

Inductively coupled plasma – mass spectrometry (ICP-MS) 

As(III),  

As(VI),  

Cr(III),  

Cr(VI) 

High performance liquid chromatography with inductively coupled 

plasma mass spectrometry (HPLC–ICP-MS) 

0.18 

0.22 

0.11 

0.17 

0.002 

0.003 

0.002 

0.003 

[59] 

As,  

Cr 
Inductively coupled plasma mass spectrometry (ICP-MS) 

0.01 

0.01 

1 × 10-4 

2 × 10-4 
[60] 

Cr(III), Cr(VI) 
High performance liquid chromatography with inductively coupled 

plasma mass spectrometry (HPLC–ICP-MS) 
0.1 0.002 [61] 

X-ray fluorescence (XRF) 

Cr X-ray fluorescence (XRF) 0.59 0.01 [62] 

Electroanalytical techniques 

As(III) Differential pulse anodic stripping voltammetry (DPASV) 0.02 3 × 10-4 [63] 

Cr(VI) Photoelectrochemical sensor (PEC) 0.3 0.006 [64] 

Others techniques 

Cr(III) Gravity and capillary force-driven flow hemiluminescence (GCF-CL) 6.2 0.1 [65] 
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1.2 Arsenic and chromium removal from water/wastewater 

Several treatment options for water and wastewater contaminated with arsenic 

and chromium have been utilized over the years, including chemical and 

electrochemical precipitation, oxidation/reduction processes, ion exchange, 

membrane separation, flotation, solvent extraction, evaporation, adsorption and 

phytoremediation. This section contains a brief overview of the treatment 

techniques, with special attention on the advanced oxidation/reduction processes. 

Figure 1.4 summarizes some techniques for the remediation of arsenic and 

chromium contaminated waters. 

 

 

Figure 1.4 - Techniques for the remediation of arsenic and chromium 

contaminated waters. Adapted from Nidheesh and Anantha Singh [66], Singh et 

al. [34] and Mazur et al. [67].    
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1.2.1 Adsorption 

Adsorption has been recognized as one of the most available treatment options 

because of its low cost and high efficiency. It is a mass transfer process, in which 

the chemical or physical forces on the adsorbent surfaces drives a substance from 

the liquid phase to the solid, remaining adhered by bounding [68]. In addition, it 

is easily operated and there is a large availability of adsorptive materials, from 

the widely used activated carbon to the raw and modified biopolymeric materials 

[69, 70].  

As an example, bismuth activated carbon was used for the binding of arsenite and 

dichromate. The arsenic removal was mainly achieved by ligand exchange while 

in the chromium sorption the most important role was a metal reduction in 

combination with electrostatic phenomenon [71]. Activated carbon doped with 

iron hydroxide and manganese dioxide was used for As(III) adsorption. This 

material has the advantage of a large surface area due to the active carbon and 

oxidative property due to the FeOOH and MnO2 presence, which allows the 

oxidation of As(III) into As(V). Under optimized conditions, the adsorption 

capacity of As(III) was 1 mmolAs gadsorbent
-1 at pH 3 [72]. Chitosan is another 

material commonly used in adsorption studies. Kumar et al. [73] reported the 

chitosan functionalization by graphene oxide to improve arsenic adsorption from 

aqueous solutions. They pointed out several interactions such as cationic and 

anionic, electrostatic and intermolecular hydrogen bonding between the 

adsorbent and arsenic oxyanion species. In feldspars, the As(V) adsorption is 

reported to follow a pseudo second-order kinetics and it is guided by the 

electrostatic forces between the terminal aluminol groups and the arsenic in 

acidic medium [74]. However, over a macroporous polymer coated with 

coprecipitated iron-aluminium hydroxides, the As(III) adsorption follows a 

pseudo-second order model while As(V) adsorption follows a pseudo-first order 

kinetic model. The polymer shows a maximum adsorption capacity of 
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1.1 mmolAs gadsorbent
-1 for As(III) and it is attributed to the formation of a bidentate 

mononuclear complex with iron sites. For the As(V) a 0.7 mmolAs gadsorbent
-1 

adsorption capacity was observed due to the formation of a bidentate binuclear 

complex with aluminum on the adsorbent [75]. 

Activated carbons have been widely used for the adsorption of Cr(VI), in which 

the micropores could physically adsorb Cr(VI) from water via the Van de Waals 

forces. [76]. However, the diffusion capacity in micropores is limited, being the 

use of mesoporous carbon an alternative. Zhou et al. [76] reported the use of 

Fe3O4-loaded mesoporous carbon microspheres for Cr(VI) removal. The material 

showed an adsorption capacity of 3 mMCr gadsorbent
-1 and a regeneration ability of 

2.4 mmolCr gadsorbent
-1 during five adsorption–desorption cycles. In addition, the 

adsorbent could be rapidly separated from the solution by a simple magnetic 

process. Moreover, a lot of attention has been focused towards the utilization of 

cheaper adsorbents [77]. The adsorption mechanism of Cr(VI) uptake onto 

bamboo charcoal grafted by Cu2+-N-aminopropylsilane complexes was 

investigated by We et al. [77]. The authors reported a maximum adsorption 

capacity of 0.3 mmolCr gadsorbent
-1 driven by a pseudo second-order kinetic model. 

Similarly, the dead biomass of isolated Aspergillus fungal species immobilized 

in epichlorohydrin crosslinked cellulose showed a Cr(VI) adsorption capacity of 

0.5 mmolCr gadsorbent
-1 [69]. In turn, the low cost adsorbent Hibiscus Cannabinus 

kenaf showed a maximum Cr(VI) uptake of only 11 μmolCr gadsorbent
-1 [78]. 

However, even though the adsorption technique has several advantages, handling 

and disposal of the waste sludge is still a problem that limits their expansion in 

industrial applications [71]. 

 

1.2.2 Coagulation 

In colloid chemistry, coagulation or electrolytic coagulation is defined as the 

aggregation of colloidal or fine particles in a medium through the addition of 
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electrolytic ions. It has been widely used for the treatment of water contaminated 

with several pollutants classes [68]. This method, as the adsorption, has the 

advantages of simple operation, low-cost and viability with easy handling of 

coagulants (FeCl3, FeSO4, Al2(SO4)3) [79]. 

Since the early 1970s, the coagulation process for As(V) removal from water has 

been performed and several studies have been conducted to improve the process 

and to understand the cleaning mechanism. Currently, the use of iron or 

aluminium salts as coagulants is a common process to eliminate arsenic from 

water [68]. Through the use of NaHCO3, KMnO4 and FeCl3, an initial arsenic 

concentration of 1.33 mM was reduced to concentrations below 0.03 mM along 

with iron removal to concentrations below 1.8 μM [79]. Using iron salts in 

enhanced coagulation (coagulant in excess) the Cr(VI) removal can achieve 

almost 100% [80]. However, the coagulation processes are subject to several 

drawbacks including time consuming, low efficiency when dealing with residual 

pollutants content, additional consumption of chemical reagents, high operating 

cost, as well as a great deal of secondary pollutants [81] 

 

1.2.3 Electrochemical methods 

At the end of the 18th century the electrocoagulation was first reported to treat 

sewage. However, its application is still restricted due to the large initial capital 

investment and high energy consumption [81]. Usually, aluminum or iron are 

used as metal electrodes and according to the complex precipitation kinetics, 

series of hydroxides/oxyhydroxides are electrochemically formed. These species 

(Fe(OH)2, Fe(OH)3, Al(OH)3, FeOOH, AlOOH) have a large surface area that 

can aggregate or adsorb the dissolved pollutants. Parallelly, hydrogen bubbles 

are generated by cathodic reduction and are able to promote the flotation of the 

suspended particles, leading to additional pollutants removal [66]. 
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The arsenic removal by electrocoagulation process was studied by Vasudevan et 

al. [82], using an aluminum alloy as anode and stainless steel as cathode, with a 

current density of 0.2 mA dm-2, achieving 98.4% removal efficiency. Beyond 

that, the treatment of well water contaminated with arsenic in La Comarca 

Lagunera, México, was studied by Parga et al. [83], using a carbon steel electrode 

in a pilot plant. The authors obtained 99.7% of arsenic removal attributed to the 

magnetite formation. 

The treatment of an electroplating wastewater with high Cr(VI) content by 

electrocoagulation was studied by Tezcan Un et al. [84]. At the best conditions 

(current density of 20 mA cm-2, pH 2.4 and 0.05 M NaCl as electrolyte) the initial 

Cr(VI) concentration of 19 mM was almost completely removed over an energy 

cost of 2.68 kWh m-3. Additionally, the sludge obtained was used as raw material 

to produce reddish brown and black inorganic pigments. Hamdan et al. [85] 

employed Fe–Fe electrode pair to achieve 100% (considering the detection limit 

of the analytical method) chromium removal in 5 min over electrocoagulation 

process (current density of 7.94 mA cm-2, and pH 8), with an estimated energy 

consumption of 0.6  kWh m-3. Furthermore, the treatment of a metal plating 

wastewater containing copper, chromium and nickel by electrocoagulation with 

iron and aluminum electrodes was investigated by Akbal et al. [86]. At the 

optimum conditions, current density of 10 mA cm-2 and pH 3.0, a removal of 

100% (considering the detection limit of the analytical method) was obtained for 

all three metals in 20 min, corresponding to an energy consumption of 

10.07 kWh m-3. 

 

1.2.4 Ion exchange 

Ion exchange is a physical-chemical sorption process where an ion from the solid 

phase is exchanged for other ion from the solution [87]. It is a process with 

reversible interchange [68]. 
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The arsenic removal by ion exchange was tested with the nano-composite based 

on N-methyl-D-glucamine groups. The resin showed high arsenic removal 

efficiency, reaching, even in the presence of interfering anions, arsenic 

concentrations below the WHO recommendation. The equilibrium binding was 

well described by Langmuir isotherms and the binding capacity was 

approximately 0.7 mmolAs gresin
-1 [88]. In other study, an amine-doped acrylic ion 

exchange fiber showed an ion exchange capacity of 7.5 mEq g-1 for As(V). In 

addition, the fiber exhibited a removal efficiency above 83% after nine 

regeneration cycles [87]. 

Cation and anion exchangers synthesized with long-chained cross-linking agents 

were reported by Kononova et al. [89] to have a high selectivity and good kinetic 

properties, allowing 100% of chromium and manganese recovery in counter-

current columns. Besides the complete solution purification, the valuable metal 

components could be returned back to the industrial process. The natural resin 

Pelvetia canaliculata was reported to allow a synergistic effect for the treatment 

of an electroplating wastewater containing hexavalent and trivalent chromium. 

The brown algae was able to reduce the Cr(VI) to Cr(III) at acidic pH and bind 

by cation exchange the generated Cr(III). The protonated P. canaliculata showed 

a Cr(VI) reduction capacity of 2.3 mmol g-1 and a Cr(III) uptake capacity of 

1.9 mmol g-1 [90]. 

 

1.2.5 Membrane separation 

In the membrane separation process, the use of semipermeable membranes 

selectively, permeable to water and certain solutes, allows the separation of target 

particles from the solution. There are several membrane separation alternatives, 

including microfiltration, reverse osmosis, electrodialysis, ultrafiltration, and 

nanofiltration [68]. 
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Although reverse osmosis is reported to be one of the best alternatives for arsenic 

removal, it is a very expensive process. Since operating pressures in 

nanofiltration are lower than the ones in reverse osmosis, the nanofiltration 

process could be easily applicable. Thus, the efficiency of arsenic removal from 

naturally contaminated groundwater was evaluated in a nanofiltration pilot plant. 

The rejection over 95% HAsO4²
- was achieved using a process integral evaluation 

at 7 bar [91]. In other study, combining the coagulation by Fe(III) with the 

microfiltration, it was obtained 97% of arsenic removal at pH 7. The treatment 

cost using this system was evaluated as USD$ 0.066 per cubic meter of treated 

water [92]. 

The fabrication of a membrane for Ni(II) and Cr(VI) nanofiltration was 

investigated by Hosseini et al. [93]. The membrane was fabricated with 

poly(acrylonitrile) as the main material and poly(ethylene glycol) and TiO2 as 

addictive. Under optimized conditions, nickel and chromium rejection were 87 

and 83%, respectively. Moreover, using commercial composite polyamide 

membranes (PN40 and NF300), Gaikwad et al. [94] obtained a Cr(VI) and 

fluorine rejection of 88% and 82% with PN40 and 97% and 92% with NF300 

membranes, respectively. 

However, the implementation of these technologies has some drawbacks, as the 

generation of large residual sludge volumes, high energy consumption for the 

system pressurization (driving force), the regeneration of ion exchange resin or 

membrane cleaning. In addition, the generation of residual by-products can be a 

further potential source of secondary pollution [95] 

 

1.2.6 Phytoremediation, bioremediation, biosorption and biofiltration 

Phytoremediation consists in the use of living plants to remove a certain 

contaminant by bioaccumulation or to reduce its toxicity. The arsenic removal by 

rhizosphere of helophytes was investigated in a laboratory-scale constructed 
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wetland. An artificial domestic wastewater containing arsenic was used in the 

process. The results showed a better performance under carbon deficiency, 

oxidizing conditions and elevated sulfate concentration. The arsenic mass 

balance indicated that 42.2% was accumulated within the plant roots, 17.2% 

remained within the gravel bed sediments, 16.2% was recovered in the pore 

water, 15.3% was in the outflow and 9% was considered as unaccountable [96]. 

Nonetheless, in a horizontal subsurface flow pilot-scale constructed wetland for 

the chromium removal it was found an important substrate contribution in the 

chromium retention (61%), while the accumulation in plant was relatively low 

(0.24% in stems and leaves and 0.26% in roots) [97]. 

Although arsenic has an elevated human toxicity, a wide variety of 

microorganisms, mainly bacteria, can use it in redox reactions for growth and 

anaerobic respiration [98]. As an example, the bacteria Pseudomonas stutzeri 

TS44 contains genes for arsenite oxidation and arsenic resistance that allow the 

bacteria application for arsenite removal from the environment [99]. Similarly, 

chromium bioremediation by fungi and bacteria have been employed through 

biosorption, chromate reduction and bioaccumulation. While bacteria mainly 

promotes the Cr(VI) reduction, fungi present a good biosorption mechanism. The 

Bacillus methylotrophicus was isolated from tannery sludge and studied through 

chromate reduction. At optimized conditions, the bioremediation process showed 

91.3% chromate reduction in 48 h [100]. 

In an innovative biosorption process, the macroalgae Gracilaria and 

Oedogonium were treated with iron and transformed into Fe-biochar by slow 

pyrolysis. The produced Fe-biochar showed higher biosorption capacity for 

arsenic and molybdenum: 0.8 – 1.1 mmolAs gsorbent
-1 and 0.7 – 

0.8 mmolMo gsorbent
-1, respectively [101]. In the same way, Laminaria seaweed 

was used in its protonated form as an effective biosorbent for trivalent chromium 
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removal from aqueous solutions, showing a maximum uptake capacity of 

0.8 mmolCr gsorbent
-1 at pH 4 [102]. 

Biofilters are formed through a set of microorganisms fixed in a porous medium. 

The support media coated by a thin layer of iron or manganese oxides for 

metals/metalloids removal from water is a long term established filtration 

method. However, an innovative variant of this approach is the biological 

adsorptive filtration. This technique consists in the use of a biofilter with native 

iron and manganese oxidizing microorganisms, which can naturally coating the 

supports. Thus, arsenic species can be removed from the groundwater by a 

combination of biological and physico-chemicals sorption processes: the 

oxidation and adsorption onto the biogenic iron and manganese oxides [103]. In 

other study, the As(III) removal using biological/iron/manganese combined 

oxidation systems leads to a decrease in the arsenic concentration from 2.0 to 

0.13 mM. The genetic diversity of the microorganisms along the depth of the 

biofilter was investigated and the results suggested that the iron oxidizing 

bacteria (Gallionella and Leptothrix), the manganese oxidizing bacteria 

(Hyphomicrobium and Arthrobacter) and arsenic oxidizing bacteria (Alcaligenes 

and Pseudomonas) were dominant in the biofilter [104]. 

 

1.2.7 Oxidative/Reductive processes 

The arsenic chemical oxidation is feasible over various oxidant agents. Zhang et 

al. [105] compared the As(III) oxidation by potassium permanganate, sodium 

hypochlorite, monochloramine and chlorine dioxide. The oxidation reactions are 

described by Eqs. (1.1) - (1.5): 

 

H3AsO3 + NaClO →  H2AsO4
− + Na+ + Cl− + H+ (1.1) 

H3AsO3 + 2MnO4
−  →  3H2AsO4

− + 2MnO2 + H2O + H
+ (1.2) 
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H3AsO3 + 2ClO2 + H2O → H2AsO4
− + 2ClO2

− + 3H+ (1.3) 

5H3AsO3 + 2ClO2 + H2O → 5H2AsO4
− + 2Cl− + 7H+ (1.4) 

H3AsO3 + NH4Cl + H2O → HAsO4
2− + NH4

+ + Cl− + 2H+ (1.5) 

 

Using the potassium permanganate and sodium hypochlorite the As(III) 

oxidation was 80% after 1 and 5 min, respectively. However, using 

monochloramine and chlorine dioxide only 70% and 50% of As(III) oxidation 

was achieved after 2 days [105]. 

Fe(II) is one of the dominant Cr(VI) reducing agents. CL:AIRE [106] reported a 

real case of groundwater contamination with Cr(VI) where the application in situ 

of an acidified solution of ferrous sulfate heptahydrate led to 99.95% of Cr(VI) 

removal by a reductive precipitation mechanism. In this process, the Cr(VI) was 

reduced to Cr(III) (Eq. (1.6)), and further precipitated as Cr(OH)3 (Eq. (1.7)), at 

neutral pH [107]. 

 

Cr6+ +  3Fe2+  →  Cr3+ +  3Fe3+ (1.6) 

Cr3+ + 3OH-  →  Cr(OH)3 (s) (1.7) 

 

The main drawback of this treatment system for Cr(VI) containing industrial 

wastewaters is the high amount of iron required and the generation of great 

amounts of sludge, that need further treatment. Additionally, Fe(II) is generally 

considered to reduce Cr(VI) quickly at acidic conditions, but rate constants at 

near-neutral pH values have not been reported. 

Among the chemical oxidation technologies, the advanced oxidation processes 

are by definition processes where the hydroxyl radical (OH•) acts as the main 

oxidant agent. It is a radical with a high oxidizing potential (Eo = 2.8 V) able to 

react with virtually all classes of organic and inorganic compounds in relatively 

short times [105]. However, some AOPs techniques can also generate electrons 
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or reducer species and can be applicable to reducing processes. In the next 

section, these processes are discussed over their fundamental characteristics and 

in regard to the arsenic and chromium treatment. 

 

1.3 Advanced oxidation/reduction processes 

Different reactions can lead to the hydroxyl radical generation, being the most 

popular ozonation, hydrogen photolysis by UVC, iron based process (mainly the 

Fenton reaction) and heterogeneous photocatalysis (mainly TiO2 as catalyst). 

These processes can be divided into homogeneous or heterogeneous if the 

reactants are in the same phase (O3, UVC/H2O2 and Fenton) or not 

(semiconductor/UV and Electro-Fenton). They can be also differentiated in 

photochemical (UVC/H2O2, semiconductor/UV and photo-Fenton) and non-

photochemical (O3 and Fenton), when in presence or absence of radiation, 

respectively.  Among the photochemical AOPs, iron based processes and 

heterogeneous photocatalysis are able to initiate both oxidative and reductive 

processes, being applicable to promote the Cr(VI) reduction and As(III) 

oxidation, while the UVC/H2O2 processes is applicable only to generate OH 

radicals and, consequently, can be used for As(III) oxidation.  

 

1.3.1 Iron based processes 

The Fenton reaction is the most used iron based process. It is described by the 

reaction of ferrous ions with hydrogen peroxide (Eq. (1.8)). In the photo-Fenton 

reaction, the UV-Vis radiation enhances the OH radical production by forming 

a catalytic cycle through the photo-reduction of ferric ions to ferrous ions 

(Eq. (1.9)).  
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Fe2+ + H2O2  →  Fe
3+ + OH− + OH  (1.8) 

Fe3+ + H2O + hv →  Fe
2+ + H+ + OH (1.9) 

 

The ferric species with high quantum yields ( - moles of product formed or 

reagent consumed per moles of photons absorbed) are the hydroxide complexes 

Fe(OH)2+ and Fe(RCO2)
2+. These species allow the photo-induced ligand-to-

metal charge-transfer (LMCT) to promote the Fe(II) regeneration [108, 109]. Liu 

et al. [110] studied the use of Fe(III)–OH complexes to promote the reduction of 

Cr(VI) and, simultaneously, the oxidation of bisphenol A (BPA) in a 

photocatalytic system. The results showed a synergic effect in the ternary system: 

both Cr(VI) photocatalytic reduction and BPA degradation rates were higher in 

the Fe(III)/Cr(VI)/BPA system.  

However, this process has some drawbacks including a strict pH control (2.8–

3.5) to avoid iron oxyhydroxides precipitation and to maximize the concentration 

of photoactive species. Therefore, the low efficiency of these processes at neutral 

pH can be avoided by adding iron complexing agents. Actually, polycarboxylates 

and aminopolycarboxylates can form stable complexes with Fe(III), which 

absorb light in the near-UV and the visible regions (up to = 440 nm) more 

efficiently than the hydroxide complexes [111]. In fact, since the early 19th 

century, it has been reported the Fe(III) reduction to Fe(II) with the generation of 

some reactive species by photochemical dissociation of hydroxylated Fe(III) 

complexes (Eq. (1.10)) [112]. Depending on the organic ligand, the Fe(III) 

complexes exhibit different quantum yields in different wavelengths [113, 114]. 

Table 1.3 shows some Fe(III) complexes and their respective quantum yields. 

 

[Fe3+L] + ℎ𝑣 →  [Fe3+L]∗ → Fe2+ + L (1.10) 
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Table 1.3 - Quantum yield for the photoreduction of Fe(III) by various carboxylic 

acids [115]. 

Carboxylic acid (CA) 
 - CA:Fe = 5  - CA:Fe = 167 

pH = 2.7 pH = 4.0 pH = 2.9 

Oxalic acid 0.65 0.30 0.32 

L(+)-Tartaric acid 0.40 0.58  

Citric acid 0.28 0.45 0.17 

Succinic acid   0.26 

Formic acid   0.13 

Acetic acid   null 

 

Summarizing, the main advantages of using ferricarboxylate complexes can be 

pointed as: i) quantum yields higher than ferric iron-water complexes; ii) reaction 

in a higher fraction of the radiation spectrum, up to 440 nm; iii) allows working 

at neutral pH values [111]. Besides the type of organic ligand, a careful control 

of iron:ligand ratio is essential to ensure the process efficiency. The effect of 

ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), oxalic acid, 

and tartaric acid ratio was investigated by De Luca et al. [116]. The authors 

reported that except for the EDTA, the Fe(III):ligand ratio of 1:1 was not enough 

to promote the Fe(III) complexation. They also found that an excess of ligand is 

necessary. Since the photodecarboxylation is a quick process and the hydroxyl 

radicals formed can attack the organic ligand, this excess is necessary to avoid 

the iron precipitation and reduce the catalytic activity. 

Kishna et al. [117] reported the oxidation of As(III) solution with Fenton’s 

reagent, and afterwards the As(V) solution was passed through iron scrap and 

filtered through sand. The As(III) oxidation (0.03 mM) was performed during 

10 min and at the end of the combined process the arsenic content was less than 

0.13 M. The Fe(II) oxidation in presence of EDTA was reported by Wang et al. 

[118]. The authors observed that at acidic and neutral pH the presence of excess 

EDTA inhibited the As(III) oxidation, concluding that the rapid Fe(II) oxidation 

is not necessarily associated with a synergistic As(III) oxidation. On the other 

hand, Fe(III) in the presence of citrate proved to promote much faster oxidation 
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of As(III) than in citrate absence, showing that photolysis of Fe(III)-CitOH- 

complex produces oxidants more efficiently than photolysis of Fe(OH)2+ [119]. 

For the Cr(VI) reduction, in systems with ferricarboxylate complexes, the 

photoregenerated Fe(II) may reduce the Cr(VI), and the formed reactive oxygen 

species can oxidize, at the same time, the organic compounds present in aqueous 

solution. In addition, beside the reactive oxygen species, the strong reducing 

agent CO2
- (-2.20 eV) could be formed by the photodecarboxylation or oxidation 

of oxalic, citric and tartaric acids. This radical is able to reduce Cr(VI) and 

enhance the reaction [120, 121]. Wei et al. [122] reported the use of iron 

corrosion products combined with tartaric acid in an illuminated system for the 

Cr(VI) reduction. This system proved to be efficient, reducing more than 90% of 

the initial Cr(VI) (0.2 mM) after 30 min. Moreover, Hug et al. [123] studied the 

Cr(VI) photoreduction by Fe(III)-oxalate and Fe(III)-citrate complexes. The 

authors reported similar behaviors for both acids and no precipitation of Cr(III) 

hydroxides, suggesting the formation of an organic Cr(III) complex with the 

oxidation product of oxalate or citrate. A scheme for the Cr(VI) photoreduction 

in systems with ferricarboxylate complexes is presented in Figure 1.5. 

 

 

Figure 1.5 - Reactions scheme of an illuminated solution containing Cr(VI), 

carboxylic acid (as oxalic, citric or tartaric acids) and Fe(III). Adapted from Hug 

et al. [123]. 
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1.3.2 H2O2-UVC 

The hydrogen peroxide photolysis by the UVC radiation (Eq. (1.11)) represents 

one of the easiest ways to produce OH radicals [124]. This process has a 

powerful oxidation ability, no undesired sludge generation and easy operation. 

However, it involves the use of elevated concentrations of hydrogen peroxide and 

stricter control of pH and temperature to prevent H2O2 decomposition 

(Eq. (1.12)) [125, 126]. 

 

H2O2  
ℎ𝑣
→  2OH (1.11) 

2H2O2  →  2H2O + O2 (1.12) 

 

As in this process only the oxidant OH radical is produced, it is not applicable 

for the Cr(VI) reduction. However, concerning the As(III) oxidation, the process 

is feasible and in the presence of a large excess of H2O2 can even be driven “in 

the dark” (chemical oxidation). However, using the combined UVC/H2O2 

process, lower H2O2 doses are required when compared with the dark system. In 

fact, Lescano et al [127], reported an initial H2O2:As(III) molar ratio in the range 

of 159 – 247 as the optimum range to promote the As(III) oxidation in very short 

reaction times. In other study, the photon flux was described to have a significant 

influence on the reaction rate, showing that the kinetic constant decreases linearly 

with the photon flux decrease [128]. 

 

1.3.3 Heterogeneous photocatalysis 

In heterogeneous photocatalytic processes, electron (ecb
− ) and hole (hvb

+ ) pairs are 

generated (Eq. (1.13)) due to the absorption of photons with equal or higher 

energy than the semiconductor bandgap [129]. The generated holes are highly 

oxidizing, leading to the oxidative reaction with both organic and inorganic 
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contaminants or to the reaction with water forming the OH radical (Eq. (1.14)). 

On the other hand, the electrons can be consumed by acceptors or inorganic 

species with a reduction potential more positive than the one of the 

semiconductor conduction band [130]. During the last decades, due to chemical 

stability, low cost and the ability to use a small percentage of ultraviolet solar 

radiation, TiO2 has been the most used semiconductor in photocatalytic 

applications. Other semiconductors, such as ZnO, CdS, WO3, Fe2O3, SnO2, were 

less investigated but can also be used. When using the TiO2 as semiconductor, in 

presence of dissolved O2 as electron acceptor, the superoxide radicals (O2
−, HO2

 ) 

can be generated  (Eqs. (1.15) and (1.16)) [131].  

 

semiconductor + ℎ𝑣 →  ecb
− + hvb

+  (1.13) 

OH− + hvb
+  →  OH (1.14) 

O2 + ecb
−  →  O2

− (1.15) 

O2
− + H+  →  HO2

  (1.16) 

 

Heterogeneous photocatalysis efficiency is affected by several parameters, 

including the initial contaminant concentration, photon flux, presence or absence 

of oxygen, catalyst loading, pH and temperature. It is a consensus that the 

oxidation/reduction promoted through the TiO2 heterogeneous photocatalysis 

follows the Langmuir Hinshelwood (L–H) models. However, despite this 

modeling has been useful it is generally agreed that both rate constants and orders 

are “apparent” and also called “pseudo-first order” [132]. The reaction rate has a 

low order of dependence on light intensity. Above a certain photon flux the 

intensity dependence rate changes from one to half-order due to the excess of 

photogenerated species (ecb
− , hvb

+  and OH). Under these conditions, the quantum 

yield decreases because of the high rate of ecb
− / hvb

+  pairs recombination and the 

reaction rate remains constant [133]. The catalyst loading influences positively 
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the reaction rate until a certain value that depends on the photoreactor geometry 

and working conditions. However, above this limit, the reaction rate becomes 

independent of the catalyst load and could be negatively affected due to the light 

attenuation caused by high catalysts quantities [134]. The solution pH affects 

significantly the TiO2 particles charge. The pH of zero point charge (pHzpc) is 

defined as the pH where the particles surface is uncharged. Above this value, the 

catalyst is negatively charged and attracts positive molecules. At pH values 

below the pHzpc, the catalyst surface is positively charged attracting negative 

molecules [135]. Since the heterogeneous photocatalytic processes are activated 

by photons that reach the catalyst surface, the system does not require heating 

and could operate at room temperature. A decrease on temperature favors 

reactants adsorption but also favors products adsorption, which can block the 

catalyst surface. In contrast, at higher temperatures, above 80 °C and near to the 

water boiling point, the reactants adsorption is disfavored and tends to become a 

rate-limiting step. In addition, the dissolved oxygen concentration in water 

decreases with the temperature increase. Therefore, the optimum temperature 

range is usually between 20 and 80 °C [133]. 

The reactions of a metal/metalloid with TiO2 can be driven by three different 

mechanisms: direct reduction, indirect reduction and oxidative reaction. The 

direct reduction by ecb
−   (Eq. (1.17)) is viable for species with redox potential 

more positive than the one of ecb
− . However, the reoxidation of the reduced 

species can cause a short-circuiting (Eq (1.18) and (1.19)). The addition of 

sacrificial agents, such as organic electron donors (RH), which can be irreversibly 

oxidized by hvb
+  or OH (Eqs. (1.20) and (1.21)), minimize the short-circuiting 

and can, also, produce a synergetic effect by indirect reduction. High energetic 

radicals can be generated when electron donors are present (Eq. (1.22)). 

Carboxylic acids, as formic acid and oxalic acid, can react with hvb
+ , acting as 

electron donor and generating the strong reducing CO2
− radical. An oxidative 
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reaction by hvb
+  (Eq. (1.23)) takes place when the metal/metalloid has a redox 

potential more negative than the hvb
+. The OH radicals (Eq. (1.24)) and other 

species as O2
, HO2

, H2O2, HO2
-, can also be formed and contribute to the 

oxidation [136]. Figure 1.6 shows a schematic diagram for the photocatalytic 

transformation of metal/metalloids over TiO2 heterogeneous photocatalysis. 

 

Mn+ + ecb
−  →  M(n−1)+ (1.17) 

M(n−1)+ + hvb
+  →  Mn+ (1.18) 

M(n−1)+ + OH   →  Mn+ + OH− (1.19) 

RH + hvb
+  →  R  +  H+  (1.20) 

RH + OH  →  R  + H2O (1.21) 

R  +  e−  +  Mn+  →  Rox +M
(n−1)+  (1.22) 

Mn+ + hvb
+  →  M(n+1)+ (1.23) 

Mn+ + OH  →  M(n+1)+ + OH− (1.24) 

 

 

 
Figure 1.6 - Schematic diagram for the photocatalytic transformation of 

metal/metalloids on TiO2. Adapted from Litter [136].  
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The As(III) species can be oxidized through successive one-electron steps, by 

both hvb
+  and OH, O2

−and HO2
  radicals [10, 131, 137-139]. However, the main 

As(III) oxidant (hvb
+ , OH, O2

−or HO2
 ) is still not clear, being the OH radical 

defended by some authors [138, 140] and the O2
−/HO2

  species by others [131, 

141, 142]. Table 1.4 shows some studies on the As(III) oxidation by 

heterogeneous photocatalysis. 

 

Table 1.4 - Studies on the As(III) oxidation by heterogeneous photocatalysis. 
Pollutant Optimal Operating Conditions Efficiencies Ref. 

As(III)  

1.33 M 

TiO2–P25 = 0.05 g L-1 (suspended) 

1000 Xe short-arc lamp 

UV-Visible radiation 

photon flux = 3 × 10-5 einstein m-2 s-1 

pH range = 5 – 9 

Total volume = 10 mL 

k = 0.1 s-1 

100%* of As(III) 

oxidation in 50 s 

[143] 

As(III)  

200 M 

TiO2–P25 = 0.5 g L-1 (suspended) 

300 W Xe arc lamp 

UV-Visible radiation ( > 300 nm) 

photon flux = 3.46 × 10-3 einstein L-1 min-1 

pH = 3 

Total volume = 30 mL 

~100% of As(III) 

oxidation in 90 

min 

[141] 

As(III)  

40 M 

TiO2–P25 = 0.1 g L-1 (suspended) 

125W high-pressure mercury vapor lamp 

UVA (max = 365 nm) 

light intensity = 12.5 mW cm−2 

pH = 9 

Total volume = 250 mL 

100%a of As(III) 

oxidation in 15 

min 

[138] 

As(III)  

0.8 M 

TiO2–P25 = 0.05 g L-1 (suspended) 

8 W UVP model UVL-28 lamp 

UVA (max = 365 nm) 

photon flux = 1.3 × 10-7 eintein s-1 

pH = 6.3 

Total volume = 200 mL 

k = 0.005 s-1 

100%* of As(III) 

oxidation in 10 

min 

[142] 

As(III)  

400 M 

WO3 = 0.5 g L-1 (suspended) 

pH = 2.5 

H2O2 = 2 mM 

~100% of As(III) 

oxidation in 90 

min 

[139] 

As(III)  

500 M 

TiO2–P25 = 1.5 g L-1 (suspended) 

300 W Xe arc lamp 

UV-Visible radiation ( > 300 nm) 

pH = 3 

Fe(III) = 0.1 mM 

Total volume = 90 mL 

~100% of As(III) 

oxidation in 30 

min 

[131] 
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Pollutant Optimal Operating Conditions Efficiencies Ref. 

As(III)   

75 M 

TiO2–P25 = 0.1 g L-1 (suspended) 

4 W Sankyodenki, F4T5BLB lamp 

UVA radiation (300 < λ < 400 nm) 

pH = 3 

Total volume = 180 mL 

~80% of As(III) 

oxidation in 40 

min 

[140] 

aConsidering the detection limit of the analytical method. 

 

Recently, the photocatalytic reduction of Cr(VI) to Cr(III) using different 

semiconductors has received considerable attention [144-147]. Due to its high 

photostability, activity and relatively low cost, TiO2 has been widely used, both 

in suspension and in a supported form. Actually, the Cr(VI) reduction has been 

reported to be successfully achieved by TiO2 photocatalytic processes [148, 149]. 

However, since the formed holes are not used to reduce Cr(VI), and, in fact, they 

can produce hydroxyl radicals from water oxidation, the formed Cr(III) can be 

re-oxidized to Cr(VI). In addition, the electron-hole recombination can also 

suppress the reaction. To avoid these effects, several organic agents are often 

added as sacrificial agents, reacting with the OH radicals or hvb
+  and hindering 

the electron-hole recombination, leading, this way, to an enhancement of the 

reduction process. In many cases, organic compounds and Cr(VI) are 

simultaneously present in wastewaters as a result of different industrial processes, 

being important to take into account their contribution. Table 1.5 shows some 

studies on the Cr(VI) reduction by heterogeneous photocatalysis. 
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Table 1.5 - Studies on the Cr(VI) reduction by heterogeneous photocatalysis. 
Pollutant Optimal Operating Conditions Efficiencies Ref. 

Cr(VI)  

0.8 mM 

TiO2–P25 = 1 g L-1 (suspended) 

125 W medium pressure mercury lamp 

UVA radiation (366 nm) 

photon flux = 3.3 × 10-5 einstein s-1 

pH = 2 

scavenger = citric acid 

(Cit:Cr(VI) molar equal of 1.25) 

Total volume = 1000 mL 

k = 0.1884 min-1 

~99% of Cr(VI) 

reduction in 15 min 

[150] 

Cr(VI) 

0.4 mM 

TiO2–P25 = 1 g L-1 (suspended) 

photon flux per unit volume = 

1.0 × 10-5 einstein s-1 L-1 

pH = 2 

scavenger = oxalic acid (4 mM) 

Total volume = 20 mL 

100%* of Cr(VI) 

reduction in 15 min 
[148] 

Cr(VI) 

0.8 mM 

TiO2–P25 = 1 g L-1 (suspended) 

8 W Philips fluorescent black light lamp 

UVA radiation (max = 365 nm) 

photon flux per unit volume = 

95 einstein s-1 L-1 

pH = 2 

scavenger = EDTA (2 mM) 

Total volume = 200 mL 

k = 0.96 min-1 

~100% of Cr(VI) 

reduction in 175 s 

[151] 

Cr(VI) 

0.8 mM 

TiO2–PC500 = 1 g L-1 (suspended) 

8 W Philips fluorescent black light lamp 

UVA radiation (max = 365 nm) 

photon flux per unit volume = 

95 einstein s-1 L-1 

pH = 2 

scavenger = EDTA (2 mM) 

Total volume = 200 mL 

k = 1.51 min-1 

~100% of Cr(VI) 

reduction in 125 s 

 

[152] 

Cr(VI) 

0.4 mM 

TiO2 film and a platinum anode 

300 W Xe lamp 

visible radiation (max= 500 nm) 

light intensity (measured by a visible- 

radiometer) = 40 mW cm−2 

pH = 2 

Total volume = 50 mL 

k = 0.0816 min-1 

99% of Cr(VI) 

reduction in 60 min 

[129] 

Cr(VI) 

0.05 mM 

co-doped TiO2 - Ti:N/I molar ratio of 1:5 = 

500 mg L-1 (suspended) 

solar simulator with 2.2 kW Xe lamp 

irradiation intensity = 600 W m−2 

pH = 2 

benzoic acid = 0.01 mM 

Total volume = 250 mL 

k = 0.171 min-1 

more than 90% of 

Cr(VI) reduction in 

15 min 

[153] 
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Pollutant Optimal Operating Conditions Efficiencies Ref. 

Cr(VI) 

0.55 mM 

TiO2 = 2 g L-1 (suspended) 

450-W Xe lamp 

UV-Vis radiation ( > 290 nm) 

light intensity (measured by a radiometer 

in the 290-400 nm range) = 22 W m−2 

pH = 3 

scavenger = oxalic acid (20 mM) 

Total volume = 150 mL 

k = 0.0346 min-1 

more than 90% of 

Cr(VI) reduction in 

60 min 

[154] 

Cr(VI) 

4 mM 

CdS = 5 g L-1 (suspended) 

250 W halogen-tungsten lamp 

visible radiation 

scavenger = ethanol (20%) 

Total volume = 20 mL 

~100% of Cr(VI) 

reduction in 30 min 
[155] 

*Considering the detection limit of the analytical method. 

 

As it is possible to see from Tables 1.4 and 1.5, most of the information on water 

treatment by heterogeneous photocatalysis is concerned to the use of dispersed 

semiconductors. However, it is costly and difficult to separate the catalysts from 

the solutions [156]. This problem could be avoided through the functionalization 

of inert supports with the active semiconductor nanoparticles, eliminating the 

need for a post-filtration step and allowing the catalyst reuse as far as its stability 

is maintained. In the next section, the support types and methods of catalyst 

immobilization are discussed.  

 

1.3.3.1 Photocatalyst Immobilization 

A number of methods have been employed to fabricate TiO2 and other catalysts 

films, including chemical/physical vapor deposition, sputtering, dip-coating and 

sol-gel methods [157-160]. Furthermore, several materials such as glass, paper, 

ceramic tiles, fiberglass, pumice stone and stainless steel were already tested as 

supports [161-165]. As an example, Han et al [166] used a simple and economical 

spray coating method to effectively immobilize TiO2 nanoparticles onto a 

polyester fiber filter at low temperature. Ananpattarchai and Kajitvichyanukul 

[156] tested a titania-impregnated chitosan/xylan hybrid film in Cr(VI) removal 
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by adsorption and photocatalysis, proving that the novel sorbent is competitive 

with TiO2 powder. On the other hand, Akkan et al. [167] showed successful 

Cr(VI) reduction using TiO2 particles immobilized onto biodegradable polymer 

polycaprolactone, using simple solvent-cast processes. Ferguson et al. [168] used 

glass beads coated with TiO2 for As(III) oxidation in continuous flow, in a 

synthetic groundwater matrix. The authors obtained 70% of As(III) oxidation in 

a residence time of 10 min. Table 1.6 shows some studies for the treatment of 

different contaminants using immobilized photocatalyst, as well as the coating 

method and support used. 
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Table 1.6 - Heterogeneous photocatalysis studies using catalyst thin-films immobilized in inert supports. 
Photocatalyst Support Method Application Ref. 

TiO2-P25 Steel mesh 

i) formation of poly(vinylidene fluoride) (PVDF) binder 

interface by dip-coating;  ii) electrospraying of TiO2-P25 

dispersed in methanol (1 g L-1); iii) thermal fixation 

(160 ºC and 100 MPa) 

Degradation of 

sulfamethoxazole, 

reactive blue 4,  

methyl orange  and 

microcystin-LR 

[169] 

TiO2 
Natural ceramic 

monoliths 

Onto-the-wall extrusion, wash-coating and sol–gel 

methods 

Chlorinated 

hydrocarbons oxidation 
[164] 

Polyethersulfone-

TiO2 (PES/TiO2) 

Smooth glass 

plate 

Phase inversion technique – the polymeric solution was 

cast on the support by a film casting knife to a thickness 

of 100 µm. The prepared film was immersed in a distilled 

water at 25 °C for 24 h, then dried at room temperature 

Methyl orange 

degradation 
[170] 

TiO2 Quartz wool Sol–gel technique Formic acid degradation [163] 

TiO2-P25 
Cellulose acetate 

sheets 
Spraying (TiO2-P25 4 wt%) and thermal fixation (50 ºC) n-decane oxidation [171] 

TiO2-P25 Pumice stone 

Brushing with TiO2 suspension (10-50 wt%) or 

impregnating TiO2 suspension (10-50 wt%) with soaking, 

drying and heat treatment 

Disinfection (E. coli 

inactivation) 
[165] 

TiO2-loaded 

exterior paint 

Cellulose acetate 

monoliths; PVC 

or glass tubes; 

glass spheres 

The cellulose acetate monoliths were coated by dip-

coating method; The PVC and glass tubes and glass 

spheres were painted in two layers with a brush 

Removal of microcystin-

LR 
[172] 

TiO2–ZrO2 Glass rings Sol–gel technique 
Volatile organic 

compounds removal 
[173] 

TiO2 
Cellulose acetate 

monoliths 
Sol–gel combined with dip-coating  

Perchloroethylene 

degradation 
[174] 

Ag/TiO2 
Catalytic wall and 

glass rings 
Dip-coating 

Disinfection (E. coli 

inactivation) 
[175] 
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Despite the several advantages of heterogeneous photocatalysis, this process also 

has its own drawbacks: the catalyst surface accessibility to the reactants and 

photons and external mass transfer limitations, due to the higher diffusional 

length. Novel photocatalysts with high activity and visible light response, and the 

combination of nanosorbents with catalysts can be a good approach to enhance 

the catalytic activity. 

Furthermore, the reactor configuration is, also, of utmost importance regarding 

the system effectiveness and a competitive full-scale photocatalytic system needs 

to overcome mass and photons transfer limitations. This way, process 

intensification of heterogeneous photocatalysis through the use of innovative 

reactor configurations can be a good approach to enhance mass and photons 

transfer [176]. In the next section, different reactor types used in heterogeneous 

photocatalytic systems towards process intensification will be discussed. 

 

1.3.3.2 Photocatalytic Reactors 

The industrial implementation of heterogeneous photocatalysis still remains 

limited mostly due to scale-up problems and to photoreactors design. The 

photocatalyst reactivity in combination with photoreactor is currently of the order 

of 0.05 − 0.1 mol m-3
reactor s

-1. However, it is suggested that this parameter should 

be improved by a factor of 100–1000 before industrial implementation [177]. 

Recently, a great effort has been made towards process intensification using 

novel reactor designs, minimizing photons and mass transfer limitations when 

dealing with heterogeneous photocatalytic reactions [178]. 

The first part of the photocatalytic process is the light transport to the catalyst. 

Usually, the light has to travel through the bulk solution and also through a 

transparent wall before reaching the catalyst surface. The amount of light that 

reaches the catalyst surface is only a fraction of the emitted light due to the 

absorption and scattering effects in reactor wall and bulk solution [177]. When 
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using thin-film catalyst systems, depending on the reactor configuration, two 

irradiation mechanisms can be found: back-side illumination (BSI) and front-side 

illumination (FSI). In the BSI, the incident irradiation and the catalyst film are 

on opposite sides of the support structure. On the other hand, in the FSI 

mechanism, both incident irradiation and catalyst film are on the same side of the 

support structure [179]. An important parameter related to the illumination is the 

amount of illuminated surface per unit of reaction liquid volume inside the 

reactor (m2
ill m

-3
reactor). This value has been used quite often, although care should 

be taken to not neglect the non-illuminated surface in the reactor and 

overestimate this parameter [177]. Table 1.7 lists some reactor types and their 

reported catalyst coated surface per reaction liquid volume. 

 

Table 1.7 - Comparison of catalyst coated surface per reaction liquid volume in 

different photoreactor configurations (adapted from Van Gerven et al. [177]). 

Reactor type 

Catalyst coated surface per reaction 

liquid  

volume (m2 m-3) 

Reference 

Slurry  2631 [180] 

Annular or immersion  27 – 340 [180, 181] 

Optical fiber/hollow tube 46 – 2000 [180, 182] 

Monolith 943 – 1333 [183, 184] 

Spinning disc 50 – 130 [185] 

Microreactor 7300 – 14000 [186, 187] 

 

Once the incident light actives the catalyst, the contact between catalyst and 

reagents should be maximized. One important parameter related to mass transfer 

is the Reynolds number, and high Reynolds numbers are associated with a 

decrease in mass transfer limitations [184]. Various devices have been developed 

or proposed to reach the goal of process intensification. While slurry reactors, 

annular reactors, immersion reactors, optical tube reactors and optical fiber 

reactors are among the most cited, some innovative reactors such as the spinning 

disc reactor, the monolith reactor and the microreactor have been applied to 
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promote photocatalytic reactions. Figure 1.7 shows the schemes of some reactors 

applied in heterogeneous photocatalysis.  
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Figure 1.7 - Different reactor designs: a) Slurry Immersion Reactor; b) Slurry 

Tubular Reactor Coupled with Compound Parabolic Collector; c) Spinning Disc 

Reactor; d) Fluidized Bed Reactor; e) Side-Emitting Optical Fibre Reactor; f) 

Monolith Reactor; g) Microreactor – Adapted from Van Gerven et al. [177] and 

Boyjoo et al. [188]. 
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higher spatial homogeneity of irradiance and better light dissemination through 

the entire reactor depth, leading to high reaction rates [189, 190]. 

In the photochemical processes, the high cost associated with energy 

consumption to produce UV radiation is one of the biggest problems. This aspect 

can be overcome using solar radiation, with the advantages inherent in the use of 

a renewable, clean and sustainable energy source. However, despite being an 

important energy source, the use of solar light in photocatalytic reactors may not 

be the ideal solution for commercialization due to the large area necessary for the 

respective installation, the associated high cost and the dependency on the 

intensity and availability of solar light [113, 191]. As alternative, the use of a 

microscale illumination system based on UV-emitting diodes (UVA-LEDs) in 

photocatalytic reactors is known to have high illumination efficiency and to 

promote a larger catalyst area effectively illuminated due to their small-angle 

emittance [192]. In addition, by virtue of having a low power input, high energy 

efficiency, small dimensions and long lifetime, this irradiation source has become 

increasing popular when using photochemical processes [193]. Thus, the process 

intensification of the heterogeneous photocatalysis could be achieved by 

combining the use of improved reactors with efficient radiation sources. 
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1.5 Objectives  

The present thesis focuses on the Cr(VI) reduction and As(III) oxidation by 

different AOPs. The following three AOPs were considered: iron based process, 

heterogeneous photocatalysis and H2O2/UVC. Synthetic solutions were 

employed for both Cr(VI) and As(III) removal, and a real galvanic effluent 

containing Cr(VI) was treated by Fe(III) in the presence of citric acid and light. 

The study was conducted in three different lab-scale photoreactors and in one 

pilot plant. The reactor’s configuration and the different radiation sources were 

evaluated. In the heterogeneous photocatalytic systems, the catalyst 

immobilization influence was assessed through the use of different catalyst 

supports and coating techniques.  

 

Thus, the main objective addressed was:  

(i) Assessment of the efficiency of the various AOPs for Cr(VI) 

reduction and As(III) oxidation. 

 

Additionally, other objectives were envisaged:  

 

- In relation to the Cr(VI) reduction 

(ii) Assessment of the influence of various operational variables, 

including the reagents loading, pH, initial pollutant concentration, 

temperature, type and dose of scavengers, radiation source and 

catalyst reuse; 

(iii) Assessment of the treatment efficiency over different reactors;  

 

- In relation to the As(III) oxidation 

(iv) Comparison of the treatment performance as regards two different 

illumination mechanisms;  
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(v) Evaluation of the effect of scavenger presence. 

(vi) Assessment of the catalyst reuse.  
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1.6 Thesis outline 

The thesis is structured in 8 chapters:  

 

Chapter 1 corresponds to the present introductory section, wherein the problem 

of water pollution by arsenic and chromium and the current and potential 

decontamination methods are covered. Emphasis is given to AOPs, for which 

fundamentals and effects of various operational parameters are described. 

 

Chapter 2 describes all chemicals, analytical determinations, experimental setups 

and respective experimental procedures used within this thesis.  

 

The experimental results are given from Chapter 3 to 7.  

 

Chapter 3 focuses on the Cr(VI) reduction over Fe(III) in presence of organic 

sacrificial agents and light. The influence of the reactor configuration and 

illumination type were evaluated. The efficiency of the photo-reduction reaction 

was assessed according to different variables such as: type of sacrificial agent, 

iron concentration, pH and temperature. The scale-up from lab- to pilot-scale as 

well as the treatment of a real galvanic effluent were also investigated.  

 

Chapter 4 reports the Cr(VI) reduction by heterogeneous photocatalysis with 

TiO2 P25 thin films in the presence of citric acid as sacrificial agent. The TiO2 

film was coated on cellulose acetate monolithic (CAM) structures, which were 

inserted in a tubular photoreactor. The Cr(VI) reduction study was conducted in 

presence of organic sacrificial agents and solar light. The effect of the sacrificial 

agent nature, pH, TiO2 load and monolithic structures geometry were evaluated. 

Moreover, the catalyst reuse efficiency was assessed.  
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Chapter 5 discloses the feasibility of the process intensification of heterogeneous 

TiO2 photocatalysis for hexavalent chromium reduction in presence of tartaric 

acid as sacrificial agent. For that, the TiO2 thin film was coated on cellulose 

acetate (CA) sheets, which were inserted in an innovative lab-scale micro-meso-

structured (NETmix) photoreactor illuminated by simulated solar light. The 

effect of various parameters, namely Reynolds number, sacrificial agent type and 

concentration, pH, temperature and TiO2 load was evaluated. Additionally, the 

catalyst reuse was also assessed. 

 

Chapter 6 reports the comparison of Cr(VI) reduction in the tubular photoreactor 

packed with cellulose acetate monoliths and in the micro-meso-structured 

photoreactor, both in presence of tartaric acid as scavenger. In the NETmix 

reactor, the performance of the photocatalyst type and dosage, light source, 

illumination mechanism and catalyst support was evaluated. In this case, the 

photocatalytic films reuse was evaluated for the different catalyst supports tested. 

  

Chapter 7 focuses on the As(III) species oxidation over different AOPs, such as 

heterogeneous TiO2/Fe2O3 photocatalysis and UVC-LEDs/H2O2. Tests were 

performed in the NETmix photoreactor under UVA or UVC-LEDs illumination. 

In the UVC-LEDs/H2O2 system the influence of hydrogen peroxide concentration 

was investigated. In the heterogeneous photocatalytic systems the effect of 

various parameters such as the catalyst load, the addition of H2O2, the 

illumination mechanism and catalyst support were assessed. Also, the catalyst 

reuse was performed in the best operational conditions. 

 

Finally, Chapter 8 presents a discussion of the most pertinent results and 

conclusions of this thesis and a list of subsequent suggestions for future work.



 

 

 

2 Materials and Methods 

 

 

 

 

 

 

 

 

 

This second chapter presents the detailed description of chemicals, 

analytical determinations, experimental units and respective 

procedures used along the experimental work. 
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2.1 Chemicals and reagents 

Cr(VI) and Cr(III) aqueous solutions were prepared from K2Cr2O7 (Merck, purity 

99.9%) and Cr(NO3)3.9H2O (Carlo Erba) salts. K2Cr2O7 salt was also used to 

prepare Cr(VI) standard solutions. A chromium stock solution (Cr(NO3)3, 

1.0 g L-1 in HNO3, Merck) was used to prepare standard solutions for Atomic 

Absorption Spectroscopy (AAS) by appropriate dilution. Cr(VI) concentration 

was determined by colorimetry using 1,5-diphenylcarbazide (Merck, purity 

98%). Iron (III) chloride hexahydrate (Merck or Chem-Lab, purity 99%) was 

used as iron source. 1,10-Phenanthroline 1-hydrate (Panreac, PA-ACS), glacial 

acetic acid (Fischer), ammonium acetate (Fischer, purity 99.6%) and ascorbic 

acid (Fischer, purity 99%) were used as colorimetric reagents to determine 

dissolved iron concentration. Oxalic acid dihydrate (VWR Prolabo, purity 98%), 

citric acid monohydrate (VWR Prolabo, purity 98%), maleic acid (Fluka, purity 

99%), disodium EDTA (M&B, purity 98.5%), tartaric acid (Fisher chemical, 

purity 100%), methanol (Merck, purity 99.7%) and ethanol absolute (Scharlau, 

purity 99.5%) were used in the photocatalytic experiments as scavenger for 

Cr(VI) reduction. As(III) solutions were prepared from NaAsO2 (Aldrich, purity 

90%). An arsenic stock solution (As2O5, 1.0 g L-1 in HNO3, Panreac) was used 

to prepare standard solutions by appropriate dilution. Ammonium molybdate 

tetrahydrate (Aldrich, purity 99%) and ascorbic acid (Fischer, purity 99%) were 

employed as colorimetric reagent to determine As(V) concentration and nickel 

(NiCl2.6H2O, Analar) was used as modifier during the As(total) determination. 

Hydrogen peroxide was purchased from Quimitécnica, S.A. (50% (w/v), 

1.10 g cm-3). Catalase 0.1 g L-1 (SigmaAldrich, 2500 U mg-1 bovine liver) was 

employed for H2O2 elimination and ammonium monovanadate (Merck, p. a.) was 

used as colorimetric reagent to determine H2O2 concentration. In the actinometry 

experiments the abovementioned iron (III) chloride hexahydrate, oxalic acid 

dihydrate and hydrogen peroxide, as well as the 2-nitrobenzaldehyde (Alfa 
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Aesar, 99% purity) were used as actinometers. Sulphuric acid (Pronalab, 96%, 

1.84 g/cm3) and sodium hydroxide (Merck) were used for pH adjustment. A 20% 

nitric acid solution (HNO3 - Sigma, purity 65%) was prepared for material 

washing. 

TiO2 Degussa P25 (Evonik®), TiO2 PC105 (Cristal ACTiV), PC500 (Cristal 

ACTiV), CdS (Sigma-Aldrich), WO3 (Sigma-Aldrich), ZnO (Sigma-Aldrich) 

and Fe2O3 (Sigma-Aldrich) powders were used as delivered, without further 

modification or purification. Tables 2.1 and 2.2 shows the specific characteristics 

of those catalysts powders. TritonTM X-100 (t-Oct-C6H4-(OCH2CH2)nOH, n = 

9–10, Sigma–Aldrich) was used in the preparation of the TiO2-P25, TiO2-PC105, 

TiO2-PC500, ZnO and Fe2O3 suspensions. Tetra-n-butyl orthotitanate (Merck, 

purity 98%) and polyethylene glycol 20000 (Merck) were used in the preparation 

of the CdS and WO3 suspensions.  

An alkaline detergent solution (Derquim LM 01, Panreac Química, S.A.U.) was 

used for cleaning the inert surfaces used for catalyst deposition. 0.1 M 

hydrofluoric acid solution (Merck, 38-40% purity) was employed in the pre-

treatment of the NETmix glass slab. 

Ultrapure and deionized water was produced by a Millipore® system (Direct-Q 

model) and a reverse osmosis system (Panice®), respectively.  
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Table 2.1 - Energy levels values of calculated conduction and valence band edges 

(ECB and EVB), band-gap energies (Eg) and pH of zero point charge (pHZPC) of 

semiconductors at pH 3.0 and 25ºC. 

Photocatalyst ECB (eV)a EVB (eV) a Eg (eV)  pHZPC Ref. 

TiO2 anatase 2.84 -0.36 3.2 6.40 [1, 2] 

TiO2 rutile 2.84 -0.16 3.0 5.80 [1, 2] 

CdS 1.82 -0.58 2.4 2.00 [3] 

WO3 3.29 0.59 2.7 0.43 [3] 

ZnO 3.23 0.03 3.2 8.80 [3] 

Fe2O3 2.81 0.61 2.2 8.60 [3] 
a Band energy level recalculated from the original cited pH to the pH 3.0 assuming Nernstian pH 

dependence 

 

Table 2.2 - TiO2 P25, PC500 and PC105 characteristics. 

Photocatalyst 
Crystal 

forma 

Particle 

size (µm) 

Surface area 

(m2 g-1) 

Densitya 

(g mL-1) 
pHZPC Ref. 

TiO2-P25 
anatase 80%, 

rutile 20% 
25b 50b 3.5 6.25 [4] 

TiO2-PC500 anatase 5-10 350b 2.8 6.05 [4, 5] 

TiO2-PC105 anatase 15-25 90b 3.3 3.83 [5, 6] 
a measured by helium pycnometry; bfabricant data. 
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2.2 Analytical Methods 

All samples were filtered through 0.45 μm cellulose acetate membranes 

(Sartorius) before analysis. All material was soaked in HNO3 20% for at least 4 h 

before use. After this period, it was washed with tap and deionized water in 

abundance.  

 

2.2.1 Total chromium concentration 

Total chromium concentration was determined by atomic absorption 

spectrometry (AAS, GBC 932 Plus) with a nitrous oxide-acetylene flame, a 

spectral slit width of 0.2 nm and a working current/wavelength of 

6.0 mA/357.9 nm, giving a detection limit of 1.5×10-3 mM (0.08 mg L-1). 

 

2.2.2 Hexavalent chromium concentration 

Hexavalent chromium concentration was measured by molecular absorption 

spectrophotometry with a detection limit of 4×10-5 mM (2.05 µg L-1). The 

procedure followed is based on the formation of a pink complex of Cr (VI) with 

1,5-diphenylcarbazide in acid solution, which absorbs at 540 nm. 

 

2.2.3 Total arsenic concentration 

Total arsenic concentration was determined by graphite furnace atomic 

absorption spectrometry (GF-AAS, GBC GF 3000, SenAA Dual), at 197.3 nm 

and using an 8 mA lamp current giving a detection limit of 4×10-4 mM 

(0.03 mg L-1). Table 2.3 shows the temperatures (T), ramps (tramp) and hold times 

(thold) used in each step of the graphite furnace method. Standards and sample 

dilutions were prepared using ultrapure water acidified with HNO3 (0.02 mM). 

Nickel solution (2.6 mM) was used as modifier (5 µL per 20 µL of injection). 
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Table 2.3 - Steps of graphite furnace method for As(total) determination. 

Step Tfinal (ºC) tramp (s) thold (s) gas Read 

Step 1 Sample injection 

Step 2 90 10 15 Argon 
Off 

Off 

Off 

Off 

On 

Off 

Step 3 120 15 10 Argon 

Step 4 800 10 5 Argon 

Step 5 800 0 1 None 

Step 6 2400 0.8 1.2 None 

Step 7 2500 1 2 Argon 

 

2.2.4 Pentavalent arsenic concentration 

The pentavalent arsenic concentration was measured by molecular absorption 

spectrophotometry with a detection limit of 1.7×10-4 mM (13 µg L-1). The 

procedure followed is based on the formation of a molybdate blue complex with 

As(V) in acid solution [7], which absorbs in the 700 to 800 nm range, with peak 

at 837 nm. 

 

2.2.5 Dissolved iron concentration 

Dissolved iron concentration was determined by colorimetry with 1,10-

phenantroline according to ISO 6332 [8]. 

 

2.2.6 Hydrogen peroxide concentration 

Evaluation of H2O2 concentration during experiments was performed by the 

metavanadate method, based on the reaction of H2O2 with ammonium 

metavanadate in acid medium, which results in the formation of a red-orange 

colour peroxovanadium cation, with maximum absorbance at 450 nm [9]. 
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2.2.7 pH, temperature, conductivity and dissolved oxygen 

The pH, temperature and conductivity were measured using a pH meter HANNA 

HI 4522 or a pH meter VWR symphony - SB90M5. Dissolved oxygen was 

measured by HANNA HI 98194 pH/EC/DO multiparameter analyser. 

 

2.2.8 Dissolved organic carbon (DOC) 

Dissolved organic carbon (DOC) was measured by NDIR spectrometry in a TC-

TOC-TN analyzer equipped with ASI-V auto sampler (Shimadzu, model TOC-

VCSN) and calibrated with standard solutions of potassium hydrogen phthalate 

(total carbon) and a mixture of sodium hydrogen carbonate/sodium carbonate 

(inorganic carbon). 

 

2.2.9 Low-molecular-weight carboxylate anions (LMWCA) 

Carboxylic acids were measured by HPLC-DAD (VWR Hitachi ELITE Lachrom 

com DAD L-2455; RezexTM ROA-Organic Acid H+ (8%), LC Column 300 × 

7.8 mm, Ea). The programme for carboxylic acids determination comprised a 

25 min run with a sulfuric acid solution (0.005 N) as mobile phase delivered at a 

flow rate of 0.5 mL min-1. The method allowed the concurrent detection of 17 

carboxylic acids including oxalic, maleic, citric and tartaric. 

 

2.2.10 Ionic chromatography 

Inorganic ions (choride, nitrate, nitrite, phosphate, sulphate, fluoride, bromide, 

lithium, sodium, ammonium, potassium, magnesium and calcium) were 

measured by ion chromatography (Dionex ICS-2100 and Dionex DX-120 for 

anions and cations, respectively), using a Dionex Ionpac (columns: AS9 -

HC/CS12A 4 mm × 250 mm; suppressor ASRS®300/CSRS®300 4 mm, 

respectively for anions and cations). The programme for anions/cations 
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determination comprises a 12 min run with 30 mM NaOH/20 mM 

methanesulfonic acid at a flow rate of 1.5/1.0 mL min-1. 

 

2.2.11 Fourier transform infrared spectroscopy 

Infrared spectra of the Fe2O3 commercial powder was obtained in a FTIR 

Spectrophotometer (IRAffinity-1, Shimadzu) equipped with an analysis module 

for solids (PIKE EasiDiff, PIKE Technologies). The sample was prepared by 

adding 5% (w/w) of the Fe2O3 powder in KBr. Each run was comprised of 50 

scans, with a resolution of 8 cm-1, in the range of wavenumbers from 400 to 

4000 cm-1. 

 

2.2.12 Total suspended solids 

Total suspended solids (TSS) content was measured according to Method 2540 B 

of the Standard Methods for Examination of Water & Wastewater [10]. 

 

2.2.13 Turbidity 

Turbidity was measured according to the Standard Methods for the Examination 

of Water and Wastewater [10], 2130 B test, using a Merck Turbiquant® 3000 IR 

turbidimeter. 

 

2.2.14 Actinometry 

Actinometry measurements were used to determine the photon flux reaching the 

different photoreactors when employing distinct radiation sources: UVA-Visible 

lamp (xenon arc lamp 1700 Watt air cooled, “SUNTEST”), visible lamp, UVA 

lamp, UVC lamp, UVA-LEDs and natural sunlight. Depending on the 

wavelength emitted by the source of radiation a different actinometer was used: 

2-nitrobenzaldehyde (300 - 410 nm), ferrioxalate (250 - 500 nm) or hydrogen 



Chapter 2 

76 

peroxide (250 – 450 nm) [11]. The procedure adopted for the actinometry 

measurements for each source of radiation is described below: 

 

2.2.14.1 Simulated sunlight (SUNTEST) 

The incident flux of the simulated sunlight (xenon arc lamp 1700 Watt air cooled) 

that reaches the tubular photoreactor (Section 2.4.1) installed inside the solar 

radiation simulator (ATLAS, model SUNTEST XLS) was determined by two 

methods: potassium ferrioxalate actinometry [11] and by 2-nitrobenzaldehyde 

(2-NB) actinometry [12]. For the NETmix reactor (Section 2.4.4) only the 2-NB 

actinometry was performed. 

For the potassium ferrioxalate actinometry a volume of 1500 mL of water was 

added to the system and recirculated (850 mL min-1) for 15 min in the dark. 

Afterwards, oxalic acid (30 mM) and iron chloride (6 mM) were added. After 15 

min another sample was taken for iron concentration control. Then, the 

SUNTEST was turned on (the radiation intensity was set at 300 or 500 W m−2) 

and samples were collected every 2 min from time zero during a total period of 

30 min to follow iron concentration. 

For 2-NB actinometry, a 2.5 mM 2-NB solution was prepared using 

water/ethanol (90:10) as solvent and stored in the dark. A solution volume of 

1500 mL was added to the system and recirculated (850 mL min-1) for 15 min in 

the dark. Then, the SUNTEST was switched on and samples were collected every 

5 min from time zero during a total period of 60 min to follow 2-NB 

concentration. This concentration was determined by HPLC using a VWR 

Hitachi ELITE LaChrom (Merck-Hitachi, Tokyo, Japan) LC filled with a Merck 

LiChrosorb® RP-18 (5 µm) LiChroCART® 125-4 column at 25 °C under 

isocratic operation. The mobile phase composed of 40:60 (v/v) acetonitrile/0.014 

M oxalic acid was injected at a flow rate of 0.6 mL min-1. Samples of 5 µL were 

injected into the LC and the DAD was set at λ = 258 nm. 
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2.2.14.2 Visible lamp 

The visible lamp incident photon flux on the annular photoreactor (Section 2.4.2) 

was determined by potassium ferrioxalate actinometry. The procedure was 

similar to the one described in section 2.2.10.1. 

 

2.2.14.3 UVA lamp 

The UVA lamp incident photon flux on the annular photoreactor (Section 2.4.2) 

was determined by 2-NB actinometry method. The procedure was similar to the 

one described in section 2.2.10.1. 

 

2.2.14.4 UVC lamp 

The UVC lamp photon flux on the annular photoreactor (Section 2.4.2) was 

determined by hydrogen peroxide actinometry method. A volume of 1500 mL of 

water was added to the system and recirculated (850 mL min-1) for 15 min in the 

dark. A dose of hydrogen peroxide was added (75 mM H2O2), the mixture was 

well homogenized for 15 min and a sample was taken for H2O2 concentration 

control. Then, the UVC lamp was switched on and samples were collected every 

5 min from time zero during a total period of 60 min to follow hydrogen peroxide 

concentration. This concentration was determined by the metavanadate method. 

 

2.2.14.5 LEDs-UVA 

The LEDs-UVA photon flux on the NETmix reactor (Section 2.4.4) was 

determined by 2-NB actinometry method. The procedure was similar to the one 

described in section 2.2.10.1. 
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2.2.14.6 Natural sunlight 

The photon flux of the natural sunlight on the solar pilot plant (Section 2.4.3) was 

determined in a sunny day between the 11h-13h period and simultaneously by 

two methods: potassium ferrioxalate actinometry and 2-NB actinometry. 

For the potassium ferrioxalate actinometry a volume of 15 L of water was added 

to the system and recirculated (35 L min-1) for 15 min in the dark. Afterwards, 

oxalic acid (30 mM) and iron chloride (6 mM) were added. After 15 min another 

sample was taken for iron concentration control. Then, the CPCs were uncovered 

and samples were collected every 2 min from time zero during a total period of 

30 min to follow iron concentration. 

For 2-NB actinometry, a 2.5 mM 2-NB solution was prepared using 

water/ethanol (10:90) as solvent and stored in the dark. A solution volume of 

15 L was added to the system and recirculated (35 L min-1) for 15 min in the dark. 

Then, the CPCs were uncovered and samples were collected every 5 min from 

time zero during a total period of 60 min to follow 2-NB concentration. 

 

2.2.14.7 Calculations 

For all actinometries, the concentration-time (CT) plot was fitted to zero-order 

kinetics and Eq. (2.1) enabled to calculate the photon flux, F0 (einstein s-1): 

       

 

(2.1) 

where d[CT]/dt is the zero-order kinetic constant (mol L-1 s-1), 𝜙 is the quantum 

yield of: i) ferrioxalate at the lamp wavelength (1.25 at 250-500 nm); ii) 2-NB at 

the lamp wavelength (0.5 at 280-400 nm); iii) hydrogen peroxide at the lamp 

wavelength (1.11 at 253.7 nm); and V is the solution volume (L). 

F 0   
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Afterwards, in all actinometries, the photon flux was converted into radiant 

power (W or J s-1) (P) as follows: 

 

𝑃 =  𝐹0 × 𝐸 × 𝑁𝐴 (2.2) 

 

where E is the energy (J) calculated from Plank’s equation for: i) 

x̅ = 407 nm of both simulated and natural sunlight for ferrioxalate actinomety 

or x̅ = 350 nm for 2-NB actinometry; ii) max = 360 nm for the UVA lamp; iii) 

max = 253.7 nm for the UVC lamp; iv) max = 372 nm for the UVA-LEDs and 

NA is Avogadro’s number (6.022 × 1023 mol-1). Table 2.4 shows the photon flux 

and radiant power of all irradiation sources. 

It is worth noting that the calculation of the photon flow depends on the fraction 

of light absorbed by the actinometer. However, for the high actinometer’s 

concentration and the path length used, this parameter can be omitted since it is 

very close to unity. 

The accumulated energy (QUV,n, kJ L-1) received on any surface in the same 

position, per unit of water volume inside the reactor, in the time interval Δtn, is 

calculated by Eq. (2.3): 

 

𝑄𝑈𝑉,𝑛 = 𝑄𝑈𝑉,𝑛−1 +  𝑃
𝛥𝑡𝑛

1000 × 𝑉𝑡
; 𝛥𝑡𝑛 = 𝑡𝑛 − 𝑡𝑛−1  (2.3) 

 

where tn is the time corresponding to n-water sample (s) and Vt is the total reactor 

volume (L).  
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Table 2.4 - Average UV intensity, photon flux and radiant power of the irradiation sources. 

Light source 

Average UV 

intensity  

(280–400 nm) 

(Wuv m-2)a 

2-NB actinometry H2O2 actinometry Ferrioxalate actinometry 

Photon flux 

(eintein s-1) 

Radiant 

power (W) 

Photon flux 

(eintein s-1) 

Radiant 

power (W) 

Photon flux 

(eintein s-1) 

Radiant 

power (W) 

Lab-scale tubular photoreactor (Section 2.4.1) 

SUNTEST 300 27.1 9.81 × 10-7 0.34 - - 4.69 × 10-6 1.38 

SUNTEST 500 43.9 1.38 × 10-6 0.47 - - 6.13 × 10-6 1.80 

Natural sunlightb 31.0 8.47 × 10-7 0.29 - - - - 

Lab-scale annular photoreactor (Section 2.4.2) 

UVA lamp 30.0c 1.92 × 10-6 0.65c  - 3.07 × 10-6 0.85 

Visible lamp 0.3c - -  - 7.02 × 10-7 0.23c 

UVC lamp 0 - - 3.87 × 10-6 1.82  - 

CPC pilot plant (Section 2.4.3) 

Natural sunlightd 25.0 - 31.1  5.22 × 10-6 3.57 - - 2.40 × 10-3 10.24 

NETmix (Section 2.4.4) 

SUNTEST 500 43.9 5.39 × 10-7 0.18 - - 2.10 × 10-6 0.62 

UVA- LEDs - 6.93 × 10-7 0.23 - - - - 

a Measured by a global UV radiometer (Kipp & Zonen B.V., model CUV5). 
b Calculated by correlation with the CPC pilot plant. Irradiated area / solution volume 170 cm2 L-1. 
c Determined by Moreira et al. [13, 14]. 
d Irradiated area / solution volume 300 cm2 L-1. 
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2.2.15 Scanning electron microscopy (SEM) - Energy dispersive X-ray (EDX) 

The surface morphology of the catalyst film on the cellulose acetate monolithic 

structures and its chemical composition were characterized by scanning electron 

microscopy (SEM) coupled with energy dispersive X-ray (EDX) analysis, using 

an FEI Quanta 400 FEG ESEM/EDAX Genesis X4 M apparatus equipped with 

a Schottky field emission gun (for optimal spatial resolution). These analyses 

were made at Centro de Materiais da Universidade do Porto (CEMUP), Porto. 

 

2.2.16 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy analysis (XPS) of the catalyst film on the 

cellulose acetate monolithic structures was carried out in a Kratos AXIS Ultra 

HAS equipment and Al monochomator operating at 15 kV (90 W) in hybrid 

mode. This analysis was made at Centro de Materiais da Universidade do Porto 

(CEMUP), Porto. 

 

2.3 Catalyst film preparation 

The catalyst films were prepared on four different supports: i) Cellulose acetate 

monolithic structures (Chapters 4 and 6); ii) Cellulose acetate sheet (Chapter 5); 

iii) Glass slab (Chapter 6 and 7) and iv) Stainless steel slab (Chapter 6 and 7). 

The detailed description of the experimental procedures can be seen below. 

 

2.3.1 Cellulose acetate monolithic structures 

Cellulose acetate monolithic structures (CAM structures) (TIMax CA50-9/S - 

length of the cellulose acetate monolith (LCAM) = 80 mm; characteristic length of 

the monolithic channel - hole width (d2
ch) = 9 mm × 9 mm; wall thickness of the 

monolithic channel (ew,ch) = 0.1 mm; Wacotech GmbH & Co. KG.) were evenly 
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coated using aqueous suspensions of P25 by the dip-coating method (Dip-Coater 

RDC 15, Bungard Elektronik GmbH & Co. KG). Several P25 layers were 

deposited by immersing the monolithic structures into an aqueous suspension at 

a withdrawal rate of 0.8 mm s−1, until achieving the desired layers or TiO2 mass, 

assuring a thin and uniform film on each substrate surface (samples were dried at 

50 ºC for 30 min between each layer deposition). Before coating, the monolithic 

structures were soaked for 1 h in deionized water and alkaline detergent, 

subsequently washed with ultrapure water, and dried at 50 ºC. The photocatalyst 

aqueous suspension (2 wt. %; two drops of TritonTM X-100) was sonicated for 

10 min at 50 kHz in order to better disperse the particles. The TiO2-coated 

monolithic structures were assembled into the tubular photoreactor for the Cr(VI) 

reduction studies. In this case, the system was named as “monolithic tubular 

photoreactor” (MTP). Figure 2.1 shows the catalytic bed before, during and after 

the coating process as well as the photocatalytic reactor packed with the CAM 

structures. 

 

 
Figure 2.1 - Catalytic bed before, during and after the coating process and the 

tubular photocatalytic reactor packed with the CAM structures. 
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2.3.2 Cellulose acetate sheets 

Cellulose acetate (CA) sheets were uniformly coated with a thin film of TiO2-P25 

using a spray system (Figure 2.2). The photocatalyst suspension (2 wt. %) was 

sprayed over one side of the CA sheet, that was laid on an electric heating plate 

at 50 °C. After each application, the sheet was dried on the heating plate for 

20 min and then cooled at room temperature before being weighed. This 

procedure was repeated until the required amount of supported TiO2 was 

achieved. Before coating, the CA sheets were soaked for 1 h in distilled water 

and alkaline detergent, subsequently washed with Milli-Q water, and dried at 

50 ºC for 30 min. The photocatalyst aqueous suspension (2 wt. %) was sonicated 

for 10 min at 50 kHz in order to better disperse the particles. The CA sheets 

coated with TiO2-P25 were placed beneath the borosilicate glass slab of the 

NETmix reactor (Figure 2.7). A volume of 1.5 L of deionized water was passed 

through the system to remove any catalyst particles that did not adhere to the 

support, and afterwards, Cr(VI) reduction studies were carried out. In this case, 

the system was named as NETmix-CA. 
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Figure 2.2 - Spray system picture. 

 

2.3.3 Glass slab and stainless steel slab 

The glass slab (GS) of the NETmix reactor (Figure 2.13) was uniformly coated 

with a thin film of the catalyst using a spray system (Figure 2.2). Before use, the 

GS was soaked in HF solution (0.1 M) for 1 h, then the GS was washed with 

distilled water and alkaline detergent, subsequently washed with ultrapure water, 

and dried at 50 ºC for 30 min. The photocatalyst suspension (2 wt.%) was sprayed 

over one side of the GS that was laid on an electric heating plate at 150 °C. After 

each application, the slab was dried on the heating plate for 20 min and then 

cooled at room temperature before being weighed. This procedure was repeated 

until the required amount of supported catalyst was achieved. In the films 

preparation using CdS and WO3 catalysts, it was necessary to use a mixture of 

2% of both catalyst and polyethyleneglycol - 20000 (PEG) and 1% of 

Tetra-n-butyl orthotitanate (TNBT) as binder to avoid catalyst leaching. In this 

case, the system was named as NETmix-GS. The stainless steel slab (SSS) of the 
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NETmix (Figure 2.14) was uniformly coated with a thin film of the catalyst using 

the same spray system. The photocatalyst suspension (2 wt.%) was sprayed over 

one side of the SSS, where the network of channels and chambers are imprinted, 

that was laid on an electric heating plate at 150 °C. The quantity of catalyst 

deposited was controlled by the application of 10, 25 or 50 mL of photocatalyst 

suspension, corresponding to amounts of ~41, ~111 and ~203 mg, respectively. 

In this case, the system was named as NETmix-SSS. After the coating process, 

the GS or the SSS were placed on the NETmix photoreactor. A volume of 1.5 L 

of deionized water was passed through the system to remove any catalyst 

particles that did not adhere to the support, and afterwards, the reaction studies 

were carried out. 

 

2.4 Experimental units and procedures 

The experiments were carried out in four different experimental units: i) a lab-

scale tubular photoreactor illuminated by simulated or natural sunlight (Chapters 

3, 4 and 6); ii) a lab-scale annular photoreactor illuminated by UVA, visible and 

UVC lamps (Chapter 3); iii) a CPC solar pilot plant (Chapter 3) and iv) a lab-

scale micro-meso-structured reactor (NETmix) illuminated by simulated sunlight 

or LEDs-UVA (Chapter 5, 6 and 7). All experimental units have been installed 

at the Chemical Engineering Department of the Faculty of Engineering, 

University of Porto (FEUP), Portugal. The detailed description of all reactors and 

the corresponding experimental procedures can be seen below. 

 

2.4.1 Lab-scale tubular photoreactor 

The lab-scale tubular photoreactor incorporates the following systems: i) a 

compound parabolic collector (CPC) with 0.026 m2 of illuminated area with 
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anodized aluminum reflectors and a borosilicate tube (Schott-Duran type 3.3, 

Germany, cut-off at 280 nm, internal diameter 46.4 mm, length 161 mm and 

thickness 1.8 mm, illuminated volume 272 mL); ii) a glass vessel (capacity of 

1.8 L) with a cooling jacket coupled to a refrigerated thermostatic bath (Lab. 

Companion, model RW-0525G) to ensure a constant temperature during the 

experiment; iii) a magnetic stirrer (Velp Scientifica, model ARE) to ensure 

complete homogenization of the solution inside the glass vessel; iv) a gear pump 

(Ismatec, model BVP-Z) to recirculate the water between the CPC and the glass 

vessel; vi) pH and temperature meter (VWR symphony - SB90M5). All 

components are connected by Teflon tubing. This system can be illuminated by 

a solar radiation simulator (SUNTEST, Figure 2.3) or by natural sunlight. Two 

polypropylene caps with two equidistant inlets and outlets ensured a better 

distribution of the feed stream throughout the photoreactor. The borosilicate tube 

was located in the focus of the CPC, allowing illumination over all the tubular 

reactor perimeter and minimizing radiation losses.  
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Figure 2.3 - Schematic representation of the experimental set-up and views of 

the lab-scale tubular photoreactor. 

 

2.4.1.1 Experimental procedure 

The lab-scale tubular photoreactor was used in the sets of experiments presented 

in the Chapters 3, 4 and 6. In this experimental unit, two experimental procedures 

were performed for the Cr(VI) reduction, namely: i) UVA-Vis/Fe(III)/Organic 

ligands (Chapter 3) and ii) UVA-Vis/photocatalyst/scavenger (Chapters 4 and 6). 

 

2.4.1.1.1 UVA-Vis/Fe(III)/organic ligands reaction 

The recirculation glass vessel of the lab-scale prototype was filled with 1.5 L of 

Cr(VI) solution (0.02, 0.2, 0.4, 0.8 mM), which was pumped to the CPC unit and 
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homogenized by recirculation in the closed system during 15 min in the darkness 

(850 mL min-1). Afterwards, the organic ligand was added (0.04 – 4 mM), pH 

was adjusted in the range 3.0 – 8.0 and controlled with sulphuric acid/sodium 

hydroxide, and ferric chloride (0.02 – 0.24 mM) was added. Samples were taken 

after each addition before turning on the solar simulator (SUNTEST, irradiance 

set at 300 or 500 W m-2). After turning on the solar simulator samples were 

collected at predetermined times. The temperature set-point of the refrigerated 

thermostatic bath was adjusted to keep the intended solution temperature (15 – 

40 ºC). In order to verify the influence of each component the experiments were 

also made in the following conditions: i) absence of iron; ii) absence of organic 

ligand; iii) absence of light; iv) absence of iron and organic ligand; v) absence of 

iron and light; vi) absence of organic ligand and light. 

 

2.4.1.1.2 UVA-Vis/TiO2/scavenger 

The tubular photoreactor was assembled with the monolithic structures coated 

with TiO2-P25 films. The recirculation glass vessel of the lab-scale prototype was 

filled with 1.5 L of Cr(VI) solution (0.01 – 0.06 mM), which was pumped to the 

CPC unit and homogenized by recirculation in the closed system during 15 min 

in the darkness (850 mL min-1). The temperature set-point of the refrigerated 

thermostatic bath was adjusted to keep the intended solution temperature (25 ºC). 

Afterwards, the scavenger was added (0.2 – 6.9 mM) and pH was adjusted in the 

range 2.5 – 6.0, using sulphuric acid/sodium hydroxide. Samples were taken after 

each addition before turning on the solar simulator (SUNTEST, irradiance set at 

300 or 500 W m-2) or uncovering the system and exposing it to the natural 

sunlight. After turning on the solar simulator or uncovering the system samples 

were collected at predetermined times. In order to verify the influence of each 

component the experiments were also performed in the following conditions: 
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i) absence of catalyst; ii) absence of scavenger; iii) absence of light; iv) absence 

of catalyst and scavenger; v) absence of catalyst and light; vi) absence of 

scavenger and light. 

 

2.4.2 Lab-scale annular photoreactor 

The lab-scale annular photoreactor was used in the sets of experiments presented 

in the Chapter 3. The experiments regarding the use of UVA, visible or UVC 

radiation were carried out in this experimental unit (Figure 2.4), which consists 

in: i) a gear pump (Ismatec, model BVP-Z); ii) a cylindrical glass vessel equipped 

with a cooling jacket coupled to a refrigerated thermostatic bath (Lab. 

Companion, model RW-0525G); iii) a magnetic stirrer (Velp Scientifica, model 

ARE); iv) a pH and temperature meter (VWR symphony - SB90M5); 

v) a borosilicate tube (Schott-Duran type 3.3, Germany, cut-off at 280 nm, 

internal diameter 70 mm, length 200 mm and thickness 1.8 mm) associated to a 

concentric inner quartz tube with 22 mm external diameter housing a) a UVA 

lamp (Philips TL 6W/08 fluorescent blacklight blue lamp); or b) a visible lamp; 

or c) a UVC lamp (Philips G6T5 6W UVC Germicidal Sterilamp). 

Two polypropylene caps with four equidistant inlets and outlets ensured a better 

distribution of the feed stream throughout the photoreactor. The borosilicate tube 

was located in the focus of two stainless steel reflectors (double CPC), each one 

consisting of two truncated parabolas and exhibiting a total horizontal dimension 

of 19.5 cm × 21.0 cm, one at the bottom and another at the top, allowing 

illumination over all the tubular reactor perimeter and minimizing radiation 

losses.  
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Figure 2.4 - Views of the lab-scale annular photoreactor and the schematic 

representation of the experimental set-up.  
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2.4.2.1 Experimental procedure 

The adopted experimental procedure was equal to the one used in the lab-scale 

tubular photoreactor (Section 2.4.1.1.1). 

 

2.4.3 CPC solar pilot plant 

The CPC solar pilot plant was installed at the roof of the Chemical Engineering 

Department of the Faculty of Engineering, University of Porto (FEUP), Portugal 

(Figures 2.5 and 2.6). The solar collector consists of a CPC unit (0.91 m2) of four 

borosilicate (Duran) tubes (Schott–Duran type 3.3, Germany, cut-off at 280 nm, 

internal diameter 50 mm, length 1500 mm and width 1.8 mm) connected in series 

by polypropylene junctions, with their CPC mirrors in anodized aluminum, 

supported by a aluminum structure, oriented to south and tilted 41° (local 

latitude). 

 

  
Figure 2.5 - Views of the CPC solar pilot plant.  
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Figure 2.6 - Schematic representation of the CPC solar pilot plant. 

 

The pilot plant has also two recirculation tanks (10 L and 20 L), two recirculation 

pumps, two flow meters, five polypropylene valves and an electric board for 

process control. The pilot plant can be operated in two ways: using the total CPCs 

area (0.91 m2) or using 0.455 m2
 of CPCs area individually, giving the possibility 

of performing two different experiments at the same time and under the same 

solar radiation conditions. The intensity of solar UV radiation was measured by 

a global UV radiometer (ACADUS 85-PLS) mounted on the pilot plant with the 

same inclination, which provides data in terms of incident WUV m-2. 

 

2.4.3.1 Experimental procedure 

The CPC solar pilot plant was used in the sets of experiments presented in the 

Chapter 3. During the experiment for chromium reduction a weighted amount of 

Cr(VI) was added to 15 L of demineralized water, previously added to the 

recirculation tank, which was pumped to the CPC unit and homogenized by 
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recirculation in the closed system during 15 min in the darkness (35 L min-1). The 

experimental procedure, considering the chemicals addition and the sampling, 

was equal to the one described for the lab-scale tubular system. After all reagents 

addition, in the same order as described in Section 2.4.1.1.1, the CPCs were 

uncovered and samples were collected at predetermined times.  

 

2.4.4 Lab-scale micro-meso-structured reactor (NETmix) 

The micro-meso-structured photoreactor based on the NETmix technology was 

already fully described by Laranjeira et al. [15, 16]. This reactor consists in a 

network of chambers connected by channels, originating a two-dimensional 

network whose characteristics are given in Table 2.5. The experimental unit 

includes: i) a micro-meso-structured photoreactor; ii) one glass vessel (capacity 

of 2 L) covered with aluminium paper, with a cooling jacket coupled to a 

refrigerated thermostatic bath (Lab. Companion, model RW-0525G) to ensure a 

constant temperature during the experiment; iii) a magnetic stirrer (Velp 

Scientifica, model ARE) to ensure the complete homogenization of the solution 

inside the glass vessel; iv) a gear pump (Ismatec, model BVP-Z; working flow 

rate between 100 and 1650 mL min-1) for water recirculation between the micro-

meso-structured photoreactor and the glass vessel; v) pH and temperature meter 

(VWR symphony – SB90M5); vi) dissolved oxygen meter (HANNA HI 98194 

pH/EC/DO Multiparameter). This system can be illuminated by a solar radiation 

simulator (SUNTEST, Figure 2.7) or by UVA-LEDs/UVC-LEDs (9 UVA-LEDs 

(Roithner LaserTechnik, λmax = 365 nm, 270 mW, 350 mA) or 6 UVC-LEDs 

(Cristal IS, λmax = 250 - 280 nm, 15 mW, 400 mA), Figure 2.8). The output power 

and angular displacement of the UVA-LEDs are present at Figures 2.9 and 2.10, 

respectively, and the output power and angular displacement of the UVC-LEDs 

are present at Figures 2.11 and 2.12, respectively. 
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Table 2.5 - NETmix geometrical characteristics. 

NETmix 

Window  

Length (cm) 13.6 

Width (cm) 7.6 

Chambers 

Diameter (mm) 6.5 

Channels 

Length (mm) 2 

Width (mm) 1 

Borosilicate glass slab thickness (mm) 4 

Geometry depth (mm) 3 

Total volume (cm3)  23 

Total illuminated volume (cm3) 16.7 
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Figure 2.7 - Scheme and photo of the NETmix reactor illuminated by simulated 

solar light. 
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Figure 2.8 - Scheme and photo of the NETmix reactor illuminated by UVA-

LEDs/UVC-LEDs light. 
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Figure 2.9 - Normalized Output Power vs. Wavelength (nm) of UVA-LEDs. 

Picture from the fabricant data sheet. 

 

 

 

Figure 2.10 - Relative Intensity vs. Angular Displacement of UVA-LEDs. 

Picture from the fabricant data sheet. 
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Figure 2.11 - Normalized Output Power vs. Wavelength (nm) of UVC-LEDs. 

Picture from the fabricant data sheet. 

 

 
Figure 2.12 - Relative Intensity vs. Angular Displacement of UVC-LEDs. 

Picture from the fabricant data sheet. 

 

 

The NETmix can be arranged in two forms: i) a back acrylic slab where a network 

of static mixing cylindrical chambers interconnected by prismatic transport 

channels are imprinted and a frontal borosilicate slab (cut-off at 280 nm, 

thickness 4.0 mm) where the photocatalyst is supported with an illuminated 
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catalyst area in contact with the liquid of 56 cm2 (Figure 2.13) and ii) a back 

stainless steel slab (working as photocatalyst support) with the imprinted network 

of channels and chambers, which is inserted into an acrylic structure, and a frontal 

borosilicate slab (cut-off at 280 nm, thickness 4.0 mm) with an illuminated 

catalyst area in contact with the liquid of 165 cm2 (Figure 2.14). The sealing of 

the two slabs is achieved by mechanical compression and O-rings. The NETmix 

has eight inlet injection points (4 through the top and 4 through the bottom slabs) 

in order to ensure a correct distribution of the feed stream through the network of 

chambers. It has also eight outlets placed at the end of the network. Two stainless 

steel distributors, with one inlet and eight outlet points, are used to connect the 

feed stream from the pump to the photoreactor and the photoreactor outlet to the 

glass vessel. All the tubing and connections are made of Teflon. The dimensions 

of all Teflon tubing from the stainless steel distributor to the photoreactor inlets 

are equal, in order to guarantee the same flow in each inlet injection point. 

 

 

 

 

 

 



Chapter 2 

100 

 
 

 

 
Figure 2.13 - Scheme and photos of the NETmix reactor. Configuration for 

back-side-illumination. 
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Figure 2.14 - Scheme and photos of the NETmix reactor. Configuration for 

front-side-illumination. 
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2.4.4.1 Experimental procedure 

The NETmix reactor was used in the sets of experiments presented in the 

Chapters 5, 6 and 7. In this experimental unit two experimental procedures were 

used for Cr(VI) reduction (Chapter 5 and 6) or for As(III) oxidation (Chapter 7). 

 

2.4.4.1.1 Cr(VI) reduction 

The recirculation glass vessel of the reactor was filled with 1.5 L of Cr(VI) 

solution (0.01 – 0.06 mM), which was pumped to the photoreactor and 

homogenized by recirculation in the closed system during 15 min in the darkness 

(100 – 1650 mL min-1). Afterwards, the sacrificial agent was added, pH was 

adjusted in the range 3.0 – 7.0 and controlled with sulphuric acid/sodium 

hydroxide solutions. Samples were taken after each reagent addition before 

turning on the SUNTEST or the LEDs-UVA. The temperature set-point of the 

refrigerated thermostatic bath was adjusted to keep the intended solution 

temperature (15 – 35 ºC). Then the SUNTEST/LEDs-UVA was turned on and 

samples were taken at pre-determined times. In order to verify the influence of 

each component the experiments were also performed in the following 

conditions: i) absence of catalyst; ii) absence of scavenger; iii) absence of light; 

iv) absence of catalyst and scavenger; v) absence of catalyst and light; vi) absence 

of scavenger and light. 

 

2.4.4.1.2 As(III) oxidation 

The recirculation glass vessel of the system was filled with 1.5 L of As(III) 

solution (1.33 x 10-5 M), which was pumped to the NETmix and homogenized 

by recirculation in the closed system during 15 min in the darkness 

(1250 mL min-1). In the experiments with H2O2, the peroxide was added (0.6 – 

5.9 mM) into the glass vessel after filling it with As(III) solution. The pH was 
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adjusted in the range 4.5 – 5.0 and controlled with sulphuric acid/sodium 

hydroxide solutions. Samples were taken after As(III)/H2O2 addition and before 

turning on the UVA-LEDs/UVC-LEDs. The temperature set-point of the 

refrigerated thermostatic bath was adjusted to keep the intended solution 

temperature (20 ºC). Then the UVA-LEDs/UVC-LEDs was turned on and 

samples were taken at pre-determined times. In order to verify the influence of 

each component the experiments were also made in the following conditions: 

i) absence of catalyst; ii) absence of H2O2; iii) absence of light; iv) absence of 

catalyst and H2O2; v) absence of catalyst and light; vi) absence of H2O2 and light.  
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3 Solar photocatalytic reduction of Cr(VI) 

over Fe(III) in the presence of organic 

sacrificial agents 

 

 

 

 

 

This chapter deals with hexavalent chromium reduction by ferric 

species in presence of organic sacrificial agents and light. Tests were 

conducted in two lab-scale photoreactors using UV lamps or 

simulated solar radiation and in a pilot scale photoreactor with 

compound parabolic collectors using natural solar radiation. The 

efficiency of the photo-reduction reaction was evaluated according 

to different variables such as: type of sacrificial agent, iron 

concentration, pH, temperature and source of radiation, using 

synthetic and real effluent. 
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3.1 Introduction 

Since the early 19th century, it has been reported the Fe(III) reduction to Fe(II) 

with the generation of some reactive species by photochemical dissociation of 

hydroxylated Fe(III) complexes [1]. In this way, as reported in Chapter 1, Fe(II) 

may reduce Cr(VI) and the generated reactive species can oxidize, at the same 

time, the organic compounds present in aqueous solution. Actually, inorganic 

pollutants usually coexist in the natural environment with organic matter or 

organic pollutants and it is possible to apply decontamination simultaneously [2]. 

Therefore, the Cr(VI) photocatalytic reduction in the presence of Fe(III)–water 

and Fe(III)-organic complexes under UV-visible light seems to be a good option, 

reducing the amount of chemicals needed to treat Cr(VI) containing waters. It is 

known that the photoreduction of ferric to ferrous ions depends on two main 

parameters: pH and Fe(III)–organic ligand complexes/metal ratio values [1]. In 

this Chapter, the photoreduction of hexavalent chromium in aqueous synthetic 

solution and in a real galvanic wastewater was investigated using different 

Fe(III)-organic ligands complexes (e.g. Fe(III)-citrate, Fe(III)-oxalate, 

Fe(III)-EDTA complexes, etc.). The effect of parameters such as pH, Cr(VI) 

initial concentration, Fe(III)-organic ligands complexes dosage, temperature and 

irradiance source was also assessed in order to optimize the photoreduction 

treatment. 
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3.2 Materials and Methods 

All chemicals, analytical determinations, experimental units and procedures can 

be accessed in Chapter 2. 

 

3.2.1 Wastewater characterization 

The real wastewater used in this chapter was collected in an electroplating 

industry and used without previous treatment.  

Table 3.1 presents the main characteristics of the Cr(VI) containing wastewater 

from the galvanization process. 

 

Table 3.1 - Characteristics of the galvanic wastewater. 

Parameters Units Values 

pH Sörensen Scale 6.7 

Temperature ºC 20 

Conductivity μS cm-1 608 

Turbidity NTU 2.7 

Total suspended solids (TSS) mg TSS L-1 < 0.1 

Dissolved organic carbon (DOC) mg C L-1 5.9 

Inorganic carbon (IC) mg C L-1 1.5 

Total Chromium  mg Cr L-1 38 

Hexavalent Chromium  mg Cr(VI) L-1 36 

Trivalent Chromium  mg Cr(III) L-1 2 

Sodium mg Na+ L-1 89 

Magnesium mg Mg2+ L-1 9.4 

Potassium mg K+ L-1 66 

Zinc mg Zn L-1 10 

Calcium mg Ca2+ L-1 66 

Lithium mg Li+ L-1 0.02 

Fluoride  mg F- L-1 0.51 

Chloride  mg Cl- L-1 28 

Nitrite  mg NO2
- L-1 2.0 

Nitrate  mg NO3
- L-1 23 
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3.3 Results and discussion 

3.3.1 Effect of citric acid concentration on the photocatalytic reduction of Cr(VI) 

by Fe(III)/UVA-Vis/Citric acid system 

The toxic hexavalent chromium (0.2 mM) reduction to less toxic trivalent 

chromium by Fe(III)/UVA-Vis/Citric acid photocatalytic system was firstly 

evaluated in the lab-scale tubular photoreactor (SUNTEST at 500 W m-2) at 

pH 3.0 and 25 ºC. In this experiment it was used a Fe(III) concentration 

corresponding to the discharge limit for total iron (2 mg L-1 or 0.04 mM) imposed 

by Portuguese legislation (Decree-Law No. 236/98) and equal citric acid molar 

concentration. It is well known that Fe(III) and citrate bind in a stoichiometry of 

1:1, generating mononuclear complexes [3]. However, after 60 min of reaction it 

was only achieved a Cr(VI) reduction of 21%. The reaction was also evaluated 

in the absence of citric acid leading to a removal of only 11%.  

According to Moreira et al. [3] FeOH2+ is the most photoactive Fe(III)-hydroxy 

complex, with a molar fraction of 22.5% at the abovementioned conditions 

(Figure 3.1a). The photoreduction of this species results in the generation of both 

Fe(II) and hydroxyl radicals (Eq.(3.1)), leading to chromium reduction by ferrous 

ions (Eq.(3.2)), but also to its reoxidation by the hydroxyl radicals formed 

(Eq. (3.3)). 

 

FeOH
2+

  + hν  → Fe2+ +   OH    (3.1) 

Cr
6+

  +  3Fe2+  →  Cr
3+

 +  3Fe3+    (3.2) 

Cr5+ Cr4+ Cr
3+

 + OH  →  Cr6+ Cr5+ Cr
4+

 +  OH
-⁄⁄⁄⁄  (3.3) 

 



Chapter 3 

112 

  
Figure 3.1 - Fe(III)-citrate speciation diagram for iron concentration of 0.04 mM 

a) without and b) with equal citric acid molar concentration at 25 ºC. 

 

The reaction with citric acid in the absence of Fe(III), with and without UVA-Vis 

irradiation, results in approximately 12% of Cr(VI) reduction. In the absence of 

Fe(III), but without irradiation, the observed Cr(VI) reduction may be due to the 

reducing nature of the scavenger agent used; on the other hand, with radiation, 

the Cr(VI) photoreduction is accompanied by citric acid simultaneous oxidation 

via photoinduced electron transfer (PET), which plays the role of electron donor 

[4]. Wittbrodt and Palmer [5] reported also a slow Cr(VI) reduction only in the 

presence of dissolved organic compounds. In turn, Li et al. [6] did not observe a 

noticeable Cr(VI) concentration decrease using citric acid for 22 h. Therefore, 

despite the presence of dissolved organic matter, the Cr(VI) contamination in 

subsurface waters, lakes and wetlands can spread over large areas before its 

substantial reduction. 

A Cr(VI) reduction of approximately 13% was achieved in the presence of both 

citric acid and Fe(III) without UVA-Vis irradiation. The enhancement of Cr(VI) 

reduction to 21% with UVA-Vis irradiation is attributed to the role of ferricitrate 

complexes in Fe(II)/Fe(III) photochemical cycle that occurs only in irradiated 
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i) have much higher quantum yields than ferric iron-water complexes; ii) can use 

a higher fraction of the solar radiation spectrum, up to 580 nm; iii) are 

photodecarboxylated under visible radiation; iv) provide a quicker pathway for 

Fe(III) regeneration accelerating thereby the process [7]. The Fe(III) complexes 

species present in the aqueous solution are function of pH. The speciation 

diagram obtained by the chemical equilibrium modelling system MINEQL+ for 

an iron concentration of 0.036 mM and equal molar ratio of citric acid at 25 ºC 

(Figure 3.1b) shows the molar fraction of Fe(III) species in the Fe(III)-cit aqueous 

solution. At pH 3, [Fe(Cit)] and [FeOH(Cit)]- are the predominant species (23.5 

and 32.6%, respectively). According to literature [8, 9] these species are reported 

to photochemically induce weak oxidizing species formation, such as O2
•- and 

H2O2. Beyond that, in the ternary system, citric acid acts also as sacrificial agent 

of reactive oxygen species, avoiding the Cr(III) re-oxidation, while the 

simultaneous reduction of Cr(VI) to Cr(III) is attributed to Fe(II). Due to its dual 

function, a higher citric acid amount is probably necessary to promote the total 

Cr(VI) reduction. The reaction runs in cycle until all Cr(VI) is reduced or all citric 

acid is consumed. This way, a new set of photoreduction experiments were 

performed using 0.2 mM of Cr(VI), pH 3.0, 25 ºC, 0.04 mM of ferric ions and 

varying the citric acid concentration (0.1 – 4 mM) (Figure 3.2). 
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Figure 3.2 - Influence of citric acid concentration on Cr(VI) photocatalytic 

reduction ([Cr] = 0.2 mM) by Fe(III)/UVA-Vis/Citric acid system in the lab-scale 

photoreactor (SUNTEST at 500 W m-2). [Fe(III)] = 0.04 mM, pH = 3, T = 25 ºC. 

[citric acid] = () 0.04 mM, () 0.1 mM, () 0.2 mM, () 0.3 mM, () 

0.4 mM, () 0.6 mM, () 0.8 mM, () 4 mM. 

 

Several authors reported the Cr(VI) reduction by organic acids in the presence of 

Fe(III) as following a pseudo-first order kinetic model [6, 10]. However, in this 

work it was found that the Cr(VI) photoreduction followed a zero order reaction 

kinetics. The kinetic constant, k, was evaluated according to C = C0 – k×t, where 

C represents the Cr(VI) concentration at time t and C0 is the initial Cr(VI) 

concentration. Table 3.2 presents the kinetic parameters for all the 

photoreduction experiments.  
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Table 3.2 - Zero order kinetic constants for photocatalytic Cr(VI) reduction by Fe(III)/UV-Vis/Citric acid system along with 

the corresponding coefficient of determination (R2) and residual variance (S2r). 

Experiment 
[Cr(VI)] 

(mM) 

[Fe(III)] 

(mM) 

[Citric acid] 

(mM) 
pH T (ºC) 

k × 103 

(mM min-1) 
R2 

S2
r × 103 

(mM L-1)2 

Influence of citric acid concentration 

3.1.1 – [CA] 0.04 0.2 0.04 0.04 3.0 25.0 0.9 ± 0.1 0.876 0.017 

3.1.2 – [CA] 0.1 0.2 0.04 0.1 3.0 25.0 0.9 ± 0.1 0.923 0.009 

3.1.3 – [CA] 0.2 0.2 0.04 0.2 3.0 25.0 1.0 ± 0.1 0.920 0.023 

3.1.4 – [CA] 0.3 0.2 0.04 0.3 3.0 25.0 6.2 ± 0.4 0.984 0.014 

3.1.5 – [CA] 0.4 0.2 0.04 0.4 3.0 25.0 9.0 ± 0.4 0.993 0.016 

3.1.6 – [CA] 0.6 0.2 0.04 0.6 3.0 25.0 9.4 ± 0.2 0.996 0.011 

3.1.7 – [CA] 0.8 0.2 0.04 0.8 3.0 25.0 9.6 ± 0.2 0.995 0.013 

3.1.8 – [CA] 4 0.2 0.04 4 3.0 25.0 11.3 ± 0.2 0.998 0.004 

Influence of iron concentration 

3.2.1 – [Fe(III)] 0.02 0.2 0.02 0.6 3.0 25.0 5.8 ± 0.2 0.991 0.009 

3.2.2 – [Fe(III)] 0.04 0.2 0.04 0.6 3.0 25.0 9.4 ± 0.4 0.996 0.011 

3.2.3 – [Fe(III)] 0.08 0.2 0.08 0.6 3.0 25.0 16.9 ± 0.8 0.993 0.031 

3.2.4 – [Fe(III)] 0.16 0.2 0.16 0.6 3.0 25.0 28.7 ± 0.8 0.999 0.007 

3.2.5 – [Fe(III)] 0.20 0.2 0.20 0.6 3.0 25.0 33.7 ± 0.4 0.999 0.001 

3.2.6 – [Fe(III)] 0.24 0.2 0.24 0.6 3.0 25.0 32 ± 1 0.998 0.010 

Influence of pH 

3.3.1 – pH 3.0 0.2 0.04 0.6 3.0 25.0 9.4 ± 0.4 0.996 0.011 

3.3.2 – pH 3.5 0.2 0.04 0.6 3.5 25.0 10.0 ± 0.4 0.994 0.050 

3.3.3 – pH 4.0 0.2 0.04 0.6 4.0 25.0 10.0 ± 0.4 0.995 0.018 

3.3.4 – pH 4.5 0.2 0.04 0.6 4.5 25.0 10.2 ± 0.4 0.994 0.020 

3.3.5 – pH 5.0 0.2 0.04 0.6 5.0 25.0 11.9 ± 0.4 0.995 0.052 

3.3.6 – pH 6.0 0.2 0.04 0.6 6.0 25.0 3.7 ± 0.4 0.958 0.052 

3.3.7 – pH 7.0 0.2 0.04 0.6 7.0 25.0 1.5 ± 0.1 0.965 0.009 

3.3.8 – pH 8.0 0.2 0.04 0.6 8.0 25.0 1.2 ± 0.2 0.903 0.015 
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Experiment 
[Cr(VI)] 

(mM) 

[Fe(III)] 

(mM) 

[Citric acid] 

(mM) 
pH T (ºC) 

k × 103 

(mM min-1) 
R2 

S2
r × 103 

(mM L-1)2 

Influence of temperature 

3.4.1 – T 15 0.2 0.04 0.6 5.0 15.0 2.9 ± 0.4 0.931 0.393 

3.4.2 – T 17 0.2 0.04 0.6 5.0 17.5 4.0 ± 0.1 0.990 0.061 

3.4.3 – T 20 0.2 0.04 0.6 5.0 20.0 9.0 ± 0.8 0.963 0.254 

3.4.4 – T 25 0.2 0.04 0.6 5.0 25.0 11.9 ± 0.4 0.995 0.052 

3.4.5 – T 30 0.2 0.04 0.6 5.0 30.0 11.0 ± 0.4 0.990 0.092 

3.4.6 – T 35 0.2 0.04 0.6 5.0 35.0 10.8 ± 0.4 0.993 0.072 

3.4.7 – T 40 0.2 0.04 0.6 5.0 40.0 11.0 ± 0.6 0.980 0.189 

Influence of initial Cr(VI) concentration (Cr(VI) : citric acid : [Fe(III)]) 

3.5.1 – [Cr(VI)] 0.02 0.02 0.04 0.6 5.0 25.0 4.0 ± 0.1 0.995 0.001 

3.5.2 – [Cr(VI)] 0.2 0.2 0.04 0.6 5.0 25.0 11.9 ± 0.4 0.995 0.019 

3.5.3 – [Cr(VI)] 0.4 0.4 0.04 0.6 5.0 25.0 4.5 ± 0.1 0.995 0.021 

3.5.4 – [Cr(VI)] 0.8 0.8 0.04 0.6 5.0 25.0 4.2 ± 0.1 0.982 0.067 

3.5.5 – [Cr(VI)] 0.02 0.02 0.04 0.06 5.0 25.0 1.6 ± 0.1 0.970 0.001 

3.5.6 – [Cr(VI)] 0.4 0.4 0.04 1.2 5.0 25.0 7.8 ± 0.4 0.985 0.227 

3.5.7 – [Cr(VI)] 0.8 0.8 0.04 2.4 5.0 25.0 3.5 ± 0.1 0.991 0.085 

3.5.8 – [Cr(VI)] 0.02 0.02 0.004 0.06 5.0 25.0 0.70 ± 0.04 0.977 0.001 

3.5.9 – [Cr(VI)] 0.4 0.4 0.08 1.2 5.0 25.0 11.3 ± 0.6 0.984 0.204 

3.5.10 – [Cr(VI)] 0.8 0.8 0.16 2.4 5.0 25.0 11.7 ± 0.4 0.979 0.092 

Influence of scavenger 

3.6.1 – citric acid 0.2 0.04 0.6 5.0 25.0 11.9 ± 0.1 0.995 0.019 

3.6.2 – oxalic acid 0.2 0.04 0.6a 5.0 25.0 3.3 ± 0.1 0.975 0.053 

3.6.3 – maleic acid 0.2 0.04 0.6b 5.0 25.0 - - - 

3.6.4 - EDTA 0.2 0.04 0.6c 5.0 25.0 0.6 ± 0.1 0.954 0.006 
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Experiment 
[Cr(VI)] 

(mM) 

[Fe(III)] 

(mM) 

[Citric acid] 

(mM) 
pH T (ºC) 

k × 103 

(mM min-1) 
R2 

S2
r × 103 

(mM L-1)2 

Influence of radiation 

3.7.1 - UVC lamp 0.2 0.04 0.6 5.0 25.0 0.12 ± 0.01d 0.999 0.001 

3.7.2 - UVA lamp 0.2 0.04 0.6 5.0 25.0 0.11 ± 0.01d  0.998 0.003 

3.7.3 - Visible lamp 0.2 0.04 0.6 5.0 25.0 0.016 ± 0.001d  0.977 0.001 

3.7.4 - SUNTEST 300   0.2 0.04 0.6 5.0 25.0 0.077 ± 0.002d 0.993 0.015 

3.7.5 - SUNTEST 500   0.2 0.04 0.6 5.0 25.0 0.17 ± 0.01d 0.980 0.084 

3.7.6 - Solar 0.2 0.04 0.6 5.0 - 0.14 ± 0.01d 0.995 0.015 

Real effluent 

3.8.1 – Real effluent 0.7 0.16 0.6 5.0 25.0 17.1 ± 2 0.989 0.239 
aOxalic acid concentration; bMaleic acid concentration; cEDTA concentration; dk (mM kJUV

-1)  
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From the results presented in Table 3.2 it is possible to observe that the 

photoreduction rate is almost constant until a citric acid concentration of 0.8 mM, 

increasing only for a concentration of 4 mM. However, it can be seen from Figure 

3.2 that the concentration of 0.6 mM is enough to reduce the Cr(VI), reaching the 

complete reduction in less than 15 min. This behavior was observed in other 

systems, for example in the Cr(VI) reduction with salicylic acid [11] and in the 

presence of TiO2 nanoparticles [12]. This result shows that a citric acid 

concentration of 0.6 mM is enough to maintain the citric acid concentration in a 

value to ensure that the Fe(III)-citrate complex formation cycle occurs 

throughout the entire reaction. For lower concentrations, the citric acid present 

seems to be not enough and the Cr(VI) reduction stops when all citric acid is 

consumed, not forming the Fe(III)-citrate complex again. 

At a given pH, the Fe(III) to citrate concentration ratio determines the 

Fe(III)-citrate complexes species distribution in the aqueous solution, 

corresponding to different photoactivities [13]. As inferred from Figure 3.3, at 

pH 3.0, initially, the [Fe(Cit)] and the [FeOH(Cit)]- are the main photoactive 

species for all citric acid concentrations tested (about 40 and 56%, respectively). 

At 1:1 Fe(III):citric acid molar ratio (0.04 mM), although the same complexes 

are the main species at pH 3.0, the complexes FeOH2+ and Fe(OH)2 are also 

present in a significant amount in the solution (29.7 and 8.2%, respectively). As 

the reaction develops, the citric acid is consumed and the molar fraction of those 

Fe(III)-hydroxy complexes, with lower quantum yields for Fe(II) formation, 

increases. For higher Cr(VI):citric acid ratios, the [Fe(Cit)] and the [FeOH(Cit)]- 

are almost the only species present in the solution and the only factor that affects 

the reaction is the existence or not of the necessary citric acid amount. 
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Figure 3.3 - Fe(III)-citrate speciation diagram for an iron concentration of 

0.04 mM and different citric acid concentrations a) 0.1; b) 0.2; c) 0.3; d) 0.4; e) 

0.6; f) 0.8; g) 4.0, at 25 ºC. 

 

3.3.2 Effect of iron concentration on the photocatalytic reduction of Cr(VI) by 

Fe(III)/UVA-Vis/Citric acid system 

Since iron plays an important role in the Cr(VI) photoreduction reaction, its effect 

was evaluated in the lab-scale photoreactor (SUNTEST at 500 W m-2) using 

initial Fe(III) concentrations from 0.02 to 0.24 mM, 0.2 mM Cr(VI), citric acid 

concentration of 0.6 mM, pH 3.0 and 25 ºC. The results are shown in Figure 3.4 

and the zero-order kinetic constants for each iron concentration are presented in 

Table 3.2.  

It is possible to verify that the photocatalytic reduction rate of Cr(VI) increases 

with the Fe(III) concentration from 0.02 to 0.16 mM. With 0.02 mM of iron after 

15 min of reaction only 50% of Cr(VI) was reduced. Nevertheless, with 0.04 mM 

of iron, after 15 min all the Cr(VI) was reduced to Cr(III). Doubling the iron 

dosage to 0.08 and then to 0.16 mM, the Cr(VI) total reduction time decreased to 

10 and 7.5 min, respectively. However, for higher iron concentrations almost no 

improvement of reaction rate was observed. As reported by Soares et al. [14], 

higher iron concentrations require higher amounts of citric acid to be added in 
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order to form the stable and strong complexes with ferric ions and to have, at the 

same time, the enough quantity to act as sacrificial agent of reactive oxygen 

species generated during the reaction, as above mentioned. 

 

 
Figure 3.4 - Influence of iron concentration on Cr(VI) photocatalytic reduction 

([Cr] = 0.2 mM) by Fe(III)/UVA-Vis/Citric acid system at pH 3 and 25 ºC in the 

lab-scale photoreactor (SUNTEST at 500 W m-2). [citric acid] = 0.6 mM, [Fe(III)] 

= (, ) 0.02 mM, (,  ) 0.04 mM, (, ) 0.08 mM, (, ) 0.16 mM, 

(, ) 0.20 mM, (, ) 0.24 mM. Solid symbols – [Cr(VI)]/[Cr(VI)0]; open 

symbols – [Fe(total)]. 
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Vis/Citric acid ternary system can be defined according to the discharge limits 

imposed by environmental authorities. Considering that the Portuguese 

legislation defines 0.04 mM as discharge limit for total iron [15], this 

concentration was selected for further tests, thus avoiding any additional 

treatment costs associated with iron removal. It must be also noted from Figure 

3.4 that the total dissolved iron remains constant during the entire reaction for all 

the concentrations studied. For Fe(III) dosages above 0.04 mM, on the other 

hand, the Fe(II) concentration remains near zero up to a point where it begins to 

increase, meaning that all the Cr(VI) was reduced (Figure 3.5). The total 

chromium concentration remains also constant during all the reaction period, 

since the Cr(OH)3 species only precipitates for pH values higher than 5.5. 

 

 
Figure 3.5 - Influence of iron concentration on Cr(VI) photocatalytic reduction 

([Cr] = 0.2 mM) by Fe(III)/UVA-Vis/Citric acid system at pH 3 and 25 ºC. [citric 

acid] = 0.6 mM, [Fe(III)]0 = 0.02 mM (, ); 0.04 mM (, ); 0.08 mM (, 

); 0.16 mM (, ); 0.20 mM (, ); 0.24 mM (, ). Solid symbols – 

[Fe(II)]; open symbols – [Fe(III)]. 
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3.3.3 Effect of pH on the photocatalytic reduction of Cr(VI) by Fe(III)/UVA-

Vis/Citric acid system 

The effect of solution pH on the Cr(VI) photoreduction kinetic rate by 

Fe(III)/UVA-vis/Citric acid system was evaluated in the range of 3.0 to 8.0 with 

0.02 mM of Cr(VI), citric acid concentration of 0.6 mM, 0.04 mM of iron and 

25 ºC in the lab-scale photoreactor (SUNTEST at 500 W m-2). The results are 

shown in Figure 3.6 and Table 3.2, where it is possible to observe that the pH 

plays a significant role in the Cr(VI) reduction. Increasing the pH value from 3.0 

to 5.0, there is no evident difference between the photoreduction reaction rates, 

achieving the total Cr(VI) reduction in about 15 min. However, for pH values 

higher than 5.0, the Cr(VI) photoreduction reaction rates are very low and the 

total Cr(VI) reduction is not achieved. 

 
Figure 3.6 - Influence of pH value on Cr(VI) photocatalytic reduction 

([Cr] = 0.2 mM) by Fe(III)/UVA-Vis/Citric acid system in the lab-scale 

photoreactor (SUNTEST at 500 W m-2) with 0.04 mM of iron at 25 ºC. [citric 

acid] = 0.6 mM, pH = (, ) 3.0, (, ) 3.5, (, ) 4.0, (,) 4.5, (, ) 

5.0, (, ) 6.0, (,  ) 7.0, (, ) 8.0. Solid symbols – [Cr(VI)]/[Cr(VI)0]; 

open symbols – [Fe(total)]. 

0 2 4 6 8 10 12 14
0.00

0.02

0.04

 

                              

Time (min)

0.0

0.2

0.4

0.6

0.8

1.0

[F
e
(t

o
ta

l)
]  (m

M
)

RAD-ON

                                   

[C
r(

V
I)

] 
/ 

[C
r(

V
I)

] 0

 



Chapter 3 

124 

Figure 3.3e shows the molar fraction of each ferric citrate species under the 

conditions used in this study. At pH 3.0 – 6.0, [Fe(Cit)] and [FeOH(Cit)]- are the 

predominant species, being present in a total molar fraction higher than 95%. 

However, at pH 6.0, despite the high molar fraction of [FeOH(Cit)]- species 

(99.9%), only 33% of Cr(VI) was reduced (Figure 3.6). This is probably due to 

the lesser amount of protons present in the solution, not enough to reduce the 

Cr(VI) according to Eqs. (3.4) and (3.5). 

 

HCrO4
− + 7H+ + 3e−  ↔  Cr3+ + 4H2O  (3.4) 

CrO4
2− + 8H+ + 3e−  ↔  Cr3+ + 4H2O  (3.5) 

 

Additionally, even controlling the pH during the reaction, fluctuations may occur 

and, for pH values higher than 6.0, the iron starts to precipitate as Fe(OH)3(s) 

(Figure 3.3e), leading to a lower iron availability, decreasing, consequently, the 

Cr(VI) reduction rate. Nansheng et al. [16] reported also the important effect of 

the pH value on the photoreaction efficiency of a system containing 

Fe(III)-organic ligands complexes. On the other hand, the presence of citrate 

allowed the iron species stabilization through complexation with Fe(III), 

extending, this way, the reaction pH range [3]. Consequently, the observed 

Cr(VI) photoreduction rates between pH 3.0 and 5.0 were similar. Beyond that, 

according to the solution pH values and Cr(VI) concentration used in this work, 

different hexavalent chromium species can be found in solution (Figure 3.7). 

HCrO4
- is the dominant species at pH values between 3.0 and 5.0. For pH values 

higher than 5.0 the dominant species is CrO4
2-, which requires more protons to 

achieve the total Cr(VI) reduction to Cr(III) (Eqs. (3.4) and (3.5) for HCrO4
- and 

CrO4
2- reductions, respectively). Taking this into account and to work at near 

legal discharge pH value (Decree-Law No. 238/98), the pH of 5.0 was selected 

as the optimum pH value. 
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Figure 3.7 - Distribution of hexavalent chromium species as a function of the 

solution pH ([Cr(VI)] = 0.2 mM; T = 25 ºC). 

 

It has to be noted that the total chromium concentration remained unchanged 

during the reaction period for pH values between 3.0 and 5.0. For higher pH 

values, the total chromium concentration showed a small decrease mainly 

associated with the precipitation of trivalent chromium generated during the 

Cr(VI) reduction. As it is possible to observe from Figure 3.6, the total dissolved 

iron concentration remained also constant for pH values between 3.0 and 5.0. 

However, at pH 6.0, a 50% reduction in iron content is observed due to its 

precipitation as Fe(OH)3(s) (Figure 3.3e). Moreover, for pH values equal or higher 

than 7.0, the total dissolved iron concentration in solution is near zero during all 

the reaction. 
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3.3.4 Effect of temperature on the photocatalytic reduction of Cr(VI) by 

Fe(III)/UVA-Vis/Citric acid system 

The effect of solution temperature (15, 17.5, 20, 25, 30, 35 and 40 ºC) on the 

reduction of 0.2 mM of Cr(VI) was assessed in the lab-scale photoreactor 

(SUNTEST at 500 W m-2) at pH 5.0, 0.6 mM of citric acid and 0.04 mM of iron. 

Figure 3.8 and Table 3.2 show that the kinetic rates of the experiments performed 

at 15.0 and 17.5 ºC were particularly low, achieving total Cr(VI) reduction only 

after 35 min. Increasing the temperature to 20 ºC, the Cr(VI) reduction rate was 

significantly improved and using higher temperatures (25, 30, 35 and 40 ºC) a 

slightly faster Cr(VI) removal was even observed, with k values about 65% 

higher than the ones observed at the lower temperature values. 

The Arrhenius equation (Eq.(3.6)) relates the reaction rate with temperature: 

 

k =  A e−
Ea
RT      or    ln k =  ln A -  

Ea

R
×
1

T
   (3.6) 

 

where A, Ea, R, T and k are the frequency factor (mM L-1 min-1), activation 

energy (J mol-1), gas constant (8.314 J mol-1 K-1), temperature (K) and kinetic 

constant (mM L-1 min-1), respectively. The activation energy obtained for the 

reduction of Cr(VI) by Fe(III)/UVA-Vis/Citric acid system was 106 ± 3 kJ mol-

1. The activation energy value achieved was higher than the one obtained by Zhou 

et al. [17] (21.53 kJ mol-1) for the Cr(VI) removal by nanoscale zero-valent iron 

(nZVI) coupled with ultrasound, suggesting that the ultrasound probably 

enhances the chemical reaction. 
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Figure 3.8 - Influence of temperature on Cr(VI) photocatalytic reduction ([Cr] = 

0.2 mM) by Fe(III)/UVA-Vis/Citric acid system in the lab-scale photoreactor 

(SUNTEST at 500 W m-2) with 0.04 mM of iron at pH 5.0. [citric acid] = 0.6 mM, 

temperature = (, ) 15 ºC, (, ) 17.5 ºC, (, ) 20.0 ºC, (, ) 25 ºC, 

(, ) 30.0 ºC, (, ) 35.5 ºC, (, ) 40.0 ºC. Solid symbols – 

[Cr(VI)]/[Cr(VI)0]; open symbols – [Fe(total)]. 

 

According to the iron speciation diagrams at different temperatures calculated by 

the chemical equilibrium modelling system MINEQL+ (Figures 3.9 and 3.3e)) 

considering the concentrations of iron and citric acid used, [FeOH(Cit)]- molar 

fractions at pH 5.0 remained similar for all tested temperatures (around 99%).  
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Figure 3.9 - Fe(III)-citrate speciation diagrams for an iron concentration of 

0.04 mM and different temperatures (a) 15 ºC; b) 17.5 ºC; c) 20 ºC; d) 30 ºC; 

e) 35 ºC; f) 40 ºC. 
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So, probably, the beneficial effect of high temperatures on the reaction rate is 

mainly associated with the enhancement of Fe(II) regeneration through the 

respective thermal reactions (Eqs. (3.7) – (3.9)) [3]: 

 

Fe3+ + H2O2 → Fe
2+ + HO2

∙ + H+   (3.7) 

Fe3+ + HO2
∙ → Fe2+ + O2 + H

+   (3.8) 

Fe3+ + O2
∙− → Fe2+ + O2  (3.9) 

 

Despite the better results found at high temperatures, the solubility of ferric ions 

decreases. This could be perceived by the iron precipitation as Fe(OH)3(s) at lower 

pH values when the temperature is increased. Figures 3.9 and 3.3e) show that, 

despite the molar fraction of the photoactive species remained constant at pH 5.0, 

at 15 ºC the iron starts to precipitate at pH 6.6 and at 40 ºC it starts to precipitate 

at pH 5.7. 

 

3.3.5 Effect of irradiation source on the photocatalytic reduction of Cr(VI) by 

Fe(III)/Citric acid system 

The photoreduction of photoactive Fe(III)-hydroxy and Fe(III)-citrate species 

changes according to the wavelength and intensity of the light source and solution 

pH. Beyond that, the solar light irradiance can vary during the day, according to 

seasons of the year, location and weather conditions. To clarify in detail the effect 

of light source wavelength and intensity on the photocatalytic reduction of 

0.2 mM Cr(VI) by Fe(III)-citrate complexes (0.6 mM citric acid and 0.04 mM 

Fe(III)) at pH 5.0 and 25 ºC, assays were performed using UVC, UVA and visible 

lamps, simulated solar lights (300 and 500 W m-2) and natural solar light. 

Table 2.4 shows the different light sources intensities, photon flows and radiant 

power. 
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Figure 3.10 shows the photoreduction of Cr(VI) in Fe(III)-citrate solutions at pH 

5.0 with different light irradiances as a function of accumulated energy calculated 

by Eq. (2.3). Cr(VI) reduction proved to be strongly dependent on the irradiance 

source. Using the visible lamp the Cr(VI) photoreduction was almost negligible. 

As reported in Table 2.4, this lamp has an average intensity, in the 280-400 nm 

wavelength range (0.3 WUV m-2), 10 times lower than the other light sources. 

Despite the visible lamp emits radiation in the 350-700 nm range (UVA-visible), 

as reported by Moreira et al. [18], it exhibits large emission peaks at certain 

defined wavelengths: 436, 546 and 611 nm (visible). This emphasizes that the 

use of mainly visible radiation leads to a lower Fe(III)-citrate complex 

photoreduction rate comparing with the use of UV. Low absorbance of Fe(III)-

citrate complex in the visible range was already reported by Seraghini et al. [9], 

who observed higher absorbance near shorter wavelengths. In fact, the literature 

reports that UV and blue-light promote an efficient photolysis of Fe(III)-citrate 

complexes, with Fe(II) formation and oxidation of the ligand [19, 20].  

Figure 3.10 shows that the results observed in this work are in accordance with 

the literature, since a significant enhancement of the Cr(VI) reduction was 

observed when the light source included the UV spectrum range. This way, the 

total Cr(VI) reduction (> 99%) observed with the several UV lamps employed 

follows the order: SUNTEST at 300 W m-2 (QUV,n = 2.44 kJ L-1) < UVA lamp 

(QUV,n = 1.68 kJ L-1) < UVC lamp (QUV,n = 1.53 kJ L-1) < SUNTEST at 500 W 

m-2 (QUV,n = 0.99 kJ L-1). The SUNTEST lamp emits a continuous radiation in 

the range of 300-700 nm and the UVA lamp presents an emission wavelength 

peak at 360 nm; on the other hand, the UVC lamp emits mainly at 254 nm. The 

Cr(VI) reduction achieved with these sources of light are similar, probably 

because they exhibit similar photon fluxes (UVC lamp: 3.87 × 10-6 einstein s-1, 

SUNTEST 500 W m-2: 1.38 × 10-6 einstein s-1, and UVA lamp: 

1.92 × 10-6 einstein s-1). Regarding the Cr(VI) reduction by the 
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Fe(III)/UVA-Vis/Citric acid system with natural solar light in the CPC pilot 

plant, the total reduction was achieved with an accumulated energy of 1.13 kJ L-1, 

a result very similar to the one obtained with SUNTEST at 500 W m-2. Despite 

the experiment performed under natural solar light presented an average UV 

intensity similar to the one of the SUNTEST at 300 W m-2 (Table 2.4), the 

corresponding illuminated area/solution volume ratio (300 cm2 L-1) is higher than 

the one verified for the SUNTEST (170 cm2 L-1), probably leading to a higher 

efficiency. It was decided to perform the next experiments in the lab-scale 

photoreactor (SUNTEST at 500 W m-2) since it is the irradiation source more 

similar to the natural solar radiation at 12 a.m. on a sunny summer day in 

Northern Portugal (43.9 WUV m-2). 

 

 
Figure 3.10 - Influence of irradiance source on Cr(VI) photocatalytic reduction 

([Cr] = 0.2 mM) by Fe(III)/Citric acid system with 0.04 mM of iron at pH 5.0 

and 25 ºC. [citric acid] = 0.6 mM; irradiance source = () SUNTEST at 

500 W m-2, () SUNTEST at 300 W m-2, () UVC lamp, () UVA lamp, 

() visible lamp, () solar light. 
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3.3.6 Effect of initial Cr(VI) concentration on its photocatalytic reduction by 

Fe(III)/UVA-Vis/Citric acid system 

To examine the effect of the Cr(VI) initial concentration on its photoreduction 

rate, solutions with different Cr(VI) concentrations (0.02 - 0.8 mM) were 

irradiated in the lab-scale photoreactor (SUNTEST at 500 W m-2) using 0.6 mM 

of citric acid and 0.04 mM of Fe(III), at pH 5.0 and 25 ºC. These iron and citric 

acid concentrations were optimized in the previous sections for the reduction of 

0.2 mM of Cr(VI). As it is possible to observe in Figure 3.11a, contrary to results 

reported by Liu et al. [2] regarding the photocatalytic reduction of Cr(VI) by a 

Fe(III)/bisphenol A system, the photoreduction rate decreased with increasing 

Cr(VI) initial concentrations (Table 3.2, experiments 3.5.1 – 3.5.4). For the lower 

concentration (0.02 mM), the total Cr(VI) reduction was achieved after 5 min of 

reaction. Using 0.2 mM of Cr(VI) (the dosage studied in the previous points), the 

Cr(VI) total reduction was achieved after 15 min of reaction. 
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Figure 3.11 - Influence of Cr(VI) initial concentration on its photocatalytic 

reduction by Fe(III)/UVA-Vis/Citric acid system at pH 5.0 and 25 ºC in the lab-

scale photoreactor (SUNTEST at 500 W m-2), with the respective concentrations: 

a) [citric acid] = 0.6 mM, [Fe(III)] = 0.04 mM, [Cr(VI)] = () 0.02 mM; 

() 0.2 mM; () 0.4 mM; () 0.8 mM. b) [Fe(III)] = 0.04 mM, [Cr(VI)] and 

[citric acid] = () 0.02 and 0.06 mM; () 0.2 and 0.6 mM; () 0.4 and 1.2 mM; 

( ) 0.8 and 2.4 mM. c) [Cr(VI)], [citric acid], [Fe(III)] = ( ) 0.02, 0.06, 

0.004 mM; () 0.2, 0.6, 0.04 mM; ( ) 0.4, 1.2, 0.08 mM; ( ) 0.8, 2.4, 

0.16 mM. 
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However, increasing the Cr(VI) initial concentration to values of 0.4 and 0.8 mM, 

the Cr(VI) total reduction is not reached. After 90 min of reaction, the Cr(VI) in 

solution remains almost constant (Figure 3.11a). As it was above concluded, 

there is an adequate Cr(VI):citric acid molar ratio, which was found to be 1:3. 

So, when the Cr(VI) initial concentration was increased to 0.4 and 0.8 mM, the 

Cr(VI) reduction decreases as the citric acid present in solution is consumed, not 

existing enough amount to act both as scavenger agent of reactive oxygen species 

generated from the photoreduction of Fe(III)-citrate complexes and to form 

strong complexes with the ferric ions. This way, new experiments were 

performed increasing the citric acid dosage as the Cr(VI) initial concentration 

increases, maintaining the ratio 1:3. The iron concentration was kept at 0.04 mM, 

since, in principle, iron is regenerated through the Fe(II)/Fe(III) photochemical 

cycle while the Cr(VI) is reduced to Cr(III). However, as it is possible to observe 

in Figure 3.11b, the total reduction of 0.4 mM of Cr(VI) was achieved after 

60 min, but when the initial Cr(VI) concentration is increased to 0.8 mM, the 

total Cr(VI) reduction was not achieved at the end of the reaction time (90 min), 

even increasing the citric acid concentration. This can be attributed to the fact 

that with a higher chromium concentration and with the same iron dosage for the 

Fe(II)/Fe(III) photochemical cycle more time is required to achieve the total 

Cr(VI) reduction. To increase the reaction rate, probably it is necessary to 

increase also the iron dosage. Consequently, new tests were performed doubling 

Cr(VI) and citric acid concentrations, when the iron dosage also doubled. These 

results are represented in Figure 3.11c, where it is possible to check that the total 

Cr(VI) removal is now achieved in all cases within the pre-defined reaction time 

and more quickly than in the previous conditions. These results are corroborated 

by the higher photodegradation rate constants attained in the latter experiments, 

as can be seen from Table 3.2. Since Cr(VI) reduction follows a zero-order 

kinetics, the reaction time required to achieve total Cr(VI) reduction increases 
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with the increment on the initial Cr(VI) concentration, using the same amount of 

catalyst. In conclusion, to achieve a total Cr(VI) reduction at similar reaction 

times, the molar ratio 1:3 between the Cr(VI) and the citric acid must be 

maintained, as well as the iron concentration should be increased/decreased in 

the same proportion. 

In addition, the fact of higher Cr(VI) concentration takes more time to be reduced 

than a lower one could be explained, also, by the chromium speciation diagrams 

at different concentrations (Figure 3.12). At pH 5.0, increasing the Cr(VI) initial 

concentration, the molar fraction of the HCrO4
- species decreases (97.3, 96%, 

95% and 93% for 0.02, 0.2, 0.4 and 0.8 mM, respectively) with the appearance 

of the CrO4
2- species, that requires more protons to be reduced (Eqs.(3.4) and 

(3.5)). 
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Figure 3.12 - Chromium speciation diagrams for different initial Cr(VI) 

concentrations a) 0.02 mM; b) 0.2 mM; c) 0.4 mM; d) 0.8 mM. 

 

For all conditions tested, the photoactive complex [FeOH(Cit)]- was the main 

species at pH 5.0 (Figure 3.13).  
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Figure 3.13 - Fe(III)-citrate speciation diagrams for different initial Cr(VI), citric 

acid and Fe(III) concentrations: a) 0.02, 0.06, 0.04 mM; b) 0.02, 0.06, 0.004 mM; 

c) 0.4, 1.2, 0.04 mM; d) 0.4, 1.2, 0.08 mM; e) 0.8, 2.4, 0.04 mM; f) 0.8, 2.4, 

0.16 mM, respectively. 
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3.3.7 Effect of Fe(III)-carboxylate complex on the photocatalytic reduction of 

Cr(VI) 

The addition of scavenging agents to generate stable ferric complexes appears as 

an alternative to prevent iron precipitation in the Fenton reaction and to increase 

the reaction rate, through the generation of Fe(II) with improved quantum yield 

from the Fe(III)-carboxylate complexes over Fe(III)-hydroxy complexes, due to 

the higher absorption of UV-visible light. This way, these ferricarboxylate 

complexes allow the use of a higher fraction of the solar radiation spectrum and 

are more soluble than ferric iron-water complexes, allowing also to work at 

neutral pH values, without iron precipitation [21]. Different studies report the use 

of ferric complexes in modified photo-Fenton processes through the addition of 

oxalic acid [22], citric acid [23], and ethylenediaminetetraacetic acid  (EDTA) 

[24]. In this work, different Fe(III)-carboxylate complexes were tested on the 

photocatalytic reduction of 0.2 mM of Cr(VI) with 0.04 mM of Fe(III) at pH 5.0 

and 25 ºC in the tubular lab-scale photoreactor (SUNTEST at 500 W m-2) through 

the addition of citric acid, oxalic acid, maleic acid and EDTA at 

Cr(VI)/scavenging agent molar ratios of 1:3 (optimal ratio for citric acid found 

in this study). In these circumstances the Fe(III)/scavenging agent molar ratio is 

1:15 for citrate acid, oxalic acid, maleic acid and EDTA. The citrate and oxalate 

are present in carbon-rich surface waters, atmospheric water, and drainage water 

from forested and agricultural watersheds. Moreover, oxalate was found to be 

able to enhance the ferric-catalyzed photoreduction of Cr(VI) [25]. Figure 3.14 

shows that the scavenging agent performance for the Cr(VI) reduction increases 

in the following order: maleic acid < EDTA < oxalic acid < citric acid.  
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Figure 3.14 - Influence of scavenging agent on Cr(VI) photocatalytic reduction 

([Cr] = 0.2 mM) by Fe(III)/scavenging agent system with [scavenging agent] = 

0.6 mM, 0.04 mM of iron at pH 5.0 and 25 ºC in the lab-scale photoreactor 

(SUNTEST at 500 W m-2). Scavenging agent = (, ) citric acid, (, ) oxalic 

acid, (, ) maleic acid,   (, ) EDTA. Solid symbols – [Cr(VI)]/[Cr(VI)0]; 

open symbols – [Fe(total)]. 
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the presence of carboxylic groups in their structures which are able to form 

photoactive complexes with Fe(III) under the conditions used in this study. The 

photochemical dissociation of ferricarboxylate complexes results in ferrous and 

reactive oxygen species. In fact, the strong reducing agent CO2
- could be formed 

by the photodecarboxylation or oxidation of oxalic and citric acids [14, 26]. This 

radical is able to reduce the Cr(VI), since the pair CO2
-/CO2 (-2.20 eV) [27] has 

a more negative potential than the pair Cr(VI)/Cr(III) (+1.33 eV) [28]. Despite 

the addition of oxalic acid contributed also to a good efficiency, during the 

reaction its consumption probably leads to insufficient oxalate amounts to form 

the complex again, decreasing, consequently, the quantum yield for ferrous 
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present in solution in enough quantity to form the Fe(III)-citrate complexes 

during the entire reaction and, more importantly, it is known that the respective 

quantum yield, at the pH conditions under study (5.0), is higher than the one of 

the oxalate. In fact, Abrahamson et al. [19] reported that increasing the pH value 

from 2.7 to 4.0 the citric acid quantum yield increased about 50%, while for 

oxalate decreased by 50%. 

Rivero-Huguet and Marshall [29] reported a Cr(VI) reduction of about 55% in 

1800 min in the presence of zero-valent iron (ZVI) and EDTA, at the same 

conditions used in this work. Similarly, a bad performance of Fe(III)/UVA-

Vis/EDTA system for Cr(VI) photoreduction was achieved in the present study. 

The scavenging agents used in this work can be classified into two groups 

according to the formation or not of photocatalytic active ferricarboxylate 

complexes. Only scavenging agents forming active ferricarboxylate complexes 

are able to improve the photocatalytic reduction rate of Cr(VI) since their 

photolysis yields Fe(II) and low oxidizing species, avoiding the reoxidation of 

chromium species. As was also observed by Rodríguez et al. [7], maleic acid does 

not produce ferricarboxylate complexes under the studied experimental 

conditions and, as a consequence, its presence does not improve Cr(VI) reduction 

rate. Thus, after 15 min of reaction, Cr(VI) photoreduction increases from 0.19 

and 9.8% in the absence of photoactive carboxylate complexes (with EDTA and 

maleic acid, respectively) up to 31.6 and 99.6% in the presence of photoactive 

oxalate and citrate complexes, respectively. To clarify in detail the type of 

Fe(III)-carboxylate species acting in each system, Fe(III) speciation diagrams 

were calculated with each scavenging agent used in this study as a function of 

the solution pH considering the initial experimental conditions. From Figures 

3.3e) and 3.15 it is possible to confirm the formation of photoactive species 

[FeOH(Cit)]- and  [Fe(Ox)3]
3- at pH 5.0 in the presence of citric and oxalic acid, 

respectively. In spite of both Fe(III)-carboxylate species are present in high molar 
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fractions (99.3% of [FeOH(Cit)] and 94.5% of [Fe(Ox)3]
3-), the best results were 

achieved with Fe(III)-citrate complexes since they have higher quantum yield, at 

the conditions of this study, as abovementioned. In the case of EDTA addition, 

although it appears to form also a high molar fraction of [Fe(EDTA)] complex 

(99.8%) at pH 5.0, this complex should not be photoactive in the conditions of 

this work, since almost no Cr(VI) reduction was attained during 1 h of reaction. 

The speciation diagram of Fe(III) with maleic acid addition proved that this 

organic ligand does not produce ferricarboxylate complexes at pH 5.0 (Figure 

3.15b). At this pH value, the iron is all precipitated as Fe(OH)3(s). 

Despite having been reported by Lee et al. [30], that the Cr(VI) photocatalytic 

reduction by a TiO2 suspension was strongly affected by the number of 

carboxylic groups in the organic compounds added, in this work, Fe(III) 

photocatalytic reduction of Cr(VI) in the presence of organic compounds does 

not exhibit a linear correlation with the number of carboxylic groups of the 

scavenging agent. Sun et al. [10] reported similar results and suggested that the 

key factor to achieve good efficiencies with this type of systems is the presence 

of -OH groups in the organic molecule. Kabir ud et al. [31] described the 

formation of a ring structure between Mn(II) and an organic acid, which 

improved the -OH group activity, resulting in the formation of a Cr(VI)-organic 

acid-Mn(II) complex. However, in this study, only the citric acid presents one 

-OH group, and, despite not having -OH groups, oxalic acid proved also to 

enhance the Cr(VI) photocatalytic reduction. Therefore, it is believed that to 

achieve a good process efficiency, there must be a compromise between the 

photoactive species formation among iron and the scavenging agent and the 

number of  -OH groups, as well as with the respective quantum yield. 
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Figure 3.15 - Fe(III) speciation diagrams for an iron concentration of 0.04 mM 

and different scavenging agents with [scavenging agent] = 0.6 mM. a) oxalic 

acid; b) maleic acid (no complex formation); c) EDTA at 25 ºC. 

 

Beyond the influence of quantum yields for Fe(II) formation on the Cr(VI) 

reduction efficiency, the rate of Fe(III)-carboxylate complexes 

photodecarboxylation can also affect the process since their presence allows 

preserving dissolved iron in solution with the consequent enhancement of Cr(VI) 

removal. It has to be noted that for all tested organic ligands, the total dissolved 

iron concentration remained almost constant during the entire reaction period, 

with the exception of maleic acid, where it is possible to observe that, as 

abovementioned, the iron precipitates (Figure 3.14). 
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3.3.8 Real wastewater containing Cr(VI) 

Table 3.1 presents the main characteristics of a Cr(VI) containing wastewater 

sample from a galvanic industry of northern Portugal. The Cr(VI) concentration 

(0.7 mM) is well above the allowed limit (0.1 mg L-1 or 2 M) for discharge into 

receiving water bodies as established by the Portuguese legislation (Decree-Law 

No. 236/98 [15]). The photoreduction of Cr(VI) present in this wastewater was 

conducted using 2.4 mM of citric acid, 0.16 mM of iron, pH 5.0 and 25 ºC in the 

lab-scale photoreactor (SUNTEST at 500 W m-2). The total reduction of Cr(VI) 

was achieved in 30 min (Figure 3.16), proving the efficiency of the optimized 

Fe(III)/UVA-Vis/Citric acid system for the treatment of Cr(VI) containing 

wastewaters. Other authors achieved similar results but at acidic pH values. 

Lugo-Lugo et al. [32] studied the Cr(VI) reduction present in chromium 

electroplating wastewater with a bimetallic (Cu/Fe) galvanic reactor achieving 

100% of chromium reduction in about 25 min for a pH value of 2.0 and a ratio of 

copper to iron surface areas of 3.5:1. In this case, despite the total dissolved iron 

concentration remained constant during all the reaction (Figure 3.16), it was 

observed that the iron(II) starts to be in excess before all the Cr(VI) is reduced to 

Cr(III) (Figure 3.16) since it was added at a higher initial concentration to keep 

the optimized Fe(III)/UVA-Vis/Citric acid ratio. 
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Figure 3.16 - Photoreduction of Cr(VI) present in a real wastewater by a 

Fe(III)/UVA-vis/Citric acid system with 2.4 mM of citric acid and 0.16 mM of 

iron at pH 5.0, 25 ºC in the lab-scale photoreactor (SUNTEST at 500 W m-2). 

a) Solid symbol – [Cr(VI)]/[Cr(VI)0]; open symbol – [Fe(total)], b) Fe(II) () 

and Fe(III) () concentrations. 
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3.4 Conclusions 

Solar photocatalytic reduction of Cr(VI) was successfully achieved using a 

Fe(III)/UVA-Vis system in the presence of citric acid. The reaction kinetics 

depends on the citric acid amount present in the solution: the maximum rate was 

attained for a Cr(VI):citric acid molar ratio of 1:3, using 0.04 mM of Fe(III) for 

an initial Cr(VI) concentration of 0.2 mM. The presence of citrate allowed to 

extend the pH range of the reaction through complexation with Fe(III), allowing 

to work at near neutral pH values (5.0). In turn, the increase of the solution 

temperature improved the reaction rate in the range under study (15.0 – 40.0 ºC). 

Among the artificial sources of light, the Cr(VI) reduction was more effective 

using UVA-Vis (SUNTEST at 500 W m-2) irradiance, attaining the complete 

reduction after 0.99 kJ L-1. The use of natural solar light in the CPC pilot plant 

led to results very similar to the Cr(VI) reduction in the SUNTEST at 500 W m-2. 

It was also concluded that the Fe(III) concentration should be adjusted in 

proportion to the Cr(VI) initial concentration in order to achieve similar reaction 

kinetics. The rate constants involving the four organic ligands tested were in the 

order: citric acid > oxalic acid > EDTA > maleic acid, suggesting that it must 

exist a compromise between the fraction of photoactive species formed and the 

respective quantum yield. Additionally, in the presence of citric and oxalic acid 

the formation of CO2
- radical could also contribute for Cr(VI) reduction. Finally, 

this system proved to be very promising in the treatment of real Cr(VI) containing 

wastewaters from galvanization processes, showing also that it could be useful 

for the simultaneous removal of some organic pollutants present in the natural 

aqueous environment.  
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4 Photocatalytic Reduction of Cr(VI) Over 

TiO2-Coated Cellulose Acetate Monolithic 

Structures using Solar Light 

 

 

 

 

 

 

In this chapter the photoreduction of Cr(VI) to Cr(III) was performed 

in a tubular photoreactor packed with cellulose acetate monolithic 

(CAM) structures coated with TiO2-P25 thin films in presence of 

organic sacrificial agents and solar light. The efficiency of the photo-

reduction reaction was evaluated according to different variables 

such as sacrificial agent type and concentration, pH, TiO2 load, 

monolithic structures geometry and catalyst reuse. 

 

 

 

 

 

 

________________________________________________________________ 

This Chapter is based on the research article: “B.A. Marinho, R.O. Cristóvão, R. 

Djellabi, J.M. Loureiro, R.A.R. Boaventura, V.J.P. Vilar, Photocatalytic 

reduction of Cr(VI) over TiO2-coated cellulose acetate monolithic structures 

using solar light, Applied Catalysis B: Environmental, 203 (2017) 18-30.  



 

 

 

  



Chapter 4 

151 

4.1 Introduction 

Recently, the photocatalytic reduction of Cr(VI) to Cr(III) using different 

semiconductors has received considerable attention [1-4]. Due to its high 

photostability, activity and relatively low cost, TiO2 has been widely used, both 

in suspension and in a supported form. As explained in Chapter 1, in the 

heterogeneous TiO2 photocatalytic process, the generated holes are highly 

oxidizing, which can be used for the oxidative degradation of several organic 

contaminants by hydroxyl radicals. On the other hand, the electrons can be 

consumed by inorganic species with a reduction potential more positive than the 

one of the TiO2 conduction band [5]. The Cr(VI) reduction has been reported to 

be successfully achieved by TiO2 photocatalytic processes [6, 7]. However, since 

the formed holes are not used to reduce Cr(VI), and, in fact, they can produce 

hydroxyl radicals from water oxidation, the formed Cr(III) can be re-oxidized to 

Cr(VI). In addition, the electron-hole recombination can also suppress the 

reaction. To avoid these effects, several organic agents are often added as 

sacrificial agents, reacting with the OH radicals or holes and hindering the 

electron-hole recombination, leading, this way, to an enhancement of the 

reduction process. 

Most of the information on water treatment by photocatalytic processes is 

concerned to the use of dispersed semiconductors. However, TiO2 is known to 

be difficult to separate from the solutions and to limit the penetration depth of 

UV light [8]. This problem could be avoided through the use of inert supports 

functionalized with active nanoparticles, eliminating the need for a post-filtration 

step and allowing the catalyst reuse as far as its stability is maintained. However, 

despite the several advantages of using catalyst thin films for photocatalysis, 

mass transfer usually controls the rate of the heterogeneous photocatalytic 

reaction. In photocatalytic reactions the mass transfer is often quantified by the 

catalyst surface area per unit reactor volume [9]. This way, thin-walled 
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monolithic structures of cellulose acetate (CAM structures) are a promising 

support alternative since they are UV-transparent, lightweight, inexpensive and 

easily shaped polymeric materials [10-12]. The work reported in the present 

chapter aims to evaluate the performance of CAM structures coated with 

P25-TiO2 nanoparticles by a simple dip coating method on the Cr(VI) reduction 

under solar light with addition of citric acid as sacrificial agent. The effect of 

several parameters, such as the TiO2 amount, solution pH, citric acid 

concentration, initial chromium concentration, light intensity and the use of other 

scavengers were studied. Finally, the ability for the photocatalyst to be reused 

was also analyzed. 
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4.2 Materials and methods  

All chemicals, analytical determinations, experimental units and procedures can 

be accessed in Chapter 2. Table 4.1 shows the CAM thin films density and 

thickness. 

 

Table 4.1 - CAM thin films properties. 

Layers 

number 

Total TiO2 mass 

(mg) 

ρA,P25 

(mg cm−2) 

Film thicknessa 

(m) 

3 layers 10 1.70×10-2 0.05 

6 layers 28 4.86×10-2 0.14 

9 layers 40 6.70×10-2 0.19 

12 layers 54 9.31×10-2 0.26 
aconsidering a homogeneous film over all walls of the CAM structure 
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4.3 Results 

4.3.1 Effect of TiO2 amount and CAM geometry on the photocatalytic reduction 

of Cr(VI) by CAM-TiO2/UVA-Vis/citric acid system 

To evaluate the potentiality of the CAM-TiO2/UVA-Vis/citric acid system and 

the effect of the TiO2 amount on the Cr(VI) reduction, a set of photocatalytic 

experiments was performed using 0.02 mM of Cr(VI), 0.6 mM of citric acid, 

pH 3.0, 25 ºC and varying the number of TiO2-P25 thin layers (from 3 to 12) 

deposited in the CAM structures (Table 4.1). CAM structures coated with the 

P25-TiO2 film showed a good stability (no visible deterioration of CAM surface) 

under the UVA-Vis radiation during a 24 h period. In this case, only water 

(pH = 3.0) was pumped through the photoreactor packed with the CAM 

structures. After this period, the dissolved organic carbon of the solution was 

negligible. According to the fabricant, the CAM structures are also stable at 

temperatures between -20 ºC and 70 ºC. In all the experiments, the solution was 

firstly homogenized during 15 min in darkness, in order to achieve the system 

equilibrium. Other authors reported a similar time period (10 min) to this 

equilibrium phase [13]. Initial tests showed that the removal of 0.02 mM of 

Cr(VI) by photolysis or by adsorption on the CAM-TiO2 structures (density and 

thickness of 4.86 × 10-2 mg cm-2 and 0.14 m, respectively) was negligible during 

240 min (data not shown). However, as shown in Figure 4.1, the 

CAM-TiO2/UVA-Vis/citric acid system is able to achieve the complete reduction 

of Cr(VI) to Cr(III) in 180 min ([Cr(VI]0] = 0.02 mM; CAM-TiO2 structure 

density of 1.70 × 10-2 mg cm-2; CAM-TiO2 thickness of 0.05 m). 
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Figure 4.1 - Influence of the number of TiO2-P25 layers (deposited on the CAM 

structures) on the Cr(VI) photocatalytic reduction ([Cr(VI)] = 0.02 mM) by 

CAM-TiO2/UVA-Vis/citric acid system at pH 3.0 and 25 ºC (43.9 WUV m-2); 

[Citric acid] = 0.6 mM; TiO2 layers number = () 3, () 6, () 9, () 12. 

 

The Cr(VI) photocatalytic reduction is well described by a pseudo-first order 

kinetic model [5, 6]. Figure 4.1 shows that the increase of the number of TiO2-P25 

thin layers from 3 to 6 led to an increment of the kinetic constant from 11.0 × 10-3 

to 15.7 × 10-3 min-1 (Table 4.2), achieving the total Cr(VI) reduction, below the 

detection limit (DL) of the analytical method, after 180 and 150 min, respectively. 

However, for a higher number of TiO2 thin layers (9 and 12) the reaction rate 

remains almost constant, considering the associated error: (17  1) × 10-3 and 

(18  1) × 10-3 min-1, respectively. The increment of the P25 layers number can 

result in positive and negative effects: on one hand, it favors the generation of 

electrons that promote the Cr(VI) reduction, but, on other hand, the CAM 

structure transparency decreases, hindering the radiation passage, which results 

in a decrease in the reaction rate [13, 14]. In fact, the UV photons are emitted 

from the external side of the photoreactor and the light crosses the borosilicate 
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tube and reaches the TiO2 thin film deposited in the external walls of the CAM 

structure. In this case, the catalyst amount increase (and catalyst film thickness 

increase) enhances the reaction rate until a point where the light is completely 

absorbed by the catalyst layer (Figure 4.2). After this point, an increase of the 

catalyst amount does not change the reaction rate, as the diffusional length of the 

charge carrier to the catalyst-liquid interface will not change (the so called front 

side illumination (FSI) mechanism). However, in the monolithic structure 

internal walls, the catalyst thin film is illuminated on its backside whereas the 

pollutant/reactants adsorb on the coating from the other side. In this back-side 

illumination (BSI) mechanism, the reaction rate will achieve a maximum for a 

specific catalyst film thickness and a further increase will lower the 

photocatalytic reaction rate since the charge carriers are generated far from the 

liquid-catalyst interface and consequently are more susceptible to recombination 

loss (Figure 4.2) [15]. In fact, the light may not reach the catalyst film deposited 

in the CAM structure internal walls since it can be completely absorbed by the 

catalyst film deposited on the CAM external walls and by CAM structure itself. 

The total chromium concentration decreased only 12% during the reaction, 

indicating that trivalent chromium has a low affinity to the TiO2 films, being 

soluble at the working pH values. 
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Figure 4.2 - Systems under front-side illumination (FSI) and back-side 

illumination (BSI) with different TiO2 thin films thickness. 

 

The photonic efficiency () is another important parameter in photocatalysis, 

defined as the transformed reactant molecules number divided by the number of 

incident photons on the front window of the reactor [16]: 

 

 = 
rate of reaction

incident light intensity 
    (4.1) 

 

The determined photonic efficiencies are presented in Table 4.2 and were 

calculated from the initial reaction rates (r0), assuming a homogenous 

illumination of the reactor. As it was observed for the kinetic constant values, the 

photonic efficiencies using CAM-TiO2 structures with 12, 9 and 6 layers were 

found to be similar (0.44, 0.48 and 0.46%, respectively) and higher than the one 

regarding the use of CAM-TiO2 structures with only 3 layers (0.29%).  
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Table 4.2 - Photonic efficiencies and pseudo-first order kinetic constants for Cr(VI) reduction along with the corresponding 

coefficient of determination (R2) and residual variance (S2
r). 

Experiment 
[Cr(VI)] 

(mM) 

TiO2 

(layers) 

[Scav.] 

(mM) 
pH 

k × 103 

 (min-1) 
R2 

S2
r × 103 

(mM)2 

r0 ×103  

(mM min-1) 


Effect of TiO2 amount and CAM geometry

4.1.1 – 3 layers 0.02 3 0.6 3.0 11.0 ± 0.7 0.951 3 0.150 0.293 

4.1.2 – 6 layers 0.02 6 0.6 3.0 13 ± 1 0.941 5 0.226 0.440 

4.1.3 – 9 layers 0.02 9 0.6 3.0 17 ± 1 0.974 2 0.244 0.476 

4.1.4 – 12 layers 0.02 12 0.6 3.0 18 ± 1 0.972 2 0.238 0.463 

4.1.5 – CAM geo. A 0.02 6 0.6 3.0 15.7 ± 0.8 0.977 1 0.217 0.422 

4.1.6 – CAM geo. B 0.02 6 0.6 3.0 14.7 ± 0.8 0.972 2 0.252 0.491 

4.1.6 – CAM geo. C 0.02 6 0.6 3.0 14.0 ± 0.8 0.978 1 0.212 0.412 

4.1.6 – slurry TiO2 0.02 28a 0.6 3.0 45 ± 7 0.953 6 0.703 1.370 

Effect of pH 

4.2.1 – pH 2.5 0.02 6 0.6 2.5  15.7 ± 0.8 0.977 2 0.217 0.422 

4.2.2 – pH 4.0 0.02 6 0.6 4.0 8.7 ± 0.3 0.984 0.8  0.156 0.305 

4.2.3 – pH 5.0 0.02 6 0.6 5.0 6.8 ± 0.2 0.980 0.7  0.114 0.223 

4.2.4 – pH 6.0 0.02 6 0.6 6.0 4.0 ± 0.2 0.955 0.8  0.064 0.124 

Effect of citric acid concentration 

4.3.1 – 0.2 mM 0.02 6 0.2 2.5 7.1 ± 0.6 0.929 6 0.128 0.249 

4.3.2 – 0.4 mM 0.02 6 0.4 2.5 9.5 ± 0.8 0.938 5 0.158 0.308 

4.3.3 – 0.6 mM 0.02 6 0.6 2.5 15.7 ± 0.8 0.977 1 0.217 0.422 

4.3.4 – 1.2 mM 0.02 6 1.2 2.5 22 ± 1 0.979 1 0.301 0.587 

4.3.5 – 2.3 mM 0.02 6 2.3 2.5 24.4 ± 0.4 0.999 0.1 0.441 0.859 

4.3.6 – 4.6 mM 0.02 6 4.6 2.5 44.3 ± 0.6 0.999 0.05 0.683 1.331 

4.3.7 – 6.9 mM 0.02 6 6.9 2.5 59 ± 3 0.997 0.4 0.994 1.936 
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Experiment 
[Cr(VI)] 

(mM) 

TiO2 

(layers) 

[Scav.] 

(mM) 
pH 

k × 103 

 (min-1) 
R2 

S2
r × 103 

(mM)2 

r0 ×103  

(mM min-1) 


          

Effect of initial chromium concentration 

4.4.1 – 0.01 mM 0.01 6 6.9 2.5 47 ± 1 0.998 0.1 0.415 0.808 

4.4.2 – 0.02 mM 0.02 6 6.9 2.5 59 ± 3 0.997 0.4  0.994 1.936 

4.4.3 – 0.03 mM 0.03 6 6.9 2.5 33 ± 2 0.986 0.2  0.691 1.347 

4.4.4 – 0.04 mM 0.04 6 6.9 2.5 22.5 ± 0.6 0.896 30 0.780 1.519 

4.4.5 – 0.05 mM 0.05 6 6.9 2.5 8 ± 3 0.971 4  0.309 0.601 

4.4.6 – 0.06 mM 0.06 6 6.9 2.5 4.6 ± 0.4 0.826 9 0.198 0.387 

4.4.7 – 0.06 mM 0.06 6 20.7 2.5 9.4 ± 0.9 0.926 20 0.306 0.597 

Effect of scavenger agent type 

4.5.1 – Maleic acid 0.02 6 6.9 2.5 7.0 ± 0.7 0.777 4  0.095 0.186 

4.5.2 – Oxalic acid 0.02 6 6.9 2.5 48 ± 4 0.981 2  0.798 1.555 

4.5.3 – Citric acid 0.02 6 6.9 2.5 59 ± 3 0.997 0.4 0.994 1.936 

4.5.4 – EDTA 0.02 6 6.9 2.5 19 ± 7 0.973 2  0.293 0.572 

Effect of irradiation intensity 

4.6.1 – SUNT. 500 0.02 6 6.9 2.5 3.1  ± 0.1b 0.998 0.3 0.936 1.824 

4.6.2 – SUNT. 300 0.02 6 6.9 2.5 1.3 ± 0.1 b 0.971 0.2 0.513 0.566 

4.6.2 – Sunlight 0.02 6 6.9 2.5 1.5  ± 0.1 b 0.986 0.1 0.487 0.459 

Effect of CAM reuse 

4.7.1 – 1 cycle 0.02 6 6.9 2.5 45 ± 5 0.971 0.3 0.677 1.319 

4.7.2 – 2 cycles 0.02 6 6.9 2.5 27 ± 2 0.976 0.2 0.396 0.771 

4.7.3 – 3 cycles 0.02 6 6.9 2.5 25 ± 2 0.962 0.3 0.378 0.737 

4.7.4 – 4 cycles 0.02 6 6.9 2.5 25 ± 3 0.935 0.6 0.355 0.691 

4.7.5 – 5 cycles 0.02 6 6.9 2.5 27 ± 3 0.958 0.4 0.400 0.780 

4.7.6 – 6 cycles 0.02 6 6.9 2.5 29 ± 5 0.914 0.9 0.432 0.841 

4.7.7 – 7 cycles 0.02 6 6.9 2.5 23 ± 3 0.924 0.7 0.328 0.639 

4.7.8 – 8 cycles 0.02 6 6.9 2.5 22 ± 3 0.920 0.7 0.322 0.627 

4.7.9 – 9 cycles 0.02 6 6.9 2.5 22 ± 3 0.921 0.7 0.335 0.653 

4.7.10 – 10 cycles 0.02 6 6.9 2.5 26 ± 3 0.948 0.4 0.339 0.661 
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Experiment 
[Cr(VI)] 

(mM) 

TiO2 

(layers) 

[Scav.] 

(mM) 
pH 

k × 103 

 (min-1) 
R2 

S2
r × 103 

(mM)2 

r0 ×103  

(mM min-1) 


Effect of CAM reuse (2) 

4.8.1 – 1 cycle 0.02 6 6.9 2.5 46 ± 3 0.988 0.8 0.785 1.529 

4.8.2 – 2 cycles 0.02 6 6.9 2.5 48 ± 4 0.984 0.8 0.817 1.591 
a mg; bk x 103  (L kJ-1) 
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According to these results, monolithic structures coated with 6 P25 layers were 

used to perform the next experiments.  

It should be noted that cellulose acetate monoliths contain a large number of walls 

where the catalyst is immobilized and through which the aqueous solution to be 

treated flows, providing, this way, a high surface area-to-volume ratio. In fact, 

other authors reported that monolithic substrates have 10-100 times higher 

specific surface areas than plates or beads, considering the same dimensions [17]. 

Furthermore, the CAM structure can be organized in different geometries in order 

to present a higher catalyst area per reactor volume. This way, a set of 

experiments with different CAM-TiO2 geometries (Figure 4.3) with 6 P25 layers 

(total TiO2 mass of 28, 30 and 52 mg for A-CAM, B-CAM and C-CAM, 

respectively) was performed using 0.02 mM of Cr(VI), 0.6 mM of citric acid, pH 

3.0 and 25 ºC. The geometry presented at Figure 4.3a (A-CAM) is the same used 

in the previous experiments with 40 walls coated with TiO2 thin film. The 

geometries presented at Figure 4.3b (B-CAM) and c (C-CAM) have 48 and 

64 walls, respectively. As shown in Figure 4.4, all the three geometries tested are 

able to achieve the complete reduction of Cr(VI) to Cr(III) in a maximum of 

150 min, with similar reaction rates and photonic efficiencies (Table 4.2). The 

A-CAM geometry has 32 walls illuminated by FSI and 8 by BSI, the B-CAM 

geometry has 32 walls illuminated by FSI and 16 by BSI and the C-CAM 

geometry has 16 walls illuminated by FSI and 48 by BSI. Therefore, using CAM 

structures with a higher number of walls did not lead to an increase in the reaction 

rates since light eventually does not reach the catalyst films in the internal walls 

and FSI is the predominant irradiation mechanism. Consequently, the A-CAM 

geometry was chosen to perform the next experiments. 
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Figure 4.3 - Vertical cut of the tubular reactor packed with the different CAM 

geometries tested and scheme of the CAM walls irradiated by FSI or BSI.  

 

In order to compare the Cr(VI) reduction by CAM-TiO2/UVA-Vis/citric acid 

system with the TiO2/UVA-Vis/citric acid in a slurry system, another test was 

performed using 28 mg of TiO2 in suspension (the same total amount deposited 

on the A-CAM-TiO2 structure). As it is possible to see from Figure 4.4, as 

expected the reaction rate is higher in the slurry system, mainly due to photons 

and mass transfer limitations when using the TiO2 thin films immobilized the 

CAM structure [15]. However, even though the use of the immobilized catalyst 

system leads to a 3-fold decrease in the reaction rate, it has several advantages 

when compared to slurry systems, as already mentioned above. 

 

1

2

3

CAM wall illuminated by front irradiation

CAM wall illuminated by back irradiation

1 – Tubular reactor packed with CAM-TiO2 structure

2 – Compound parabolic collector (CPC)

3 – UVA-Vis irradiation

a) b) c)
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Figure 4.4 - Influence of the CAM-TiO2-P25 system and its geometry on the 

Cr(VI) photocatalytic reduction ([Cr(VI)] = 0.02 mM) by TiO2/UVA-Vis/citric 

acid system at pH 3.0 and 25 ºC (43.9 WUV m-2); [Citric acid] = 0.6 mM; Slurry 

TiO2 = (); CAM-TiO2 geometry =  () a), () b), () c). 

 

At the optimal CAM geometry and TiO2 film thickness, the photoreactor used in 

this study provides 0.10 g of TiO2 per liter of liquid inside the reactor and an 

illuminated catalyst surface area per unit volume inside the reactor of 212 m2 m-3. 

It also presents a photocatalyst reactivity combined with the photoreactor of 

0.02 mmolCr(VI) m-3
illuminated volume s-1 (corresponding to 39 mmolCr(VI) 

m-3
illuminated volume kJ-1).  

The surface morphology and the chemical composition of the CAM-TiO2 

structure (6 TiO2 layers) were analyzed by SEM/EDX before and after use in the 

Cr(VI) photocatalytic reduction. The SEM images revealed the presence of 

highly rough surfaces both in samples before (Figure 4.5a) and after (Figure 4.5c) 

use, showing that the structure is maintained during the reaction. This analysis 
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allowed also to see the presence of some particle aggregation and to estimate the 

particle size, revealing an average range of 18 – 52 nm (Figure 4.5b).  

 

   

   

Figure 4.5 - SEM images of (a, b) fresh CAM-TiO2 sample, c) used CAM-TiO2 

sample; EDX spectra of d) natural CAM sample, e) fresh CAM-TiO2 sample and 

f) used CAM-TiO2 sample. 

 

Lima et al [18] reported also TiO2 spheroidal particles of dimensions below 

50 nm. Figure 4.5d,e, f show the results obtained from EDX analysis of natural 

CAM (without TiO2) and both fresh and used sample (with TiO2), respectively. 

As expected, without TiO2, the elemental analysis revealed mainly the presence 

of C and O atoms related to the acetate monolith composition. In the case of 

samples with coated TiO2, the existence of Ti was also detected, even after its 

use for Cr(VI) reduction. In addition, some residual P was also detected in all the 

samples, probably due to the presence of flame retardants in the cellulose acetate 

monoliths, that are known to contain P [19]. These EDX analyses also allow to 

conclude that probably no Cr was adsorbed in the catalyst surface during the 

reaction. This result is in accordance with the ones obtained from AAS analysis, 

c) a) b) 

d) e) f) 
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where a low total Cr concentration decrease was observed (as abovementioned), 

showing a negligible Cr adsorption in the studied conditions. 

However, in order to confirm this conclusion, a more sensitive analysis, that 

allows the evaluation of chemical position and element oxidation, XPS analysis, 

was carried out. The results were obtained from a brief spectra analysis with an 

integrated peaks measurement, without structure patterning, and with a simple 

background model (Shirley). From the XPS analysis of the CAM structure 

without TiO2, it was possible to identify 2 binding energy peaks related to the 

CAM composition: C 1s at 285 eV and O 1s at 531 eV (data not shown). As it 

was expected, the same signals were also observed from the XPS analysis of the 

CAM samples with TiO2, before and after use (Figure 4.6a and b). The 

characteristic Ti spectra: Ti 2p3/2, 2p1/2 and 2s, with binding energy peaks at 456, 

461 and 562 eV, respectively, were observed in both (fresh and used) CAM-TiO2 

samples. These energy peaks are in accordance with the typical Ti spectra 

reported in the literature [20]. It is known that Cr exhibits binding energy peaks 

at 574 and 584 eV, corresponding to Cr 2p3/2 and 2p1/2 spectra [20]. In the unused 

CAM-TiO2 sample spectra (without contact with the chromium solution), it is 

also possible to observe two peaks in the same position of the ones characteristic 

of Cr 2p, that correspond to satellite peaks of Ti 2s (Figure 4.6c). This way, as 

these 2 peaks are also present in the used CAM-TiO2 sample spectra (Figure 

4.6d), it is not possible to confirm the Cr presence, since the Cr 2p peaks maybe 

overlaid by the ones of Ti, leaving the question whether these peaks are only 

relative to Ti or if there is the presence of some adsorbed chromium. It has to be 

noted that even if there is some adsorbed chromium, the corresponding amount 

would be very small, causing no damage/blockage on the catalyst surface. 
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Figure 4.6 - XPS survey of a) fresh CAM-TiO2 sample and b) used CAM-TiO2 

sample; XPS Ti 2p / Cr 2p spectra of c) fresh CAM-TiO2 sample and d) used 

CAM-TiO2 sample. 

 

4.3.2 Effect of pH on the photocatalytic reduction of Cr(VI) by CAM-TiO2/UVA-

Vis/citric acid system 

According to the solution pH and chromium concentration, Cr(VI) may exist in 

several ionic forms (H2CrO4, HCrO4
-, CrO4

2-, Cr2O7
2- and HCr2O7

-), that require 

a different number of electrons and protons to achieve the complete reduction to 

trivalent chromium. Figure 3.13a shows the Cr(VI) species distribution as a 

function of solution pH, for a Cr(VI) concentration of 0.02 mM, being possible 

to observe that the predominant species for pH values between 2.5 and 6.0 is 

c) d) 

a) b) 
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HCrO4
-. As indicated by Eq. 3.4, this species requires three moles of electrons 

and seven moles of protons to reduce one mole of hexavalent chromium. 

Figure 4.7 shows that the solution pH has an important effect on the Cr(VI) 

photoreduction: the more acidic the pH values are, the higher the respective 

photoreduction rates. In fact, at solution pH of 2.5, the total Cr(VI) reduction 

(below the DL) was achieved in 150 min, whereas at pH 6.0 the Cr(VI) reduction 

was not totally achieved during the reaction time studied (210 min). Furthermore, 

a 3.5-fold increase in the photonic efficiency was also obtained for lower pH 

values (pH = 2.5) when compared with the one observed for higher pH values 

(pH = 6.0) (Table 4.2). These results are in accordance with the ones described 

by other authors [21-23]. Ku and Jung [13] reported a pH 4.0 as the pH value 

where the Cr(VI) adsorption on the TiO2 surface is maximum; however, they also 

pointed out that, when the stirring speed is kept in a value enough to minimise 

the mass transfer resistance, the Cr(VI) photoreduction rate-determining step is 

the surface-reaction after Cr(VI) adsorption on the TiO2 particles. Nevertheless, 

this step is known to be more favorable at more acidic pH values. In fact, since 

the Cr(VI) reduction involves its adsorption on the catalyst surface [24] and at 

acidic pH values the catalyst surface is protonated as TiOH+ [25], at those pH 

values the diffusion of the anionic HCrO4
- species to the catalyst surface is 

enhanced, leading to higher Cr(VI) reduction rates. For alkaline pH values 

(pH > pHZPC; pHZPC = 6.5 [26]), the HCrO4
- species would be electrostatically 

repelled by the negatively charged TiO2 surface, hindering the Cr(VI) reduction 

[27]. Moreover, as the global reduction reaction consumes protons, the Cr(VI) 

reduction is also favored at lower pH values.  
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Figure 4.7 - Influence of pH value on the Cr(VI) photocatalytic reduction 

([Cr(VI)] = 0.02 mM) by CAM-TiO2/UVA-Vis/citric acid system at 25 ºC (43.9 

WUV m-2); [Citric acid] = 0.6 mM; 6 TiO2-P25 layers; pH = () 2.5, () 4.0, () 

5.0, () 6.0. 

 

Finally, despite the Cr(VI) reaction with the TiO2 conduction band electrons 

being a thermodynamically feasible process, the Cr(VI)/Cr(III) pair reduction 

potential is known to decrease 138 mV by increasing the solution pH value in 

one unit [28, 29], and, on the other hand, it is also known that the energy level of 

the TiO2 conduction band changes from -0.11V to -0.46 V as pH varies from 1 

to 7 [30]. This way, the higher the solution pH value, the lower the difference 

between the Cr(VI)/Cr(III) pair and the TiO2 conduction band redox potentials 

and, consequently, the lower is the electrons driving force to the Cr(VI). Taking 

these facts into account, pH values higher than 6.0 were not tested and the 

optimum pH value was found to be 2.5. 
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4.3.3 Effect of citric acid concentration on the photocatalytic reduction of Cr(VI) 

by CAM-TiO2/UVA-Vis/citric acid system 

The effect of citric acid concentration on the Cr(VI) photoreduction was 

performed using 0.02 mM of Cr(VI), monolithic structures coated with 6 P25 

thin layers, pH 2.5, temperature of 25 ºC and varying the citric acid concentration 

from 0.0 to 6.9 mM. The Cr(VI) chemical reduction by the scavenging agent 

(without irradiation) in the absence of the photocatalyst was negligible (8% in 

210 min, data not shown). However, in the absence of citric acid, the 

photocatalytic reduction (Eq. (4.2)) almost stops after 30 min of reaction, 

achieving only 10% of Cr(VI) reduction in 210 min (Figure 4.8). Some authors 

have reported the Cr(VI) photocatalytic reduction by successive one-electron 

steps (Eq.(4.2)) [6, 31]. However, without the presence of a scavenging agent 

during the reaction, a short-circuiting occurs due to the continuous reduction and 

reoxidation of chromium species by conduction band electrons and holes or 

hydroxyl radicals, respectively (Eqs. (4.2) and (4.4)) [6, 31]: 

 

Cr6+ + ecb
− → Cr5+ + ecb

− → Cr4+ + ecb
− → Cr3+ (4.2) 

H2O + hvb
+ → HO + H+     (4.3) 

Cr5+ Cr4+ Cr3+⁄ + hvb
+ (HO) → Cr6+ Cr5+ Cr4+⁄ (+HO−)⁄⁄  (4.4) 

D + hvb
+ → D+  (4.5) 

 

The citric acid (species D in Eq. (4.5)) will act as scavenger of the hydroxyl 

radicals formed during the reactions between the holes and the water (Eq. (4.3)). 

Furthermore, that species may also have the function of hole scavenger 

(Eq. (4.5)), suppressing the electron–hole recombination. This way, the Cr(III) 

reoxidation is avoided and the Cr(VI) photoreduction is improved. In fact, the 

presence of citric acid, as well as the increase of the corresponding concentration, 



Chapter 4 

170 

proved to enhance the reaction rate, decreasing significantly the reaction time 

(Figure 4.8). Initially, during the dark period, the Cr(VI) reduction is slightly 

increased from 6 to 11% with the increment of citric acid concentration from 0.2 

to 6.9 mM, respectively. When the solution starts to be irradiated, the gradual 

increase of citric acid concentration enhanced the Cr(VI) reduction. The highest 

Cr(VI) reduction rate was observed using a citric acid concentration of 6.9 mM, 

achieving 96% of reduction after 45 min. On the other hand, with 6.9 mM of 

citric acid and irradiation, but without TiO2, it was observed a Cr(VI) reduction 

of 40% after 120 min (data not shown), which is in agreement with the reducing 

nature of the organic acid. As it is possible to observe from Table 4.2, the pseudo-

first-order kinetic constant and the photonic efficiency show a 8 fold increase 

(approximately) when the citric acid concentration increases from 0.2 

(k = 7.1 × 10-3 min-1,  = 0.25%) to 6.9 mM (k = 59 × 10-3 min-1,  = 1.94%). This 

behavior has been observed in other systems and even higher scavenger 

concentrations have being reported. Cappelletti et al. [5] reported as optimum 

scavenger agent dosage 500 mM of isopropyl alcohol for the photocatalytic 

reduction of 0.3 mM of Cr(VI). In addition, increasing the citric acid 

concentration from 0.6 to 6.9 mM the photocatalyst reactivity combined with the 

photoreactor increases from 0.02 to 0.09 mmolCr(VI) m-3
illuminated volume s-1 

(corresponding to 39 and 188 mmolCr(VI) m-3
illuminated volume kJ-1). According to 

these results, 6.9 mM of citric acid was chosen as optimal scavenger 

concentration. At this concentration, the scavenger consumption, as well as the 

respective dissolved organic carbon (DOC) removal, were also followed along 

the Cr(VI) reduction reaction.  
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Figure 4.8 - Influence of citric acid concentration on Cr(VI) photocatalytic 

reduction ([Cr(VI)] = 0.02 mM) by CAM-TiO2/UVA-Vis/citric acid system at 

pH 2.5 and 25 ºC (43.9 WUV m-2). 6 TiO2-P25 layers; Citric acid concentration 

(mM) = () 0.0, () 0.2, () 0.4, () 0.6, () 1.2, () 2.3, () 4.6, () 6.9. 

 

Through the HPLC analysis it was possible to verify that only 3% of citric acid 

is consumed throughout the entire reaction, having negligible DOC removal 

during the corresponding time. This result emphasizes the good applicability of 

the citric acid at this concentration, since it remains in solution during all the 

reaction, being always available to perform the desired scavenger role. On the 

other hand, after total Cr(VI) reduction, the remaining organic matter could be 

oxidized by the photocatalytic process or by a conventional biological post-

treatment step. As trivalent chromium precipitation is negligible at the working 

pH values and the adsorption of trivalent chromium on the catalyst surface is low, 

the total chromium concentration had no significant changes during the entire 

reaction time (data not shown).  
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4.3.4 Effect of initial chromium concentration on the photocatalytic reduction of 

Cr(VI) by CAM-TiO2/UVA-Vis/citric acid system 

The effect of initial Cr(VI) concentration on its photoreduction was evaluated by 

varying the corresponding concentration from 0.01 to 0.06 mM at pH 2.5 and 

25 ºC, using 6.9 mM of citric acid. As depicted in Figure 4.9, the Cr(VI) reduction 

efficiency gradually decreases with the increase of the respective initial 

concentration. For the lowest concentrations studied (0.01 and 0.02 mM) the 

Cr(VI) total reduction is achieved after 75 min of reaction. However, for Cr(VI) 

initial concentrations of 0.03 and 0.04 mM, the total reduction is only achieved 

after 120 min, and increasing the concentration to 0.05 mM, the reduction is only 

completed after 180 min, under the same photoreduction conditions. In turn, the 

total reduction of 0.06 mM of Cr(VI) is not even achieved during the reaction 

time considered, reaching only about 50% after 180 min. 

Table 4.2 shows that the kinetic constant decreased from 59 × 10-3 to 

47 × 10-3 min-1 with the decrease of the Cr(VI) initial concentration from 0.02 to 

0.01 mM. This can be attributed to the TiO2 catalyst surface saturation in the 

presence of extremely high citric acid amounts regarding the Cr(VI) 

concentration used. Citric acid molecules can hinder the Cr(VI) molecules to 

reach the catalyst surface or even block it from receiving radiation, decreasing, 

consequently, the Cr(VI) photocatalytic reduction efficiency. Moreover, the 

kinetic constant also decreased from 59 × 10-3 to 4.6 × 10-3 min-1 with the 

increase of Cr(VI) initial concentration from 0.02 to 0.06 mM. Other authors, 

working with TiO2 in suspension, have already reported the same behaviour: 

triplicating the initial Cr(VI) concentration, they observed a 3 fold decrease in 

the kinetic constant (from 37 × 10-3 to 13 × 10-3 min-1) [13]. Despite the pseudo-

first-order kinetic constant is independent of the Cr(VI) concentration, in this 

case, there is a competition between Cr(VI) and citric acid species for the binding 
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sites on the catalyst surface. The negative effect of higher Cr(VI) initial 

concentrations could also be attributed to the catalyst surface saturation, but now 

by the Cr(VI) molecules, avoiding the binding of the citric acid species. 

Moreover, it is also possible to occur the generation of a screen effect, where the 

Cr(VI) species could make more difficult for the light to reach the P25 surface, 

decreasing, consequently, the Cr(VI) photocatalytic reduction efficiency. A 

decrease on the photonic efficiency was also observed, from 1.94 to 0.39%, 

comparing the experiments with Cr(VI) initial concentrations of 0.02 and 0.06 

mM, respectively. However, as can be seen from Table 4.2, increasing the citric 

acid and the initial Cr(VI) concentrations in the same proportion (i.e., using 20.7 

mM of citric acid for an initial Cr(VI) concentration of 0.06 mM), the kinetic 

constant was increased by a factor of 2, achieving the total Cr(VI) reduction in 

180 min (Figure 4.9). This means that, although higher Cr(VI) concentrations 

take longer times to be reduced due to the reasons mentioned above, the ratio 

between the initial Cr(VI) concentration and the respective scavenger agent 

optimal concentration should always be maintained. Additionally, it was verified 

that the total chromium concentration remained almost constant over the entire 

reaction time, meaning that the Cr(III) adsorption by the photocatalyst was 

negligible at the studied conditions. 
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Figure 4.9 - Influence of initial Cr(VI) concentration on its photocatalytic 

reduction by CAM-TiO2/UVA-Vis/citric acid system at pH 2.5 and 25 ºC 

(43.9 WUV m-2). [Citric acid] = 6.9 mM; 6 TiO2-P25 layers; [Cr(VI)]0 (mM) = 

() 0.01, () 0.02, () 0.03, () 0.04, () 0.05, () 0.06; () [Cr(VI)]0 = 

0.06 mM and [Citric acid] = 20.7 mM.  

 

4.3.5 Effect of scavenger agent type on the photocatalytic reduction of Cr(VI) by 

CAM-TiO2/UVA-Vis system 

To evaluate the effect of the scavenger agent type on the toxic hexavalent 

chromium (0.02 mM) reduction to the less toxic trivalent chromium using the 

heterogeneous TiO2 photocatalytic system (CAM structures coated with 6 P25 

thin layers), several organic acids with different characteristics were tested at 

pH 2.5 and 25 ºC. Beyond citric acid, EDTA, oxalic and maleic acids were 

evaluated as sacrificial agents at a concentration of 6.9 mM. 

The tested scavenging agents exhibited different effects on the reduction of 

Cr(VI) over TiO2 both under and without simulated solar light. During the 

equilibrium period (without irradiation), but in the presence of organic acids, a 
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Cr(VI) reduction of about 5% is observed with maleic acid in 120 min of reaction, 

while reductions of 11, 13 and 16% were observed in the presence of citric acid, 

EDTA and oxalic acid, respectively, during the same reaction time. The best 

result using irradiation was achieved with citric acid, attaining total Cr(VI) 

reduction (below the DL of the method) after 75 min of reaction. In the presence 

of oxalic acid and EDTA, the Cr(VI) total reduction was achieved after 105 and 

120 min of reaction, respectively. With maleic acid as scavenging agent, the 

complete reduction of Cr(VI) was not achieved during the reaction time period 

studied (Figure 4.10). 

The pseudo-first-order kinetic constant, k, as well as the photonic efficiency 

increased in the following order: maleic acid < EDTA < oxalic acid < citric acid. 

It can be seen from Table 4.2 that k and photonic efficiency values increased by 

a factor of 8 and 10, respectively, when comparing maleic and citric acid as 

sacrificial agents. 
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Figure 4.10 - Influence of scavenger agent type on Cr(VI) photocatalytic 

reduction ([Cr(VI)] = 0.02 mM) by CAM-TiO2/UVA-Vis system at pH 2.5 and 

25 ºC (43.9 WUV m-2). [scavenger agent] = 6.9 mM; 6 TiO2-P25 layers; scavenger 

agent = () Maleic acid, () Oxalic acid, () Citric acid, () EDTA. 

 

As the photocatalytic reduction of Cr(VI) occurs on the catalyst surface rather 

than in the bulk solution, only the scavenging agents that efficiently adsorb on 

the TiO2 surface are effective [32]. Actually, low molecular weight carboxylic 

acids can adsorb on the TiO2 surface and promote the Cr(VI) reduction by a 

charge-transfer-complex (CTC)-mediated process using, also, the visible light to 

initiate a direct electron transfer from the surface-complexed organics to the TiO2 

conduction band and then to the Cr(VI) [33]. Franch et al. [34] reported that at 

pH values lower than the point of zero charge of TiO2 (6.5), the adsorption of 

maleic acid onto TiO2 particles is, in fact, a key feature for its photocatalytic 

degradation. However, therefore, a cis-trans isomerization induced by the 

interaction between the adsorbed diacid and the semiconductor surface occurs. 

As this isomerism is proposed to occur by way of reductive electron transfer to 
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the adsorbed molecule [35], maleic acid will act as an electron acceptor, parallel 

to Cr(VI), explaining the lower Cr(VI) reduction results attained. On the other 

hand, a plausible reason for the result achieved with EDTA acting as scavenging 

agent may be the interference effect of the adsorbed organic molecule that has 

higher molecular size and adsorption efficiency than the Cr(VI) to the surface of 

TiO2. In turn, using citric or oxalic acid, the formation of highly reducing 

radicals, such as HCOO occurs, enabling the Cr(VI) photoreduction to shift from 

the initial direct surface-mediated reaction to an indirect radical-mediated 

reaction, intensifying the whole heterogeneous photocatalysis [22].  

In addition, to explain the differences observed between the results with citric 

and oxalic acids, two other properties associated with intramolecular electron 

transfer are important on the Cr(VI) reduction: the energy of the highest occupied 

molecular orbital (EHOMO) and the adiabatic ionization potential (AIP). Wang et 

al. [33] reported that a higher energy of the highest occupied molecular orbital or 

a lower ionization potential of the organic acid is favorable to electron transfer 

within the TiO2-organic acid complex, thereby accelerating the photoreduction 

of Cr(VI). In fact, as the energy gap between the conduction band of TiO2 and 

the highest occupied molecular orbital of the organic acid are increased, the 

photo-induced electron transfer driving force within the TiO2-organic acid 

complexes is also increased. On the other hand, a higher ionization potential 

makes the removal of an outermost electron more difficult. This way, the better 

result achieved with the citric acid could be explained by the higher value of 

EHOMO (-0.2441 and -0.2520 a.u., for citric and oxalic acids, respectively [33]). 
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4.3.6 Effect of irradiation intensity on the photocatalytic reduction of Cr(VI) by 

CAM-TiO2/UVA-Vis/citric acid system 

The Cr(VI) photoreduction by TiO2/UVA-Vis/citric acid system changes 

according to the wavelength and intensity of the light source. Beyond that, the 

solar light irradiance can vary during the day, according to seasons of the year, 

location and weather conditions. To clarify in detail the effect of light source 

wavelength and intensity on the Cr(VI) photocatalytic reduction, experiments 

with 0.02 mM of Cr(VI) using monolithic structures coated with 6 P25 thin layers 

and a citric acid concentration of 6.9 mM were performed at pH 2.5 and varying 

the light intensity between 27.1 and 43.9 W m-2, corresponding to photonic fluxes 

of 0.34 and 0.47 J s-1, using the SUNTEST at 300 or 500, respectively, or using 

the natural sunlight with an intensity of 31 W m-2, corresponding to a photonic 

flux of 0.29 J s-1. The Cr(VI) reduction proved to be strongly dependent on the 

irradiance intensity. Using the SUNTEST at 300 W m-2 the Cr(VI) total reduction 

was achieved with an accumulated energy of 1.7 kJ L-1, while using the 

SUNTEST at 500 W m-2, the same reduction was achieved with 1.4 kJ L-1 (Figure 

4.11).  

Regarding the Cr(VI) reduction using natural solar light in the same photoreactor, 

the total reduction was achieved with an accumulated energy of 1.93 kJ L-1, a 

result very close to the one obtained with SUNTEST at 300 W m-2. In fact, the 

UV intensity of the SUNTEST at 300 W m-2 is very similar to the one observed 

with natural solar light in a sunny winter day, while the UV intensity of the 

SUNTEST at 500 W m-2 is related to the one observed with natural solar light in 

a sunny summer day. These results emphasize, this way, the viability of using 

natural solar irradiation on the Cr(VI) reduction treatment by a 

TiO2/UVA-Vis/citric acid system.  
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Figure 4.11 - Influence of source of light on Cr(VI) photocatalytic reduction 

([Cr(VI)] = 0.02 mM) by CAM-TiO2/UVA-Vis/citric acid system at pH 2.5; 

[Citric acid] = 6.9 mM; 6 TiO2-P25 layers; irradiation source = () SUNTEST 

at 300 W m
-2 () SUNTEST at 500 W m

-2, () Natural sunlight at 31 WUV m
-2.  

 

4.3.7 Effect of CAM reuse on the photocatalytic reduction of Cr(VI) by CAM-

TiO2/UVA-Vis/citric acid system 

A final important aspect to consider is the ability for the immobilized TiO2 to be 

reused. The reuse of the catalyst in a photocatalytic reaction would reduce the 

working cost of the system to a great extent, as well as the solid waste generation. 

This way, the CAM structures coated with 6 P25 thin layers were reused for 10 

consecutive photocatalytic reduction cycles using fresh solutions of 0.02 mM of 

Cr(VI), 6.9 mM of citric acid, pH 2.5 and temperature of 25 ºC. After each 

photocatalytic cycle, the CAM structures were washed with distilled water, dried 

at 50 ºC for 30 min and weighed. The mass of the CAM structure did not change 

during the reuse experiments, indicating a negligible leaching of the 

nanoparticles to the solution and, consequently, the deposition method efficiency. 
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Table 4.2 shows that despite the k and photonic efficiency values decreased at a 

ratio of 1.7 from the first to the second cycle, after that, the Cr(VI) photocatalytic 

reduction remained almost similar up to the 10th reduction cycle, achieving 

residual Cr(VI) concentrations, below the detection limit of the method, in a 

maximum of 90 min (Figure 4.12).  

 

 
Figure 4.12 - Reuse of CAM-TiO2 on Cr(VI) photocatalytic reduction ([Cr(VI)] 

= 0.02 mM) by CAM-TiO2/UVA-Vis/citric acid system at pH 2.5 and 25 ºC (43.9 

WUV m-2). [Citric acid] = 6.9 mM; 6 TiO2-P25 layers; Cycles number = () 1, 

() 2, () 3, () 4, () 5, () 6, () 7, () 8, () 9, () 10. 

 

Kabra et al [36] showed that using TiO2 suspensions, the catalyst can be only 

used 2–3 times for lower Cr(VI) concentrations. On the other hand, Liu et al [37] 

reported that TiO2-impregnated glutaraldehyde-crosslinked alginate beads can 

maintain full photoactivity for at least three Cr(VI) reduction cycles, emphasizing 

the advantage of using an immobilized catalyst. 
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Since TiO2 leaching from the CAM structure during the reuse cycles is negligible 

and the Cr(III) is not adsorbed on the film surface, a possible explanation for the 

loss of efficiency after the first cycle is the TiO2 surface blocking by the citric 

acid or by its byproducts. In order to eliminate the possible organic products on 

the TiO2 surface, another set of reuse tests with 2 cycles was performed to treat 

fresh solutions of 0.02 mM of Cr(VI), 6.9 mM of citric acid, pH 2.5 and 

temperature of 25 ºC. After the first cycle, the CAM-TiO2 structures were 

maintained inside the reactor and washed two times over recirculation of 1.5 L 

of distilled water under irradiation throughout a total of 4 h, in order to mineralize 

all the organic compounds present in the catalyst surface. Since the absorbance 

of the slurry TiO2 is detected even in small dosages at 500 nm (absorbance signal 

of 0.0046, corresponding to a TiO2 dosage of 0.90 mg per liter of solution) and 

the presence of Cr(VI), Cr(III) and citric acid does not interfere at this 

wavelength, in order to verify the presence of leached TiO2, samples were taken 

after each wash and during all the reaction time to measure the absorbance at 500 

nm. However, no signal was observed in all samples, emphasizing that almost no 

TiO2 leaching occurred during the reaction. As it is possible to see at Figure 4.13 

similar results were observed in both first and second cycles (k = 46 × 10-3 min-1, 

 = 1.529% and k = 48 × 10-3 min-1,  = 1.591%, respectively), proving the 

hypothesis that citric acid and/or its byproducts can inactivate the TiO2 thin film 

surface and those compounds must be removed when the CAM-TiO2 reuse is 

intended. Several techniques have been tested by others authors for TiO2 films 

reactivation after the organic compounds treatment, as washing with NaOH and 

NH4OH solutions, H2O2/UVC and calcination, being the H2O2/UVC and the 

calcination methods pointed as the most effective ones [38]. 
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Figure 4.13 - Reuse of CAM-TiO2 on Cr(VI) photocatalytic reduction ([Cr(VI)] 

= 0.02 mM) by CAM-TiO2/UVA-Vis/citric acid system at pH 2.5 and 25 ºC 

(43.9 WUV m-2), considering the CAM structures washing between cycles. 

[Citric acid] = 6.9 mM; 6 TiO2-P25 layers; Cycles number = () 1, () 2. 
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4.4 Conclusions 

Solar photocatalytic reduction of hexavalent chromium was successfully 

achieved using transparent cellulose acetate monolithic structures coated with 

TiO2-P25 in the presence of citric acid. The reaction kinetics and the photonic 

efficiency proved to depend on the TiO2 amount immobilized on the CAM 

structures: the best results were attained with 6 P25 layers, value from which both 

parameters remain almost constant. The CAM structures provided a high surface 

area-to-volume ratio with an illuminated catalyst surface area per unit of reaction 

liquid volume inside the reactor of 212 m2 m-3. In the optimum conditions, a 

photocatalyst reactivity in combination with the photoreactor of 

0.09 mmolCr(VI) m
-3

illuminated volume s-1 was achieved, corresponding to 

188 mmolCr(VI) m
-3

illuminated volume kJ-1. The solution pH value showed to have an 

important effect on the Cr(VI) photocatalytic reduction rate: the more acidic the 

pH value, the higher the reduction rate. The increase of citric acid concentration 

enhanced significantly the Cr(VI) removal ([Cr]0= 0.02 mM), achieving the 

highest reduction rate using a concentration of 6.9 mM. It was also concluded 

that the citric acid concentration should be adjusted in proportion to the Cr(VI) 

initial concentration. The Cr(VI) photocatalytic reduction rates proved also to 

depend on the scavenger organic agent used: the maximum reduction rate was 

attained using citric acid, decreasing in the following order: citric acid > oxalic 

acid > EDTA > maleic acid. Finally, using a simple dip coating deposition 

method, the TiO2-P25 CAM structures showed an effective catalytic stability 

during 10 consecutive Cr(VI) reduction cycles.  
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5 Intensification of Heterogeneous TiO2 

Photocatalysis using an Innovative Micro-

Meso-Structured Reactor for Cr(VI) 

Reduction under Simulated Solar Light 

 

 

 

 

In this chapter the intensification of heterogeneous TiO2 

photocatalysis for hexavalent chromium reduction in presence of 

organic sacrificial agents is evaluated. Tests were conducted in a 

lab-scale micro-meso-structured reactor under simulated solar light. 

The efficiency of the photo-reduction reaction was evaluated 

according to different variables such as Reynolds number, sacrificial 

agent type and concentration, pH, temperature, TiO2 load and 

catalyst reuse. 
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5.1 Introduction 

Heterogeneous photocatalytic processes are known to have as rate-limiting step 

the mass transfer of pollutants/reactants between the liquid phase and the catalyst 

surface as well as photons transfer limitation [1]. For that, the reactor 

configuration is of utmost importance regarding the system effectiveness. Static 

mixers are motionless devices used to improve the radial mixing and thus 

increasing mass transfer, local shear rates, and interfacial mass transfer [1]. 

Therefore, process intensification of Cr(VI) photocatalytic reduction using a 

transparent static mixer micro-meso-structured reactor, based on NETmix 

technology, irradiated by sunlight, seems to be a good approach for real 

applications. The NETmix reactor has a regular network of interconnected 

chambers and small sized channels, allowing short molecular diffusion distances 

and large specific interfacial areas, maximizing pollutant/reactants/catalyst 

contact. The chambers are modeled as perfectly mixing zones and the channels 

as plug flow perfect segregation zones [2, 3], improving the radial mixing, and, 

consequently, the mass and heat transfer, in the presence of a laminar flow [4]. 

Its flat configuration and the small size of the channels and chambers, allows a 

larger irradiated surface area per unit of liquid volume inside the reactor, 

providing an efficient exposure of the catalyst to the radiation and uniform 

irradiance on the entire catalyst surface and through the entire reactor depth [5]. 

For that reason, the present chapter focuses on the the performance evaluation of 

the NETmix micro-meso-structured photoreactor for the process intensification 

of Cr(VI) reduction by TiO2 supported in cellulose acetate (CA) sheets under 

simulated solar light with the addition of sacrificial agents. The operating 

conditions such as Reynolds number, sacrificial agent type, TiO2 and sacrificial 

agent dosages, pH, Cr(VI) initial concentration, temperature, dissolved oxygen 

concentration, and irradiation time were investigated. Finally, the ability for the 

photocatalyst to be reused in the photocatalytic reaction was also analyzed. 
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5.2 Materials and Methods 

All chemicals, analytical determinations, modeling of degradation kinetics and 

experimental units and procedures can be accessed in Chapter 2. Table 5.1 shows 

the density and thickness of thin films deposited on CA sheets. 

 

Table 5.1 - Properties of thin films deposited on CA sheets. 

TiO2 mass (mg) ρA,P25 (mg cm−2) film thicknessa (m) 

10 7×10-2 0.07 

20 15×10-2 0.15 

30 22×10-2 0.22 

40 30×10-2 0.30 

50 37×10-2 0.37 

60 44×10-2 0.44 
aconsidering a homogeneous film over all walls of the CA sheet. 
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5.3 Results 

5.3.1 Effect of scavenging agent type on the photocatalytic reduction of Cr(VI) 

by TiO2/UVA-Vis system 

Several scavenging agents were tested on the toxic hexavalent chromium 

(0.02 mM) reduction to less toxic trivalent chromium using the heterogeneous 

TiO2 photocatalytic system (30 mg of TiO2, film thickness and density presented 

in Table 5.1) at pH 3.0 and 25 ºC. The NETmix reactor was operated at Re = 540 

and it was irradiated by simulated solar light. In this study, the two organic acids 

that previously (cf. Chapter 4) showed the better results as scavengers (citric and 

oxalic acids) as well as another organic acid (tartaric) and two different alcohols 

(methanol and ethanol) were evaluated as scavengers in a concentration of 

1.2 mM. 

Initial tests showed that Cr(VI) reduction was negligible under solar light in the 

absence of TiO2-CA sheets and without addition of sacrificial agents after 

240 min. Cr(VI) adsorption on the TiO2-CA sheets was also insignificant after 

240 min in the absence of light and sacrificial agent. Likewise, only a slight 

(13%) Cr(VI) photocatalytic reduction was observed (Eq. (4.2)) in the absence 

of scavenging agents after 240 min of irradiation (data not shown). As already 

discussed in Chapter 4, this is mainly due to a short-circuiting caused by the 

continuous reduction and reoxidation of chromium species by holes or hydroxyl 

radicals (Eqs. (4.2) and (4.4)) [6].  

The organic acids or alcohols will act as sacrificial agents (species D in Eq. (4.5)) 

of hydroxyl radicals generated from the reactions between the holes and the water 

(Eq. (4.3)). In addition, those species can also be oxidized by the photogenerated 

holes, suppressing, consequently, the electron–hole recombination on the 

catalyst, accelerating, at the same time, the Cr(VI) reduction by photogenerated 

electrons. Consequently, Cr(VI) reduction was significantly enhanced by the 

addition of the sacrificial agents (Figure 5.1a). However, the tested scavenging 



Chapter 5 

194 

agents exhibited different effects on the reduction of Cr(VI) over TiO2 both under 

and without simulated solar light. Without irradiation, but in the presence of 

organic acids, a Cr(VI) reduction of about 10% is observed in 240 min of 

reaction, while with alcohols only 1% is reduced. The best result in the presence 

of light was achieved with tartaric acid, attaining total Cr(VI) reduction (below 

the DL of the method) after 90 min of reaction. Similar results were observed 

using citric and oxalic acids, but only after reaction periods of 150 and 210 min, 

respectively. Moreover, the use of alcohols as sacrificial agents proved to be not 

suitable for the system under study, since during the studied reaction time 

(240 min), it was just achieved a Cr(VI) removal of 46 and 32%, with methanol 

and ethanol, respectively. 

The Cr(VI) photocatalytic reduction was well described by a pseudo-first-order 

kinetic model. However, this kinetic model may comprise some limitations to 

describe precisely the Cr(VI) decay profiles, as predictable since a 

comprehensive mechanistic kinetic model may include all chemical, 

photocatalytic and electrochemical reactions that each species undergoes in the 

treatment. 
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Figure 5.1 - Influence of different scavengers on the Cr(VI) photocatalytic 

reduction ([Cr(VI)] = 0.02 mM) by TiO2/UVA-Vis system at pH 3.0 and 25 ºC 

in the NETmix reactor (43.9 WUV m-2); (a) Cr(VI) reduction at [scavenger 

concentration] = 1.2 mM; TiO2 mass = 30 mg; Re = 540. Scavenger: () citric 

acid, () oxalic acid, () tartaric acid, () methanol, () ethanol; (b) Scavenger 

consumption () citric acid, () oxalic acid, () tartaric acid and DOC removal 

() citric acid, () oxalic acid, () tartaric acid. 
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The pseudo-first-order kinetic constant, k, increased in the following order: 

ethanol < methanol < oxalic acid < citric acid < tartaric acid. It can be seen from 

Table 5.2 that the k value increased by a factor of 15 when comparing tartaric 

acid with ethanol as sacrificial agents. These results are in agreement with the 

ones achieved by Wang et al. [7], who reported that the organic acids were more 

effective than alcohols as scavenging agents in the photocatalytic reduction of 

Cr(VI) over different TiO2 photocatalysts. According to Zhang et al. [8], the 

alcohols adsorption on TiO2 surface takes place through weak hydrogen bonding, 

while the carboxyl groups of organic acids are able to form complexes with TiO2, 

adhering to its surface through strong chemical adsorption. In fact, the 

photocatalytic reduction of Cr(VI) occurs mainly on the catalyst surface rather 

than in the bulk solution [9], therefore only the scavenging agents that efficiently 

adsorb on the TiO2 surface are effective. On the other hand, the presence of some 

sacrificial agents enables to reduce the Cr(VI) ions via two pathways: direct 

photoreduction by the conduction band electrons on the TiO2 surface 

(heterogeneous reaction) or indirect reduction in the bulk solution by radical 

species produced from scavenging agent oxidation by photogenerated holes 

(homogeneous reaction) [10]. As alcohols are weakly adsorbed on TiO2 surface, 

their photodegradation occurs mainly through indirect radical-mediated reaction 

(OH), acting more as hydroxyl than hole scavenger.  
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Table 5.2 - Photonic efficiencies and pseudo-first-order kinetic constants for Cr(VI) reduction along with the corresponding 

coefficient of determination (R2) and residual variance (S2
r). 

Experiment 
[Cr(VI)] 

(mM) 

TiO2 

(mg) 

[Scavenger] 

(mM) 
pH T (ºC) 

k × 103 

(min-1) 
R2 

S2
r 

(mM)2 

r0 × 103  

(mM min-1) 




Influence of scavenger type 

5.1.1 – Citric acid 0.02 30 1.2 3.0 25.0 22.0 ± 0.5 0.996 0.0004 0.408 1.90 

5.1.2 – Oxalic acid 0.02 30 1.2 3.0 25.0 11.0 ± 0.5 0.966 0.003 0.209 0.97 

5.1.3 – Tartaric acid 0.02 30 1.2 3.0 25.0 28 ± 2 0.980 0.002 0.510 2.37 

5.1.4 – Methanol  0.02 30 1.2 3.0 25.0 3.2 ± 0.1 0.841 0.003 0.066 0.31 

5.1.5 – Ethanol  0.02 30 1.2 3.0 25.0 1.9 ± 0.1 0.779 0.002 0.040 0.18 

Influence of Reynolds number 

5.2.1 – Re 70 0.02 30 1.2 3.0 25.0 19 ± 1 0.980 0.002 0.347 1.61 

5.2.2 – Re 160 0.02 30 1.2 3.0 25.0 22 ± 1 0.987 0.001 0.405 1.88 

5.2.3 – Re 270 0.02 30 1.2 3.0 25.0 24 ± 1 0.982 0.002 0.438 2.04 

5.2.4 – Re 540 0.02 30 1.2 3.0 25.0 28 ± 2 0.980 0.002 0.510 2.37 

5.2.5 – Re 830 0.02 30 1.2 3.0 25.0 38 ± 2 0.980 0.004 0.695 3.23 

5.2.6 – Re 1100 0.02 30 1.2 3.0 25.0 36 ± 2 0.985 0.002 0.658 3.05 

Influence of TiO2 mass 

5.3.1 – 0 mg TiO2 0.02 0 1.2 3.0 25.0 1.2 ± 0.1 0.979 0.0002 0.023 0.11 

5.3.2 – 10 mg TiO2 0.02 10 1.2 3.0 25.0 13.0 ± 0.4 0.984 0.001 0.238 1.11 

5.3.3 – 20 mg TiO2 0.02 20 1.2 3.0 25.0 22 ± 1 0.992 0.0007 0.402 1.87 

5.3.4 – 30 mg TiO2 0.02 30 1.2 3.0 25.0 38 ± 3 0.974 0.004 0.695 3.23 

5.3.5 – 40 mg TiO2 0.02 40 1.2 3.0 25.0 40 ± 4 0.978 0.003 0.728 3.38 

5.3.6 – 50 mg TiO2 0.02 50 1.2 3.0 25.0 40 ± 2 0.992 0.001 0.733 3.41 

5.3.7 – 60 mg TiO2 0.02 60 1.2 3.0 25.0 35 ± 2 0.988 0.002 0.639 2.97 

           

Influence of  tartaric acid concentration 

5.4.1 – 0.3 mM 0.02 30 0.3 3.0 25.0 8.6 ± 0.3 0.974 0.002 0.170 0.79 

5.4.2 – 0.6 mM 0.02 30 0.6 3.0 25.0 18 ± 1 0.983 0.002 0.341 1.59 

5.4.3 – 1.2 mM 0.02 30 1.2 3.0 25.0 38 ± 3 0.974 0.004 0.695 3.23 

5.4.4 – 1.8 mM 0.02 30 1.8 3.0 25.0 47 ± 4 0.986 0.002 0.853 3.96 

5.4.5 – 2.4 mM 0.02 30 2.4 3.0 25.0 37 ± 4 0.967 0.004 0.650 3.02 
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Experiment 
[Cr(VI)] 

(mM) 

TiO2 

(mg) 

[Scavenger] 

(mM) 
pH T (ºC) 

k × 103 

(min-1) 
R2 

S2
r 

(mM)2 

r0 × 103  

(mM min-1) 




           

Influence of pH 

5.5.1 – pH 3.0 0.02 30 1.8 3.0 25.0 47 ± 4 0.986 0.002 0.853 3.96 

5.5.2 – pH 4.0 0.02 30 1.8 4.0 25.0 22 ± 1 0.992 0.0007 0.407 1.89 

5.5.3 – pH 5.0 0.02 30 1.8 5.0 25.0 7.5 ± 0.2 0.983 0.001 0.139 0.65 

5.5.4 – pH 6.0 0.02 30 1.8 6.0 25.0 2.4 ± 0.1 0.912 0.001 0.046 0.21 

5.5.5 – pH 7.0 0.02 30 1.8 7.0 25.0 0.7 ± 0.1 0.768 0.0003 0.014 0.06 

Influence of initial Cr(VI) concentration  

5.6.1 – 0.01 mM 0.01 30 1.8 3.0 25.0 45 ± 3 0.990 0.0004 0.431 2.00 

5.6.2 – 0.02 mM 0.02 30 1.8 3.0 25.0 47 ± 4 0.986 0.002 0.853 3.96 

5.6.3 – 0.03 mM 0.03 30 1.8 3.0 25.0 17 ± 1 0.984 0.003 0.402 1.87 

5.6.4 – 0.04 mM 0.04 30 1.8 3.0 25.0 9.9 ± 0.2 0.989 0.003 0.343 1.59 

5.6.5 – 0.05 mM 0.05 30 1.8 3.0 25.0 9.1 ± 0.7 0.926 0.04 0.401 1.86 

5.6.6 – 0.06 mM 0.06 30 1.8 3.0 25.0 3.1 ± 0.1 0.994 0.01 0.156 0.72 

5.6.7 – 0.06 mM 0.06 30 5.4 3.0 25.0 26 ± 2 0.909 0.04 1.271 5.90 

Influence of temperature 

5.7.1 – 15 ºC 0.02 30 1.8 3.0 15.0 45 ± 2 0.994 0.0008 0.832 3.86 

5.7.2 – 25 ºC 0.02 30 1.8 3.0 25.0 47 ± 4 0.986 0.002 0.853 3.96 

5.7.3 – 35 ºC 0.02 30 1.8 3.0 35.0 46 ± 4 0.986 0.002 0.840 3.90 

Influence of irradiation time 

5.8.1 – 0.77 min 0.02 30 1.8 3.0 25.0 43 ± 4 0.983 0.003 0.799 3.71 

5.8.2 – 0.82 min 0.02 30 1.8 3.0 25.0 61 ± 4 0.994 0.0008 1.132 5.26 

5.8.3 – 0.88 min 0.02 30 1.8 3.0 25.0 119 ± 2 0.999 0.0001 2.046 9.50 

Influence of dissolved oxygen  

5.9.1 – air bubbling 0.02 30 1.8 3.0 25.0 38 ± 3 0.986 0.002 0.680 3.16 

5.9.2 – N2 bubbling 0.02 30 1.8 3.0 25.0 36 ± 4 0.965 0.004 0.612 2.84 
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Experiment 
[Cr(VI)] 

(mM) 

TiO2 

(mg) 

[Scavenger] 

(mM) 
pH T (ºC) 

k × 103 

(min-1) 
R2 

S2
r 

(mM)2 

r0 × 103  

(mM min-1) 




Reuse tests  

5.10.1 – 1 cycle 0.02 30  1.8 3.0 25.0 46 ± 3 0.988 0.0002 0.855 3.97 

5.10.2 – 2 cycles 0.02 30  1.8 3.0 25.0 42 ± 4 0.993 0.0009 0.778 3.61 

5.10.3 – 3 cycles 0.02 30  1.8 3.0 25.0 38 ± 2 0.994 0.0007 0.695 3.23 

5.10.4 – 4 cycles 0.02 30  1.8 3.0 25.0 28 ± 1 0.994 0.0006 0.518 2.40 

5.10.5 – 5 cycles 0.02 30  1.8 3.0 25.0 23 ± 1 0.991 0.0008 0.424 1.97 

5.10.6 – 6 cycles 0.02 30  1.8 3.0 25.0 13.8 ± 0.4 0.989 0.0009 0.254 1.18 

5.10.7 – 7 cycles 0.02 30  1.8 3.0 25.0 10.2 ± 0.3 0.985 0.001 0.186 0.87 

5.10.8 – 8 cycles 0.02 30  1.8 3.0 25.0 8.1 ± 0.1 0.997 0.0002 0.148 0.69 

5.10.9 – 9 cycles 0.02 30  1.8 3.0 25.0 6.0 ± 0.1 0.995 0.0002 0.111 0.51 

5.10.10 – 10 cycles 0.02 30 1.8 3.0 25.0 4.8 ± 0.1 0.990 0.0004 0.088 0.41 
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Nevertheless, with the organic acids, it occurs the formation of highly reducing 

radicals, such as HCOO, that also enables the photoreduction to shift from initial 

direct surface-mediated reaction to indirect radical-mediated reaction, 

intensifying the whole heterogeneous photocatalysis. However, the different 

results observed between the studied organic acids show that not only the 

formation of surface complexes between them and the catalyst surface influence 

the Cr(VI) reduction. To occur the Cr(VI) photodegradation a charge transfer 

within the surface complex must also take place. So, two other properties 

associated with intramolecular electron transfer, namely, the energy of the 

highest occupied molecular orbital (EHOMO) and the adiabatic ionization potential 

(AIP), are also important to understand the dependence of the Cr(VI) reduction 

on the chemical structure of the organic acids. Wang et al. [11] reported that a 

higher energy of the highest occupied molecular orbital or a lower ionization 

potential of the organic acid is favorable to electron transfer within the 

TiO2-organic acid complex, thereby accelerating the photoreduction of Cr(VI). In 

fact, as the energy gap between the conduction band of TiO2 and the highest 

occupied molecular orbital of the organic acid is increased, the photo-induced 

electron transfer driving force within the TiO2-organic acid complexes is also 

increased. On the other hand, a higher ionization potential makes the removal of 

an outermost electron more difficult. This way, the better result achieved with 

the tartaric acid is explained by the higher value of EHOMO (-0.2368, -0.2441 and 

-0.2520 a.u., for tartaric, citric and oxalic acids, respectively [11]) and the 

respective lower AIP value (0.3247, 0.3318 and 0.3710 a.u., for tartaric, citric 

and oxalic acids, respectively [11]). The scavenger consumption, as well as the 

respective dissolved organic carbon (DOC) removal, were also followed along 

the Cr(VI) reduction reaction when using the organic acids as sacrificial agents. 

Figure 5.1b shows that only 4% of tartaric acid is consumed throughout the entire 

reaction of Cr(VI) reduction, having negligible DOC removal during the 
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corresponding time. However, a scavenger consumption of about 20% was 

observed when using citric and oxalic acids as sacrificial agents, corresponding 

to a mineralization of 8 and 14%, respectively. These results emphasize the good 

outcomes achieved with tartaric acid, since it remains in solution for longer time, 

being more available to perform the desired scavenger role. On the other hand, 

after total Cr(VI) reduction, the remaining organic matter could be oxidized by 

the photocatalytic process or by a conventional biological post-treatment step. 

The photonic efficiencies (, Eq. (4.1)) determined are presented in Table 5.2 and 

were calculated from the initial reaction rates (r0), assuming an equal 

homogenous illumination on the catalyst surface. The highest photonic efficiency 

(2.37%) was verified using the tartaric acid as scavenging agent and decreased in 

the following order: tartaric acid > citric acid > oxalic acid > methanol > ethanol. 

Testa et al [12] reported a photonic efficiency of 0.8% in the Cr(VI) reduction 

over TiO2 particles in the presence of oxalate, value slightly lower than the one 

achieved in this work with the same scavenger agent (0.97%). 

This way, it was possible to conclude that, between the organic acids studied, the 

tartaric acid was more easily photooxidated by holes, suppressing electron-hole 

recombination on the catalyst and accelerating the reduction of Cr(VI) by 

photogenerated electrons; additionally, probably, it provides higher amounts of 

highly reducing organic radicals, negative enough to reduce Cr(VI), facilitating 

the shift from heterogeneous reaction to homogeneous reaction. 

 

5.3.2 Effect of Reynolds number on the photocatalytic reduction of Cr(VI) by 

TiO2/UVA-Vis/tartaric acid system 

In immobilized catalytic reactors, the ratio between the amount of 

reactants/pollutants in the bulk solution and the amount of reactants/pollutants 

that actually come into contact with the catalyst thin film is controlled by the 

degree of mixing. The micro-meso-structured reactor mixing characteristics are 
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known to depend on the flow velocity, and, thus, on the Reynolds number (Re) 

[3], which affects the external mass transfer resistance (diffusion of 

reactants/pollutants from the bulk liquid through a boundary layer to reach the 

liquid–catalyst interface). Intra-particle diffusion can be neglected since TiO2 

layer can be considered non-porous [13]. The NETmix reactor used in this work 

was already mentioned as a good device for complex and fast reactions, due to 

the effective and efficient capacity to control the degree of mixing that it provides 

[2, 14]. In the next set of experiments, the photocatalytic Cr(VI) reduction 

efficiency was evaluated as a function of the mixing degree by changing the flow 

rate, Q, from 100 up to 1650 mL min-1, which correspond to Reynolds numbers 

between 70 and 1100. To do that, the photoreduction of 0.02 mM of Cr(VI) was 

evaluated using the NETmix reactor with 1.2 mM of tartaric acid as scavenger, 

30 mg of TiO2, pH 3.0 and 25 ºC. The Reynolds number was calculated according 

to the Eq. (5.1), taking into account the channels hydraulic diameter: 

 

𝑅𝑒 =
𝜌𝑑ℎ𝑄

𝜇𝐴𝑐ℎ𝑛𝑐ℎ
   (5.1) 

 

Where  is the water density, dh is the channel hydraulic diameter (1.5 mm),  is 

the water viscosity, Ach is the channel cross sectional area and nch is the channels 

number of the perpendicular section to the solution flow (14). 

Figure 5.2 shows an increment on the Cr(VI) photocatalytic reduction rate (see 

the k values presented in Table 5.2) with Re from 70 to 830, achieving total 

Cr(VI) removal in 60 min. As a matter of fact, increasing the flow rate, the 

residence time of the pollutant decreases in the channels and chambers; however, 

the number of solution recirculations through the NETmix reactor increases and, 

consequently, the actual time under illumination is the same, independently of 

the flow rate tested. Nevertheless, a further increase in Re to 1100 did not 
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promote any improvement on the reaction rate. The same behavior was observed 

for the photonic efficiencies (Table 5.2), achieving the highest value (3.23%) for 

a Re of 830. 

 

 
Figure 5.2 - Influence of Reynolds number on Cr(VI) photocatalytic reduction 

([Cr(VI)] = 0.02 mM) by TiO2/UVA-Vis/tartaric acid system at pH 3.0 and 25 ºC 

in the NETmix reactor (43.9 WUV m
-2); [tartaric acid] = 1.2 mM; TiO2 mass = 

30 mg. Re = () 70, () 160, () 270, () 540, () 830, () 1100. 

 

This behavior demonstrates that the overall photoreaction is controlled by the 

external mass transfer [15]. According to Laranjeira et al. [2], above the critical 

Re (Re = 150), the flow inside the NETmix reactor is enough to induce a strong 

laminar chamber mixing. Nevertheless, as the photoreduction of Cr(VI) in the 

presence of organic species can occur via direct and indirect mechanisms [9, 10], 

a higher degree of mixing in the NETmix reactor is necessary to promote not only 

the pollutants/reactants diffusion from the bulk to the catalyst surface (surface 

reaction), but also to increase the reactive species transfer from the catalyst 

surface to the solution bulk (homogeneous radical reaction) [1]. On the other 
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hand, enhancing the surface-bound radicals diffusion from the catalyst surface to 

the solution, more radicals can subsequently be generated under UV irradiation 

and can be produced constantly. This way, the use of the static mixer with a Re 

of 830 clearly enhanced the rate of the homogeneous radical reduction, through 

promotion of an intense mixing, increasing, consequently, the interfacial mass 

transfer, i.e., the reactive species mobility from the catalyst surface to the solution 

bulk. In other words, the NETmix reactor facilitates the shift from a 

heterogeneous to a homogeneous reaction. 

Another important advantage of the micro-meso-reactors is the characteristic of 

high catalyst surface to reactor volume ratio, which implies an efficient catalytic 

exposure to radiation [16] and a maximized reagent/catalyst contact [4], 

overcoming also the mass and photon transfer limitations. In fact, the micro-

meso-structured photoreactor used in this work provides 0.74 g TiO2 per litre of 

liquid inside the reactor and an illuminated catalyst surface area per unit volume 

inside the reactor of 333 m2 m-3, which is 1.6 times more catalyst per unit volume 

than the conventional tubular reactor packed with cellulose acetate monolithic 

structures coated with TiO2-P25 thin films used in Chapter 4. Furthermore, with 

Re 830, an enhancement of the photocatalyst reactivity in combination with the 

photoreactor from 0.09 (at optimum conditions in Chapter 4) to 

1.04 mmolCr(VI) m
-3

illuminated volume s-1 (corresponding to 188 and 

5555 mmolCr(VI) m
-3

illuminated volume kJ-1), respectively. Furthermore, the use of 

micro-meso-structured photoreactors provides also higher spatial illumination 

homogeneity along the reactor due to better light penetration through the entire 

reactor depth [17]. For all these reasons the use of a static mixer based on the 

NETmix technology intensified the Cr(VI) heterogeneous photocatalytic 

reduction process.  

The effect of TiO2 amount coated in CA sheets, tartaric acid dosage, solution pH, 

temperature, initial Cr(VI) concentration, dissolved oxygen concentration, 
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irradiation time and catalyst reuse in consecutive cycles will be discussed in the 

next sections, using a flow regime corresponding to Re = 830. 

 

5.3.3 Effect of TiO2 mass on the photocatalytic reduction of Cr(VI) by TiO2/UVA-

Vis/tartaric acid system 

The effect of the number of TiO2 P25 thin layers coated in CA sheets, 

corresponding to TiO2 loads of 10 to 60 mg (Table 5.1 shows the respective film 

thickness and density), on the photocatalytic reduction of 0.02 mM of Cr(VI), 

with a 1.2 mM of tartaric acid at pH 3.0 and 25 ºC, was assessed using the 

NETmix reactor under simulated solar light irradiation. First, it was observed a 

Cr(VI) reduction of 31% in the presence of light and tartaric acid without the 

photocatalyst after 240 min. This is in agreement with the reducing nature of the 

organic acid. However, the Cr(VI) reduction was significantly enhanced with the 

increment of P25 mass up to 30 mg, achieving total Cr(VI) reduction, below the 

DL of the analytical method, in 60 min (Figure 5.3). Additionally, the reaction 

rate with 30 mg of TiO2 (k = 38 × 10-3 min-1) increased by a factor of 30 in relation 

to its absence (k = 1.2 × 10-3 min-1) (Table 5.2). 

For higher TiO2 amounts, 40, 50 and 60 mg, the reaction rate was similar 

(considering the associated error). A similar behavior was observed for photonic 

efficiencies values related to the different TiO2 quantities tested (Table 5.2). 

However, the amount of photocatalyst supported in the CA structures could lead 

to both positive and negative effects as reported by several authors [18, 19] and 

in Chapter 4: i) generation of higher number of electrons to promote the Cr(VI) 

reduction; ii) reduction of CA structure transparency, which can hinder the 

radiation passage, reducing, consequently, the reaction rate. 
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Figure 5.3 - Influence of TiO2 mass immobilized in the cellulose acetate sheet 

on Cr(VI) photocatalytic reduction ([Cr(VI)] = 0.02 mM) by TiO2/UVA-

Vis/tartaric acid system at pH 3.0 and 25 ºC in the NETmix reactor (43.9 WUV 

m-2). [tartaric acid] = 1.2 mM; Re = 830; TiO2 mass = () 0 mg, () 10 mg, () 

20 mg, () 30 mg, () 40 mg, () 50 mg, () 60 mg. 

 

The light source is located on the external side of the NETmix reactor, and the 

UV photons must cross the borosilicate slab and the CA sheet, until reaching the 

TiO2 thin film, and consequently generating the electron/hole pairs. 

Consequently, the TiO2 coating on the inner wall (in contact with the liquid) of 

the CA sheet is illuminated on its backside, whereas the pollutant adsorbs on the 

coating from the other side. As discussed in Chapter 4, this is the BSI mechanism, 

where the charge carriers are generated far from the liquid-catalyst interface and, 

as a result, are more susceptible to recombination loss [13, 20]. To overcome this 

limitation, in the next Chapter, the photocatalyst was deposited on the walls of 

the channels and chambers (FSI mechanism), as reported by several other authors 

[16, 17, 21]. As in the Chapter 4, the maximum removal of total chromium 

concentration during the reaction period was only 12%, indicating, once again, 

that trivalent chromium has a low affinity to the TiO2 films and Cr(III) is easily 
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removed from the catalyst surface to the bulk. This is a good result, since Cr(III) 

can block the TiO2 surface, hindering light, Cr(VI) and tartaric acid to reach the 

catalyst surface. The shear-stress promoted by the mixing improves also the 

removal of adsorbed by-products, a so called self-cleaning effect, thus renewing 

the catalytic sites. Trivalent chromium precipitation is negligible at the working 

pH values. According to these results, CA structures coated with 30 mg of P25 

were used to perform the next set of experiments. 

 

5.3.4 Effect of tartaric acid concentration on the photocatalytic reduction of 

Cr(VI) by TiO2/UVA-Vis/tartaric acid system 

The effect of tartaric acid concentration on the Cr(VI) photocatalytic reduction 

by TiO2-coated CA structures is showed in Figure 5.4. As it was abovementioned, 

in the absence of tartaric acid, after 240 min, a Cr(VI) photocatalytic reduction 

of 13% was observed (data not shown). Moreover, the Cr(VI) chemical reduction 

by the scavenging agent (without irradiation) in the absence of the photocatalyst 

was also negligible (8% in 240 min). On the other hand, in the presence of the 

photocatalyst, the several amounts of tartaric acid tested exhibited different 

effects on the reaction when the Cr(VI) solution was not irradiated: the Cr(VI) 

reduction is slightly increased from 5 to 15% with the increment of the tartaric 

acid concentration from 0.3 to 2.4 mM, respectively. Furthermore, Figure 5.4 

shows that, when the solution starts to be irradiated, the reaction is significantly 

enhanced and the gradual increase of tartaric acid also increases the Cr(VI) 

reduction up to a tartaric acid concentration of 1.8 mM, achieving 94% of 

reduction after 45 min of reaction. As it is possible to observe by Table 5.2, the 

pseudo-first-order kinetic constant and the photonic efficiency show 

approximately a 5 fold increase when the tartaric acid concentration increases 

from 0.3 mM (k = 8.6 × 10-3 min-1,  = 0.79%) to 1.8 mM (k = 47 × 10-3 min-1, 

 = 3.96%). Furthermore, increasing the tartaric acid concentration from 1.2 to 
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1.8 mM the photocatalyst reactivity increases almost 25%, from 1.04 to 

1.28 mmolCr(VI) m
-3

illuminated volume s
-1 (corresponding to 5555 and 6850 mmolCr(VI) 

m-3
illuminated volume kJ-1). For higher tartaric acid dosages the reaction rate remains 

unchanged. This can be attributed to the saturation of TiO2 catalyst surface in the 

presence of high tartaric acid amounts, hindering Cr(VI) molecules to reach it, or 

even blocking the catalyst surface from receiving radiation. This behavior has 

been observed in other systems, like in the Cr(VI) photocatalytic reduction by 

simonkolleite-TiO2 in the presence of methanol or in the respective reduction by 

TiO2 in the presence of humic acids [22]. According to these results, 1.8 mM was 

chosen as optimal tartaric acid concentration. The adsorption of trivalent 

chromium on the catalyst surface was near 12% (data not shown). 

 

 
Figure 5.4 - Influence of tartaric acid concentration on Cr(VI) photocatalytic 

reduction ([Cr(VI)] = 0.02 mM) by TiO2/UVA-Vis/tartaric acid system at pH 3.0 

and 25 ºC in the NETmix reactor (43.9 WUV m-2). [tartaric acid] = () 0.3 mM, 

() 0.6 mM, () 1.2 mM, () 1.8 mM, () 2.4 mM; TiO2 mass = 30 mg; 

Re = 830. 
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5.3.5 Effect of pH on the photocatalytic reduction of Cr(VI) by TiO2/UVA-

Vis/tartaric acid system 

As mentioned in Chapters 3 and 4, Cr(VI) exists in different ionic forms (H2CrO4, 

HCrO4
-, CrO4

2-, Cr2O7
2- and HCr2O7

-), according to the solution pH and 

chromium concentration. Depending on the type of hexavalent chromium species 

present in solution, different number of electrons and protons are requested to 

achieve the total reduction to trivalent chromium. Figure 3.13a shows the Cr(VI) 

species distribution as a function of solution pH. According to the Cr(VI) 

chromium concentration used in this work (0.02 mM), the predominant species 

between pH 3.0 and 6.0 is HCrO4
-, being necessary three moles of electrons and 

seven moles of protons to achieve the reduction of one mole of hexavalent 

chromium (Eq. 3.4). Figure 5.5 shows significant higher Cr(VI) photoreduction 

rates at more acidic pH values.  

 

 

Figure 5.5 - Influence of pH on Cr(VI) photocatalytic reduction ([Cr(VI)] = 0.02 

mM) by TiO2/UVA-Vis/tartaric acid system at 25 ºC in the NETmix reactor 

(43.9 WUV m-2); [tartaric acid molar ratio] = 1.8 mM; TiO2 mass = 30 mg; Re = 

830; pH = () 3.0, () 4.0, () 5.0, () 6.0, () 7.0. 
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At pH 3.0, the total Cr(VI) reduction (below the DL) was achieved in 60 min. On 

the other hand, at pH 6.0 and 7.0, the Cr(VI) reduction was not totally achieved 

during the reaction time of 240 min. This result is in accordance with the expected 

and with the results reported by other authors [10, 23, 24] and in Chapter 4. Under 

acidic conditions, the anionic Cr(VI) species capture the electrons 

photogenerated in the conduction band and their reduction occurs according to 

Eq. 3.4: the higher protons concentration, at lower pH values, will benefit the 

reaction to the right side. On the other hand, it is known that the reaction of Cr(VI) 

with TiO2 conduction band electrons is a thermodynamically highly feasible 

process, since the reduction potential of the Cr(VI)/Cr(III) couple (E0 = 1.33 V 

[25]) is more positive than the one of the P25 conduction band (E0 = -0.3 V [26]). 

However, it is known that the Cr(VI)/Cr(III) pair reduction potential decreases 

significantly with the increase of the solution pH [27]: it shifts 138 mV per pH 

unit [25]. Thus, the difference between Cr(VI)/Cr(III) pair redox potential and 

the one of the TiO2 conduction band decreases as the pH value increases, leading, 

consequently, to a lower thermodynamic driving force of the electrons to the 

Cr(VI). This explains the lower Cr(VI) photoreduction rates observed at higher 

pH values (Table 5.2). Additionally, it was found that for higher pH values, the 

corresponding photonic efficiency also decreases ( = 3.96% for pH 3 and 

 = 0.06% for pH 7.0), affecting negatively the reaction. Finally, the solution pH 

also influences the catalyst surface charge [28] and the Cr(VI) photocatalytic 

reduction involves also a strong association through a Cr(VI)-TiO2 complex [29]. 

At acidic pH values, the catalyst surface is protonated (TiOH+) [28], enhancing 

the diffusion of anionic Cr(VI) species, HCrO4
-, to the catalyst surface and, 

consequently, resulting in higher Cr(VI) reduction rates. For alkaline pH values 

(pH > pHPZC; pHPZC = 6.5 [30]), the TiO2 surface groups become negatively 

charged and the HCrO4
- species would be electrostatically repelled, reducing the 

Cr(VI) adsorption extent [31]. For all those reasons, in this study, the optimum 
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pH value found was 3.0 and at pH 6.0 and 7.0 low Cr(VI) reduction rates were 

observed (Figure 5.5). 

 

5.3.6 Effect of initial Cr(VI) concentration on its photocatalytic reduction by 

TiO2/UVA-Vis/tartaric acid system 

The effect of initial Cr(VI) concentration on its photoreduction rate was evaluated 

by varying the initial concentration from 0.01 to 0.06 mM at pH 3.0 and 25 ºC, 

using 1.8 mM of tartaric acid. As depicted in Figure 5.6, the Cr(VI) reduction 

efficiency gradually decreases with the increase of the respective initial 

concentration. For the lowest concentrations studied (0.01 and 0.02 mM) the 

Cr(VI) total reduction is achieved after 60 min of reaction. However, for a Cr(VI) 

initial concentration of 0.03 mM, the total reduction is only achieved after 

150 min, under the same photoreduction conditions. On the other hand, as seen 

in Figure 5.6, the total reduction of 0.04, 0.05 and 0.06 mM of Cr(VI) is not even 

achieved during the reaction time considered, reaching only about 92, 80 and 

52% after 240 min, respectively. 

Table 5.2 shows that the kinetic constant decreased from 45 × 10-3 to 

3.1 × 10-3 min-1 with the increase of Cr(VI) initial concentration from 0.01 to 

0.06 mM. Although, according to the pseudo-first-order kinetic model, the 

kinetic constant is independent of the initial Cr(VI) concentration, higher Cr(VI) 

concentrations could generate a screen effect, not allowing the light to reach the 

P25 surface, decreasing, consequently, the Cr(VI) photocatalytic reduction 

efficiency. 
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Figure 5.6 - Influence of initial chromium concentration on Cr(VI) 

photocatalytic reduction by TiO2/UVA-Vis/tartaric acid system at pH 3.0 and 

25 ºC in the NETmix reactor (43.9 WUV m-2); TiO2 mass = 30 mg; Re = 830; 

[Cr]0 = () 0.01 mM, () 0.02 mM, () 0.03 mM, () 0.04 mM, () 0.05 mM, 

() 0.06 mM. [tartaric acid] = 1.8 mM; () [Cr]0 = 0.06 mM. [tartaric acid] = 

5.4 mM. 

 

Furthermore, the Cr(VI) reduction almost stopped for the experiment with the 

highest initial Cr(VI) concentration, indicating that the amount of tartaric acid is 

not enough to act as scavenger agent of holes and reactive oxygen species 

generated in the TiO2 surface during the reaction period of 240 min. However, 

using the tartaric acid amount corresponding to the Cr(VI):tartaric acid optimal 

molar ratio established (1:90), the reaction rate was increased by a factor of 8 (as 

can be seen in Table 5.2), achieving the total Cr(VI) reduction in 240 min (Figure 

5.6). Beyond that, the photocatalytic reaction is also affected by the competition 

between Cr(VI) and tartaric acid species for the binding sites on the catalyst 

surface. Higher amounts of Cr(VI) species can saturate the catalyst surface 

avoiding the binding of the tartaric acid species, decreasing substantially the 

Cr(VI) reduction. On the other hand, maintaining the optimal conditions, the 
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increase in the initial Cr(VI) concentration proved to increase also the 

corresponding photonic efficiency. In fact, a 1.5 fold increase was observed from 

3.96 to 5.90% for Cr(VI) concentrations of 0.02 and 0.06 mM, respectively. 

Gorges et al. [16], dealing with the degradation of 4-chlorophenol inside a 

photocatalytic microreactor with immobilized TiO2, despite the lower values, 

reported also higher photonic efficiencies for higher initial reactant 

concentrations (from 0.016 to 0.026% for 0.05 to 1.0 mmol L-1). Actually, 

comparing the photonic efficiency results obtained in this chapter using the 

NETmix reactor with the ones of the tubular reactor at its optimum conditions 

(Chapter 4, 6.9 mM of citric acid and CAM structures with a total TiO2 mass of 

28 mg), the photonic efficiency doubled from 1.93 to 3.96% with the use of the 

innovative NETmix reactor. Other authors reported also lower photonic 

efficiencies for the photochemical Cr(VI) reduction with ethanol using a batch 

(1.43%) and a spiral shaped reactor (2.52%) [32]. Additionally, it was verified 

that the total chromium concentration remained almost constant over the entire 

reaction time, meaning that the Cr(III) adsorption by photocatalyst was 

negligible. 

 

5.3.7 Effect of temperature on the photocatalytic reduction of Cr(VI) by 

TiO2/UVA-Vis/tartaric acid system 

The effect of solution temperature (15, 25 and 35 ºC) on the reduction of 0.02 mM 

of Cr(VI) was assessed in the NETmix reactor at pH 3.0 with 1.8 mM of tartaric 

acid. Figure 5.7 shows that the effect of solution temperature, between 15 to 

35 ºC, was negligible on the photocatalytic Cr(VI) reduction kinetics, as well as 

in the photonic efficiency, using the heterogeneous TiO2 photocatalysis. This 

behavior was already expected since the temperature has both positive and 

negative effects on the reaction: i) on one hand, the increment on solution 

temperature increases the chromium and tartaric acid ions diffusivity from the 
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solution bulk to the catalyst surface and, according to Hackbarth et al. [27], the 

difference between Cr(VI)/Cr(III) pair redox potential and the one of the TiO2 

conduction band increases also with the temperature, leading, consequently, to a 

higher thermodynamic driving force of the electrons to the Cr(VI); ii) on the other 

hand, the reactants adsorption is an exothermic reaction, becoming disfavoured 

at higher temperatures [33]. Considering these outcomes, 25 ºC was selected as 

optimum temperature for the Cr(VI) photocatalytic reduction by the TiO2/UVA-

Vis/tartaric acid system in study, which is in agreement with the results achieved 

by Malato et al. [33], who described as optimum operational temperature value 

for photocatalytic systems the room temperature. In fact, these systems do not 

require heating due to the photonic activation, having, this way, null activation 

energy. 

 

 

Figure 5.7 - Influence of temperature on Cr(VI) photocatalytic reduction by 

TiO2/UVA-Vis/Tartaric acid system at pH 3.0 in the NETmix reactor (43.9 WUV 

m-2); [Cr]0 = 0.02 mM; [tartaric acid] =  1.8 mM; TiO2 mass = 30 mg; Re = 830; 

Temperature = () 15 ºC, () 25 ºC, () 35 ºC. 
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5.3.8 Effect of irradiation time on the photocatalytic reduction of Cr(VI) by 

TiO2/UVA-Vis/tartaric acid system 

One of the parameters that also affects the Cr(VI) photocatalytic reduction is the 

residence time (), which is related with the time that the solution effectively 

remains under irradiation in the recirculation system, being calculated by the Eq. 

(11) [34]:  

 

𝜏 = 𝑡 
𝑉𝑟

𝑉𝑡
   (5.2) 

 

where t is the reaction time necessary to achieve the Cr(VI) concentration 

corresponding to the discharge limit imposed by the Portuguese legislation 

(0.1 mg L-1 or 0.002 mM), Vr is the solution volume illuminated inside the reactor 

(0.022 L) and Vt is the total solution volume. 

To analyze this effect on the reduction of 0.02 mM of Cr(VI) in the NETmix 

reactor at the previous optimized conditions, different total solution volumes 

were used: 0.5, 1.0 and 1.5 L, corresponding to of 0.88, 0.82 and 0.77 min, 

respectively. Figure 5.8a shows that when the total solution volume decreases, 

the total Cr(VI) reduction is earlier achieved, corresponding to higher kinetic 

constant values (Table 5.2). In fact, a decrease of 3 times in the total solution 

volume allowed a 3-fold increase (approximately) in the kinetic constant value 

(from 43 × 10-3 to 112 × 10-3 min-1), as well as, in the photonic efficiency 

(from 3.71 to 9.50%). This behavior was also observed when decreasing 2 times 

the total solution volume, from 1.0 to 0.5 L. In this case, it was achieved a 2 fold 

increase (approximately) in the kinetic constant value (from 61 × 10-3 to 

112 × 10-3 min-1), as well as in the photonic efficiency (from 5.26 to 9.50%).  
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Figure 5.8 - Influence of irradiation time on Cr(VI) photocatalytic reduction by 

TiO2/UVA-Vis/Tartaric acid system at pH 3.0 and 25 ºC in the NETmix reactor 

(43.9 WUV m-2); [Cr]0 = 0.02 mM; [tartaric acid] =  1.8 mM; TiO2 mass = 30 mg; 

Re = 830; Cr(VI) decay: a) in function of time; b) in function of accumulated 

energy. 𝜏 = () 0.88 min, () 0.82 min, () 0.77 min;  
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However, when the results are analyzed in terms of residence time under 

irradiation or accumulated energy (Figure 5.8b), as was expected, the differences 

are not so significant (𝜏 = 0.88 min or k = 4.82 L kJ-1 for 0.5 L, 𝜏 = 0.82 min or 

k = 5.2 L kJ-1 for 1.0 L and 𝜏 = 0.77 min or k = 5.7 L kJ-1 for 1.5 L), since the 

accumulated energy needed to achieve the Cr(VI) total reduction takes into 

account the total solution volume in study. 

 

5.3.9 Effect of dissolved oxygen concentration on the photocatalytic reduction of 

Cr(VI) by TiO2/UVA-Vis/tartaric acid system 

It is known that the oxygen molecules dissolved in aqueous solutions could act 

as electron scavengers, competing with Cr(VI) for electrons [19]. This way, two 

additional photocatalytic experiments of Cr(VI) reduction were carried out at the 

optimal conditions previously found: i) bubbling air (excess of dissolved oxygen) 

and ii) absence of oxygen (bubbling N2). Figure 5.9 and Table 5.2 show that 

neither the presence of excess of oxygen nor its absence showed appreciable 

effects on the Cr(VI) reduction. This achievement is in agreement with the results 

reported by Wang et al. [10] who found that the Cr(VI) reduction reaction was 

not significantly influenced by the presence of oxygen at acidic pH values. On 

the other hand, Lin et al. [35] reported a significant effect of the oxygen on the 

Cr(VI) photocatalytic reduction at alkaline pH (10.0). In fact, at acidic pH values 

the thermodynamic forces are similar for Cr(VI) and O2 reductions, but at alkaline 

pH values, the thermodynamic driving force for O2 is higher and, consequently, 

the competition of the dissolved oxygen molecules for the photogenerated 

electrons is larger [19].  
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Figure 5.9 - Influence of dissolved oxygen on Cr(VI) photocatalytic reduction 

by TiO2/UVA-Vis/Tartaric acid system at pH 3.0 and 25 ºC in the NETmix 

reactor (43.9 WUV m-2); [Cr]0 = 0.02 mM; [tartaric acid] =  1.8 mM; TiO2 mass = 

30 mg; Re = 830; Cr(VI) decay: continuous air () and N2 () bubbling. 

Dissolved oxygen concentration = air () and N2 () bubbling. 

 

5.3.10 Reuse of TiO2-CA structures in consecutive Cr(VI) reduction tests 

A final important aspect to consider is the ability for the immobilized TiO2 to be 

reused, having important economic repercussions. This way, the cellulose acetate 

sheet coated with a thin film of P25 was reused for 10 consecutive photocatalytic 

reduction cycles using fresh solutions of Cr(VI): 0.02 mM of Cr(VI), tartaric acid 

concentration of 1.8 mM, pH 3.0 and temperature of 25 ºC. After each 

photocatalytic cycle, the CA structure was washed with distilled water. Figure 

5.10 shows that the photocatalytic and the photonic efficiencies remained almost 

constant over three consecutive cycles, in agreement with the kinetic constants 

presented in Table 5.2: the Cr(VI) total reduction was achieved after 60, 75 and 

90 min in the first, second and third cycles, respectively. However, thereafter it 
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decreases up to the tenth photocatalytic cycle, achieving k and r0 values with one 

order of magnitude lower than in the first cycle (Table 5.2). 

 

 
Figure 5.10 - Reuse of TiO2-P25 CA sheets on Cr(VI) photoreduction using the 

micro-meso-structured photoreactor (43.9 WUV m-2) at pH 3.0 and 25ºC; [Cr]0 = 

0.02 mM; [tartaric acid] =  1.8 mM; TiO2 mass = 30 mg; Re = 830; Cycles 

number = () 1, () 2, () 3, () 4, () 5, () 6, () 7, () 8, () 9, () 10. 

 

On the other hand, it was observed the leaching of TiO2 nanoparticles from the 

CA surface to the solution, up to a mass of 22 mg after 10 photocatalytic cycles. 

This probably means that the deposition method used may not have been the most 

appropriate, promoting perhaps only weak bonds between the TiO2 particles and 

the support and/or that the mixing intensity used may have helped the detachment 

and the entrainment of the TiO2 particles from the CA sheet. In the next Chapter 

the TiO2 thin film was prepared directly on the glass slab and pass through a 

calcination process to improve the film adherence. However, other authors 

reported similar results even using different immobilization/deposition methods. 
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ZnO nanoparticles immobilized on TiO2 particles decreased during four cycles, 

achieving a final total reduction of about 56%. In turn, Han et al. [37] suggest the 

use of a binder during the spray coating method to provide a strong adherence of 

TiO2 on the support surface and to improve the formation and dispersion of a 

small coating agglomerate. 
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5.4 Conclusions 

The use of a new type of static mixer micro-meso-structured reactor, the 

NETmix, for the intensification of the heterogeneous TiO2 photocatalytic 

reduction of hexavalent chromium was successfully achieved, using transparent 

CA structures coated with thin films of TiO2-P25 in the presence of a sacrificial 

organic agent. The Cr(VI) photocatalytic reduction rates proved to depend on the 

scavenger organic agent used: the maximum reduction rate was attained using 

tartaric acid, decreasing in the following order: tartaric acid > citric acid > oxalic 

acid > methanol > ethanol. The NETmix reactor operation with a Reynolds 

number of 830 provided a degree of mixing necessary to promote not only the 

pollutants/reactants diffusion from the bulk to the catalyst surface (surface 

reaction), but also to increase the reactive species transfer from the catalyst 

surface to the solution bulk (homogeneous radical reaction). 

Beyond that, the NETmix reactor allows a uniform irradiance of the entire 

catalyst surface with an illuminated catalyst surface area per unit of reaction 

liquid volume inside the reactor of 333 m2 m-3, which is 1.6 times higher than in 

a conventional tubular reactor packed with CA monolithic structures coated with 

TiO2-P25 thin films. At optimum conditions, the photocatalyst reactivity in 

combination with the photoreactor was significantly enhanced from 0.09 to 

1.28 mmolCr(VI) m
-3

illuminated volume s
-1 (corresponding to 188 and 6850 mmolCr(VI) 

m-3
illuminated volume kJ-1), as well as the corresponding photonic efficiency, from 1.93 

to 3.96%, changing the photocatalytic reactor design from tubular/monolithic to 

NETmix reactor, respectively. 

The Cr(VI) photocatalytic reduction rates increased with the increase of TiO2 

mass up to 30 mg, value from which the photocatalyst particles began to block 

the UV light penetration. Although the presence of the sacrificial agent enhanced 

significantly the Cr(VI) reduction rates, a negative effect is observed when higher 

doses are added, achieving an optimum value at tartaric acid concentration of 
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1.8 mM. Acidic solution pH values favored the Cr(VI) reduction. On the other 

hand, solution temperature showed a negligible effect on Cr(VI) photocatalytic 

reduction in the range of 15 to 35 ºC. Finally, the TiO2-P25 CA sheets showed a 

reasonable good catalytic stability during 3 consecutive Cr(VI) reduction cycles 

using a simple spray deposition method. 
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Hexavalent Chromium Reduction:           

Effect of Reactor Configuration,           

Catalyst Type and Light Source  

 

 

 

 

In this chapter, the tubular photoreactor packed with cellulose 

acetate monoliths is now tested for Cr(VI) reduction with tartaric 

acid as scavenger (instead citric acid). In the NETmix reactor, the 

Cr(VI) photoreduction is evaluated as function of the photocatalyst 

type and dosage, light source (sunlight or UVA-LEDs light), 

illumination mechanism and catalyst support (front glass slab or 

back stainless steel slab). Finally, the reuse of the photocatalytic 

films was evaluated for the different catalyst supports in the NETmix 

reactor. 
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6.1 Introduction 

Several materials such as glass, paper, ceramic tiles, fiberglass and stainless steel 

were already tested as supports for photocatalyst deposition [1, 2]. Nevertheless, 

these configurations have their own problems: the catalyst surface accessibility 

to the reactants and photons and the significant external mass transfer influence, 

due to the higher diffusional length. This way, process intensification of 

heterogeneous photocatalysis through the use of innovative reactor 

configurations can be a good approach to enhance mass and photons transfer [3]. 

The monolithic photoreactor is known to provide a high catalyst surface-to-

volume ratio, improving the contact between the catalyst and the 

contaminant(s)/reactant(s) [4] as well as a more efficient exposure of the catalyst 

to the radiation, as reported in Chapter 4. In addition to the large number of walls 

used for catalyst deposition, thin walled monolithic structures made of cellulose 

acetate are potential supports, due to their UV-transparency, lightweight and low 

cost [5]. On the other hand, microstructured reactors are known for their unique 

features such as fast mixing and short molecular diffusion distance, laminar flow 

and large surface-to-volume ratio, allowing high mass transfer and reduced 

photon transport limitations. Therefore, microreactors are expected to exhibit 

some characteristics that favor photoreactions, namely their higher spatial 

homogeneity of irradiance and better light dissemination through the entire 

reactor depth, leading to high reaction rates [6, 7]. 

It is known that the light intensity and the respective wavelength play a critical 

role in the photocatalysts activation. Despite of being a renewable, clean and 

sustainable energy source, the use of solar light in photocatalytic reactors may 

not be the ideal solution for commercialization due to the large area necessary 

for the respective installation, the associated high cost and the dependency on the 

direction, intensity and availability of solar light to the reactor effectiveness [8, 

9]. The use of a microscale illumination system based on UV emitting diodes 
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(UVA-LEDs) in photocatalytic reactors is known to have high illumination 

efficiency and to promote a larger catalyst amount effectively illuminated due to 

their small-angle emittance [10]. In addition, by virtue of having low power input, 

high energy efficiency, small dimensions and long lifetime, this irradiation 

source has become increasing popular when using microreactors [11]. 

As in the Chapter 4 the experiments with the monolithic tubular photoreactor 

(MTP) packed with cellulose acetate monoliths (CAM) as catalyst support 

towards the Cr(VI) reduction were conducted mostly with citric acid as 

scavenger. However, in the present Chapter, tartaric acid was employed in order 

to better compare the results with the ones obtained using the micro-meso-

structured photoreactor (NETmix). In order to overcome mass and photon 

transfer limitations in the NETmix reactor, during the Cr(VI) reduction in 

presence of tartaric acid as scavenger, several parameters were optimized, 

namely the photocatalyst type and dosage, the irradiation source (sunlight or 

UVA-LEDs light), as well as two different catalyst supports: the front glass slab 

(BSI mechanism) or the back stainless steel slab where the network of channels 

and chambers are imprinted (FSI mechanism). Finally, the reuse of the 

photocatalytic films was evaluated for the different support configurations. 
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6.2 Materials and Methods 

All chemicals, analytical determinations, modeling of degradation kinetics and 

experimental units and procedures can be accessed in the Chapter 2.  
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6.3 Results 

6.3.1 Performance of different photoreactors on the photocatalytic reduction of 

Cr(VI) by TiO2/UVA-Vis/tartaric acid system 

Since it is known that the amount of light flux penetrating the semiconductor 

support structure depends on the thickness of the catalyst film [12], to evaluate 

the performance of two different photoreactors on the photocatalytic reduction of 

Cr(VI) by TiO2/UVA-Vis/tartaric acid system, several experiments were 

performed using 0.02 mM of Cr(VI), 1.8 mM of tartaric acid, pH 3.0, 25 ºC and 

varying the TiO2 mass used in each case. Using the MTP, CAM structures were 

coated with 15, 20, 25 and 30 mg of P25-TiO2. Two CAM structures were inserted 

into the borosilicate tube, making a total of 30, 40, 50 and 60 mg of P25-TiO2. 

Regarding the NETmix, the glass slab (GS) was evenly coated with 10, 20, 30, 

40, 50 and 60 mg of P25-TiO2. The coating process was made in the glass slab 

instead of the cellulose acetate sheet (as in Chapter 5) in order to improve the 

catalyst adherence since the glass slab is submitted to a previous acid treatment 

and a posterior calcination (Section 2.3.3). The NETmix was operated at 

Re = 830 and both photoreactors were irradiated by simulated solar light with a 

light intensity of 43.9 W m-2 (SUNTEST at 500), corresponding to photon flows 

of 1.4 × 10-6 and 5.4 × 10-7 einstein s-1 for MTP and NETmix, respectively. The 

estimated film thickness and film density for all the conditions tested are 

presented in Table 6.1, considering a homogeneous distribution of the catalyst 

particles over the entire support surface. 

Initial tests have shown that the Cr(VI) reduction was negligible during 240 min 

in both photoreactors when irradiated by simulated solar light, but without the 

presence of the catalyst and the tartaric acid. The Cr(VI) adsorption (in the 

absence of light and tartaric acid) on the CAM structures and on the GS both 

coated with P25-TiO2 was also insignificant during 240 min. Similarly, only a 
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minor (13%) Cr(VI) reduction was achieved in the presence of the catalyst, 

during the same period of irradiation time, but without sacrificial agent (tartaric 

acid) (data not shown). Typically, the Cr(VI) photoreduction occurs via electrons 

from the catalyst conduction band, occurring preferentially on the catalyst surface 

rather than in the bulk solution. However, in the presence of organic species, the 

photoreduction can also occur, indirectly, by organic radical species produced by 

oxidation of photogenerated holes. For that reason, the tartaric acid addition 

contributed to the increase of Cr(VI) photoreduction rate (data not shown), as 

well as for the shift of catalyst surface reaction to a homogeneous reaction on the 

solution bulk. In turn, in the presence of tartaric acid, but without irradiation, a 

Cr(VI) photocatalytic reduction of only 10% was observed.  

As reported at Chapters 4 and 5, the Cr(VI) photocatalytic reduction using both 

photoreactors is well described by a pseudo-first-order kinetic model. Beyond 

that, in the presence of light and tartaric acid, but without the photocatalyst, a 

Cr(VI) reduction of only 27% was observed after 60 min (data not shown), due 

to the reducing nature of the tartaric acid. Nevertheless, as it is possible to observe 

in Figure 6.1, the increment on the TiO2 amount up to 40 and 20 mg for 

MTP-CAM and NETmix-GS, respectively, significantly enhanced the Cr(VI) 

photoreduction, achieving the Cr(VI) total reduction (below the analytical 

detection limit) after 1.2 and 0.56 kJ L-1, for MTP-CAM and NETmix-GS, 

respectively. In fact, the pseudo-first-order kinetic constant, k, presented in Table 

6.1, increased from 1.3 to 2.8 L kJ-1 when the TiO2 mass was increased from 30 

to 40 mg using the MTP-CAM and from 5.0 to 6.1 L kJ-1 increasing the amount 

of catalyst from 10 to 20 mg when using the NETmix-GS. Actually, it is known 

that the increment of the catalyst amount favors the generation of electrons that 

promote the Cr(VI) reduction [13]. Nonetheless, in both cases, higher dosages of 

catalyst did not improve the reaction; on the contrary, sometimes they even 

reduced the reaction rate.  
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Figure 6.1 - Influence of TiO2-P25 amount deposited on the CAM structures of 

the MTP and on the glass slab of the NETmix on the Cr(VI) photocatalytic 

reduction ([Cr(VI)] = 0.02 mM) by TiO2/UVA-Vis/tartaric acid system at pH 3.0 

and 25 ºC; [Tartaric acid] = 1.8 mM; TiO2 amount deposited on the CAM 

structures =  () 30 mg, () 40 mg, () 50 mg, () 60 mg. TiO2 amount 

deposited on the glass slab = () 10 mg, () 20 mg, () 30 mg, () 40 mg, 

() 50 mg, () 60 mg.  

 

The photonic efficiencies presented in Table 6.1 were determined from initial 

reaction rates (r0), assuming an equal homogeneous illumination on the catalyst 

surface for both reactors. The photonic efficiency of both reactors presented the 

same behavior as the kinetic constants: the maximum values are achieved for 40 

and 20 mg of TiO2 for MTP (2.0%) and NETmix (3.8%), respectively, decreasing 

for higher TiO2 amounts (Table 6.1). In fact, it is known that a further increase 

of the catalyst film thickness may lead to two important problems: light 

attenuation due to the absorption by the catalyst and the internal mass transfer 

becomes very significant [14]. This is due to the so-called phenomenon of “back-

irradiation”: as the coating thickness increases, the charge carriers are produced 

farther from the liquid-catalyst interface and, consequently, they are more 
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vulnerable to recombination loss [15]. This phenomenon is present in both 

photoreactors: the light source is located on the external side of the reactors, and 

the UV photons must cross the reactor wall to reach the TiO2 film and generate 

the electron/hole pairs. Nevertheless, in the MTP-CAM case, as the monoliths 

have a large number of walls, both FSI and BSI mechanisms are present. 

However, with the increase of the catalyst film thickness, the higher is the 

difficulty of light to reach the catalyst film immobilized in the internal walls of 

the CAM structures, as reported in Chapter 4. Padoin and Soares [6], in modeling 

studies with microfluidic reactors, reported an optimal TiO2 film thickness of 

around 2.5 and 3.5 m for BSI and FSI mechanisms, respectively, over an 

irradiation of 50 W m-2. These values are one order of magnitude higher than 

those observed in this study for MTP and NETmix (0.18 and 0.38 m, 

respectively), showing that the film thickness has to be optimized according to 

the photoreactor configuration/dimensions and the illumination source.  

In addition, the results achieved with the MTP-CAM are similar to the ones 

already reported at Chapter 4 using the same reactor and citric acid as scavenger 

instead of tartaric acid. However, the tartaric acid molar concentration required 

to achieve the same results is almost 4 times lower than that of the citric acid. 

Likewise, the results achieved with the NETmix-GS are similar to the ones 

already reported at Chapter 5 using the same reactor but applying the catalyst 

film on an acetate cellulose sheet instead of the glass slab. Nevertheless, when 

applying the catalyst directly on the glass slab the TiO2 amount required to 

achieve the same results is lower (20 mg instead of 30 mg). Comparing both 

reactors, Figure 6.1 and Table 6.1 show an enhancement of the reaction rate using 

the NETmix-GS. In fact, the latter one promotes a shift from surface reaction to 

a homogeneous radical reaction, decreasing the existing mass transfer limitations, 

then achieving the complete Cr(VI) reduction (below the analytical detection 

limit) with less accumulated UV energy. 
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Table 6.1- Film thickness and density along with the corresponding photonic efficiencies, pseudo-first-order kinetic 

constants, coefficient of determination (R2) and residual variance (S2
r) for reduction of 0.02 mM of Cr(VI) with 1.8 mM of 

tartaric acid as scavenger, at pH 3.0 and 25 ºC. 

Experiment 
Catalyst 

(mg) 

Film 

thickness 

(m)a 

Film 

density 

(mg cm-2)a 

k 

(L kJ-1) 

k × 103 

(min-1) 
R2 

S2r × 103 

(mM)2 

r0 × 103 

(mM 

min-1) 

 

Performance of different photoreactors on the photocatalytic reduction of Cr(VI) by TiO2/UVA-Vis/tartaric acid system 

1.1 – MTP - 30 mg 30 0.15 0.05 1.3 ± 0.1 25 ± 1 0.988 1 0.489 0.96 

1.2 – MTP - 40 mg 40 0.20 0.07 2.8 ± 0.2 55 ± 4 0.990 0.7 1.022 2.00 

1.3 – MTP - 50 mg 50 0.24 0.09 1.9 ± 0.2 36 ± 4 0.976 2 0.692 1.35 

1.4 – MTP - 60 mg 60 0.29 0.10 2.4 ± 0.1 47 ± 2 0.997 0.7 0.900 1.76 

1.5 – NETmix - 10 mg 10 0.21 0.07 5.0 ± 0.2 37 ± 1 0.994 0.8 0.687 3.19 

1.6 – NETmix - 20 mg 20 0.42 0.15 6.1 ± 0.3 45 ± 2 0.995 0.6 0.828 3.84 

1.7 – NETmix - 30 mg 30 0.63 0.22 5.6 ± 0.5 41 ± 4 0.982 3 0.748 3.47 

1.8 – NETmix - 40 mg 40 0.83 0.30 5.9 ± 0.6 44 ± 4 0.979 3 0.790 3.66 

1.9 – NETmix - 50 mg 50 1.04 0.37 4.5 ± 0.4 34 ± 3 0.972 4 0.618 2.87 

1.10 – NETmix - 60 mg 60 1.25 0.44 4.6 ± 0.4 33 ± 3 0.980 3 0.611 2.83 

Effect of photocatalyst type on the photocatalytic reduction of Cr(VI)  

2.1 – TiO2-P25 20 0.42 0.15 6.1 ± 0.3 45 ± 2 0.995 0.6 0.828 3.84 

2.2 – TiO2-P25+PEG 20 nd 0.15 4.7 ± 0.4 36 ± 3 0.982 2 0.628 2.91 

2.3 – TiO2-PC500 20 0.53 0.15 4.3 ± 0.3 33 ± 3 0.980 2 0.576 2.67 

2.4 – TiO2-PC105 20 0.45 0.15 5.4 ± 0.7 41 ± 5 0.964 5 0.673 3.12 

2.5 – CdS+PEG 20 nd 0.15 1.13 ± 0.09 9.7 ± 0.7 0.952 5 0.155 0.72 

2.6 – WO3+PEG 20 nd 0.15 0.97 ± 0.09 7.7 ± 0.7 0.941 5 0.116 0.54 

2.7 – ZnO 20 0.26 0.15 0.68 ± 0.06 5.3 ± 0.5 0.932 6 0.102 0.47 

2.8 – Fe2O3 20 0.28 0.15 0.59 ± 0.04 4.7 ± 0.3 0.945 4 0.089 0.41 

2.9 – Without catalyst - - - 0.18 ± 0.01 2.1 ± 0.1 0.970 0.5 0.035 0.16 
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Experiment 
Catalyst 

(mg) 

Film 

thickness 

(m)a 

Film 

density 

(mg cm-2)a 

k 

(L kJ-1) 

k × 103 

(min-1) 
R2 

S2r × 103 

(mM)2 

r0 × 103 

(mM 

min-1) 

 

Effect of radiation source on the photocatalytic reduction of Cr(VI) by TiO2-P25/tartaric acid system 

3.1 – 10 mg 10 0.21 0.07 3.2 ± 0.2 31 ± 2 0.985 2 0.600 2.19 

3.2 – 20 mg 20 0.42 0.15 4.6 ± 0.4 43 ± 4  0.984 2 0.775 2.84 

3.3 – 40 mg 40 0.83 0.30 4.4 ± 0.4 41 ± 4 0.980 3 0.784 2.87 

3.4 – 60 mg 60 1.25 0.44 4.4 ± 0.4 42 ± 4 0.983 3 0.777 2.84 

3.5 – 100 mg 100 2.09 0.74 4.3 ± 0.5 40 ± 4 0.972 5 0.756 2.76 

3.6 – 150 mg 150 3.13 1.11 4.5 ± 0.5 43 ± 4 0.977 3 0.763 2.79 

Effect of irradiation mechanism on the photocatalytic reduction of Cr(VI) by TiO2-P25/tartaric acid system 

4.1 – 10 mL-UVA-LEDs 41 0.70 0.25 9.0 ± 0.2 87 ± 3 0.977 2 1.621 5.93 

4.2 – 25 mL-UVA-LEDs 111 1.90 0.67 14.2 ± 0.5 135 ± 5 0.981 1 2.412 8.82 

4.3 – 50 mL-UVA-LEDs 203 3.46 1.23 15.3 ± 0.6 148 ± 6 0.974 2 2.706 9.89 

4.4 – 25 mL –UVA-Vis 111 1.90 0.67 11.8 ± 0.5 90 ± 4 0.986 1 1.387 7.06 

4.5 – NETmix-GS 20 0.42 0.15 4.6 ± 0.4 43 ± 4 0.984 2 0.776 2.84 

4.6 – NETmix-GS(SSS) 20 0.42 0.15 4.9 ± 0.3 47 ± 3 0.975 3 0.812 2.97 

4.7 – NETmix-GS-Fe 20 0.42 0.15 5.0 ± 0.4 47 ± 3 0.963 5 0.915 3.34 

4.8 – NETmix-SSS 111 1.90 0.67 14.2 ± 0.5 135 ± 5 0.981 1 2.412 8.82 

4.9 – NETmix-GS-SSS 20 /111 0.42/1.90 0.15/0.67 12.5 ± 0.6 119 ± 6 0.980 2 2.134 7.80 

Effect of photocatalyst reuse during the photocatalytic reduction of Cr(VI) by TiO2-P25/UVA-LEDs/tartaric acid system 

5.1 – 1 cycle – NETmix-GS 20 0.42 0.15 4.6 ± 0.4 43 ± 4 0.984 2 0.776 2.84 

5.2 – 2 cycles – NETmix-GS 20 0.42 0.15 4.1 ± 0.3 38 ± 3 0.982 3 0.775 2.83 

5.3 – 3 cycles – NETmix-GS 20 0.42 0.15 4.0 ± 0.4 38 ± 3 0.978 4 0.761 2.78 

5.4 – 1 cycle – NETmix-SSS 111 1.90 0.67 14.2 ± 0.5 135 ± 5 0.981 1 2.412 8.82 

5.5 – 2 cycles – NETmix-SSS 111 1.90 0.67 11.2 ± 0.4 106 ± 4 0.972 2 1.903 6.96 

5.6 – 3 cycles – NETmix-SSS 111 1.90 0.67 9.9 ± 0.3 93 ± 3 0.968 3 1.670 6.10 

5.7 – 1 cycleb – NETmix-SSS 111 1.90 0.67 8.5 ± 0.2 79 ± 2 0.996 0.5 1.602 5.85 

5.8 – 2 cyclesb – NETmix-SSS 111 1.90 0.67 4.0 ± 0.1 38 ± 1 0.993 0.8 0.720 2.63 

5.9 – 3 cyclesb – NETmix-SSS 111 1.90 0.67 3.0 ± 0.1 29 ± 1 0.995 0.8 0.593 2.17 
a Considering an homogeneous film over the whole support; b 0.18 mM of tartaric acid as scavenger; nd = not determined 
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Ray and Beenackers [16] reported that the specific surface area of illuminated 

catalyst within the reactor that is in contact with the liquid stream is an essential 

parameter for quantification of mass transfer and consequently for photocatalytic 

reactors design and construction. At the optimal TiO2 film thickness, the 

MTP-CAM and the NETmix-GS provide 0.15 and 0.49 g of TiO2 per liter of 

liquid inside the reactor, respectively, and an illuminated catalyst surface area per 

liquid volume inside the reactor of 212 m2 m-3 and 333 m2 m-3, respectively. These 

results show the important role of using CAM structures coated with the catalyst 

to suppress the photons transfer limitations, resulting in a high illuminated 

catalyst area per unit of reaction liquid volume inside the MTP, however not as 

high as the one of the NETmix-GS (1.6 times higher). In addition, the 

NETmix-GS presented a 34-fold increase (from 195 to 6713 mmolCr(VI) 

m-3
illuminated volume kJ-1) in the photocatalyst reactivity in combination with the 

reactor when compared with the MTP-CAM, probably due to the higher spatial 

illumination homogeneity, higher degree of mixing and higher amount of catalyst 

per unit of liquid volume. Additionally, for MTP-CAM, the light flux decreased 

substantially across the monolithic walls due to light absorption by the catalyst 

thin films, as can be seen in Figure 6.2, resulting in non-illuminated surfaces. For 

that reasons, the next experiments were conducted only in the NETmix reactor. 
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Figure 6.2 - Scanning of CAM walls: (—) without catalyst film, (—) with 

catalyst film in one side, (—) with catalyst film in both sides. 

 

6.3.2  Effect of photocatalyst type over Cr(VI) reduction 

Heterogeneous photocatalysis is based on the generation of reactive electron/hole 

pairs when the catalyst is irradiated by light with energy equal to or higher than 

the band-gap energy of the semiconductor [17]. These pairs are able to reduce or 

oxidize species in solution having suitable redox potentials. This way, the 

inorganic species with a reduction potential more positive than that of the 

semiconductor conduction band can capture electrons, finalizing the redox 

reaction cycle. 

Various semiconductors (in the form of powder or electrodes) such as TiO2, CdS, 

ZnO, WO3 and ZnS are known to be effective in the photocatalytic reduction of 

Cr(VI) [18]. Trillas et al. [19] achieved 100% Cr(VI) removal flushing Cr(VI) 

dilute solutions through CdS supported on a glass matrix. In turn, Selli et al. [20] 

reported the effectiveness of using ZnO particles in aqueous suspensions as 

semiconductor photocatalyst for the Cr(VI) reduction to Cr(III) under solar 
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irradiation in the presence of humic acids as sensitizer. In the present section, the 

photocatalytic reduction of 0.02 mM Cr(VI) using thin films of several 

photocatalysts (TiO2-P25, TiO2-PC 500, TiO2-PC105, CdS, WO3, ZnO, Fe2O3) 

was assessed using the NETmix-GS under simulated solar light (20 mg of 

photocatalyst film, 1.8 mM of tartaric acid, pH 3.0, 25 ºC and 43.9 WUV m−2). As 

the CdS and WO3 thin films were prepared using a PEG-TNBT mixture to 

promote stronger bonds between the catalyst and the glass support, the same 

procedure was adopted for TiO2-P25 to evaluate the effect of the binder mixture 

on this widely used photocatalyst. The use of a similar mixture was described by 

Song et al. [21], that report a large surface area and a high film porosity. Figure 

6.3 and Table 2.1 show the energy levels of calculated conduction and valence 

band edges (ECB and EVB) and band-gap energies (Eg) of the semiconductors used 

on the photoreduction of Cr(VI) at pH 3.0 and 25ºC. The band energy levels were 

recalculated from the reference pH to the pH value used in this study considering 

Nernstian pH dependence. For semiconducting metal oxides, the Nernstian 

relation leads to a variation of 0.059 V/pH unit. The same relationship is observed 

for metal sulfides in aqueous solutions with low concentration of metal ions 

and/or dissolved sulfide [22]. 
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Figure 6.3 - Energy levels of calculated conduction and valence band edges (ECB 

and EVB) and band-gap energies (Eg) of semiconductors at pH 3.0 and 25 ºC. 

 

In the absence of photocatalyst, a Cr(VI) reduction of 50% was observed after 

240 min (Figure 6.4), due to the reducing nature of the tartaric acid. Figure 6.3 

shows that all the selected photocatalysts are able to reduce Cr(VI) since they 

have conduction band redox potentials (ECB) more negative than the one of the 

target compound (+ 1.17 V) at the pH value used. In fact, the reduction of Cr(VI) 

increased in the following order for the different photocatalytic films: Fe2O3 < 

ZnO < WO3-PEG < CdS-PEG < TiO2 – PC500 < TiO2-P25-PEG < TiO2-PC105 

< TiO2-P25. As it is possible to observe from Figure 6.4 and Table 6.1, the results 

achieved with any of the TiO2 tested are better than the ones achieved with the 

other photocatalysts. Fe2O3 and ZnO have band gap energies similar to TiO2, 

being expected to exhibit analogous behaviors. However, Fe2O3 and ZnO are 

known to have lower specific surface area than TiO2 [23, 24] which explains the 
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worse result found. In addition, in irradiated aqueous solutions at low pH values, 

ZnO was reported to be usually unstable [25].  

 

 
Figure 6.4 - Cr(VI) photocatalytic reduction for different catalysts ([Cr(VI)] = 

0.02 mM) by UVA-Vis/tartaric acid system at pH 3.0 and 25 ºC using the 

NETmix reactor; [Tartaric acid] = 1.8 mM; Catalyst amount = 20 mg; Catalyst =  

() TiO2-P25, () TiO2-P25-PEG, ()TiO2-PC500, ()TiO2-PC105, () CdS-

PEG, () WO3-PEG, () ZnO, () Fe2O3, () no catalyst. 

 

In turn, the small efficiencies achieved with CdS-PEG and WO3-PEG as 

photocatalysts can be related to their characteristic pHZPC values (2.0 and 0.43, 

respectively (Table 2.1) that are lower than the working pH value (3.0): at these 

conditions, those catalysts surfaces are negatively charged, repelling the anionic 

Cr(VI) species. Other authors have already reported the effectiveness of TiO2 

regarding other semiconductors tested for photocatalytic purposes, due to its 

outstanding electronic and optical properties, non-toxicity, chemical stability and 

low cost [25].  

Between the TiO2 tested, the better one proved to be the TiO2-P25 without any 
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limit) in 75 min and presenting a photonic efficiency of 3.8%. For the last 

decades, numerous researchers have been attentive to the TiO2 structure, in order 

to comprehend its reported higher activity regarding other existing photocatalysts 

[26-28]. As can be seen in Table 2.2, while the TiO2-P25 consists of anatase 

(80%) and rutile (20%) crystalline phases, TiO2-PC500 and TiO2-PC105 consist 

of only anatase phase. Anatase particles are known to have large surface areas 

and to be efficient for air and water pollutants decomposition due to its high 

activity [29]. The lower activity of the rutile phase is related to its lower Fermi 

level (the energy level midway in the band gap of the material): it is minor than 

the one of anatase phase by about 0.1 eV [30]. However, in a photocatalytic 

reaction, a mix of anatase and rutile phases seems to start some synergistic 

effects, where the anatase conduction band electron goes to the less positive rutile 

part, promoting a good charge-carrier separation, through the successive band 

bending among the two phases, reducing the recombination rate of anatase 

electrons and positive holes [29]. In fact, in this work, TiO2-P25 showed higher 

activity for Cr(VI) photoreduction. Bickley et al. [31] also reported a higher 

activity of Degussa P25 than the activities of either of the pure crystalline phases. 

For the TiO2-P25-PEG, on the other hand, since the polymeric structure in the 

film, PEG, does not absorb light at the relevant wavelength range for the 

photocatalytic reaction, the lower efficiency observed when using 

TiO2-P25-PEG can be related to the lower amount of TiO2-P25 particles in the 

film, as also to the accessibility for reactant(s)/pollutant(s) to the catalyst particles 

through the polymeric structure. 

 

6.3.3 Effect of radiation source on the photocatalytic reduction of Cr(VI) by 

TiO2-P25/tartaric acid system 

Illumination light offers powerful energy to transfer electrons from the valence 

band to the conduction band of the photocatalysts, creating electron-hole pairs. 
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Light-emitting diodes (LEDs) is a new generation of light sources, with several 

promising characteristics for photocatalytic applications, such as long life time, 

high robustness, efficient conversion of electricity to light, little heating 

production, easy portable, etc. [32, 33]. Therefore, the photocatalytic reduction 

of Cr(VI) by TiO2-P25/tartaric acid system was assessed using UVA-LEDs as 

light source. Several experiments using the NETmix with the front glass slab 

coated with different amounts of TiO2-P25 (10, 20, 40, 60, 100 and 150 mg) 

under UVA-LEDs light irradiation (corresponding to a photon flow of 

6.9 × 10-7 einstein s-1) were performed using 0.02 mM of Cr(VI), 1.8 mM of 

tartaric acid, pH 3.0 and 25 ºC. Previous experiments showed that the Cr(VI) 

reduction was negligible during 240 min when irradiated by UVA-LEDs light, 

without the addition of the catalyst and the tartaric acid. Likewise, only an 

insignificant (15%) Cr(VI) reduction was attained in the presence of TiO2, during 

the same time of irradiation, but without tartaric acid. Additionally, a minor 

Cr(VI) reduction by tartaric acid irradiated by UVA-LEDs light was also verified 

(data not shown). As it is possible to observe from Figure 6.5, the 

TiO2-P25/UVA-LEDs/tartaric acid system enhanced substantially the Cr(VI) 

reduction rate, which increased from 3.2 to 4.6 L kJ-1 with the increase of TiO2 

amount from 10 to 20 mg, respectively.  

In fact, as was abovementioned, a higher TiO2 loading yields more 

photogenerated electron/hole pairs, which is favorable for the photocatalytic 

performance. Using 20 mg of photocatalyst, an optimized thickness of 0.42 m 

(Table 6.1) was obtained and the Cr(VI) total reduction was achieved with 

0.57 kJ L-1 (60 min). However, as the TiO2 layer thickness further increases, the 

photocatalytic performance stabilizes (Figure 6.5). This might be due to the 

additional electrons being photogenerated far from the bulk solution, increasing 

the difficulty to reach the target compound. A similar behavior was observed 

regarding the photonic efficiencies (Table 6.1).  
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Table 6.1 shows that the reaction rates remained very similar for both types of 

illumination (solar light and UVA-LEDs light). However, regarding the scale-up 

of the system, UVA-LEDs light enables the stacking of several modules between 

the NETmix plates, allowing the numbering-up of several microreactors, not 

requiring a large treatment plant area, which is not possible when using solar 

light. In addition, when compared with other sources of artificial light, the 

application of UVA-LEDs can greatly reduce the photons generation cost, 

contributing to a more economical system. 

 

 
Figure 6.5 - Influence of TiO2-P25 amount deposited on the glass slab of the 

NETmix on the Cr(VI) photocatalytic reduction ([Cr(VI)] = 0.02 mM) by TiO2-

P25/UVA-LEDs /tartaric acid system at pH 3.0 and 25 ºC; [Tartaric acid] = 

1.8 mM; TiO2 amount = () 10 mg, () 20 mg, () 40 mg, () 60 mg, 

() 100 mg, () 150 mg.  
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6.3.4 Effect of irradiation mechanism on the photocatalytic reduction of Cr(VI) 

by TiO2-P25/tartaric acid system 

In order to study the front-side illumination mechanism, the TiO2 was deposited 

on the walls of the channels and chambers imprinted in the back stainless steel 

slab of the NETmix (NETmix-SSS, Figure 2.14). Therefore, to examine the FSI 

mechanism on the photocatalytic reduction of Cr(VI) by TiO2-P25/UVA-

LEDs/tartaric acid system, the TiO2-P25 amount coated in the network of 

channels and chambers of the NETmix was optimized. Thereby, different catalyst 

amounts (41, 111 and 203 mg) were tested in the photoreduction of 0.02 mM of 

Cr(VI) with 1.8 mM of tartaric acid at pH 3.0 and 25 ºC under UVA-LEDs light 

irradiation. 

As it is possible to observe from Figure 6.6, the Cr(VI) photoreduction increased 

with the TiO2 dosage up to 111 mg (film thickness = 1.90 m), achieving the 

Cr(VI) total reduction after 0.17 kJ L-1 (17 min). In fact, the light absorption by 

the catalyst increases with the film thickness up to a photocatalytic reaction rate 

maximum value. From this point, it would be expected that the reaction rate 

would remain constant with further film thickness increase, since the diffusional 

length of the charge carrier to the catalyst–liquid interface will not change. This 

behavior is observed in Figure 6.6. Furthermore, an experiment was made with 

the optimized amount of TiO2-P25 supported in the NETmix-SSS (front-side 

illumination) at the same operating conditions but under simulated solar light 

irradiation. The results showed that there was a 1.2-fold increase in the reaction 

rate (in terms of accumulated energy) when the system is irradiated by UVA-

LEDs light when compared with solar light, decreasing the treatment time from 

30 to 17 min. Actually, in addition of having a higher photon flow (6.9 × 10-7 

instead of 5.4 × 10-7 einstein s-1), the UVA-LEDs small angle of emittance 

promotes the direct passage of photon beam into the reactor, decreasing, 

consequently, the light dispersion and ensuring a better illumination of all 
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channels and chambers walls. Consequently, the use of this microscale irradiation 

in the NETmix allows a high illumination efficiency and a high catalyst 

illuminated area per reactor volume, contributing for the suppression of photons 

transfer limitation [12]. 

 

 
Figure 6.6 - Influence of TiO2-P25 amount deposited on the NETmix channels 

and chambers on the Cr(VI) photocatalytic reduction ([Cr(VI)] = 0.02 mM) by 

TiO2-P25/ UVA-LEDs /tartaric acid system at pH 3.0 and 25 ºC; [Tartaric acid] 

= 1.8 mM; TiO2-P25 amount =  () 41 mg, () 111 mg, () 203 mg. 
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enhanced (3 times) from 4934 to 15251 mmolCr(VI) m
-3

illuminated volume kJ-1, as well 

as the corresponding photonic efficiency, from 2.8% to 8.8%, comparing the 

NETmix-GS with the NETmix-SSS, respectively, under UVA-LEDs 

illumination. Additionally, a test was performed with the photocatalyst deposited 

both on the front glass slab and on the reactor channels and chambers at the 

optimized dosages to evaluate this combined effect (NETmix-GS-SSS). 

However, as can be observed in Figure 6.7, in this case, the Cr(VI) total reduction 

was achieved in 20 min, three minutes more than with the NETmix-SSS. 

Actually, in this case, the glass slab with TiO2 deposited will contribute to a light 

attenuation due to the absorption by the catalyst film and, consequently, less 

radiation will reach the catalyst immobilized in the channels and chambers of the 

NETmix reactor, worsening the Cr(VI) reduction. Accordingly, the combined 

effect (NETmix-GS-SSS) led to a 12% decrease on the reaction rate. 

During the reaction using the back stainless steel slab coated with the catalyst it 

was detected iron in the solution. Actually, as reported in Chapter 3, 

Fe(III)-carboxylate complexes are able to reduce Cr(VI) species. As there is 

tartaric acid in solution that is able to complex with Fe(III), the iron release was 

evaluated during the experiments with the NETmix-SSS. An average of 4 M of 

Fe(III) was found at the end of the reaction with 111 mg of TiO2. To estimate the 

percentage of Cr(VI) reduction caused by the presence of iron in solution, a test 

was made with the photocatalyst deposited on the front glass slab at the optimum 

conditions previously determined, but adding 4 M of Fe(III) to the solution 

(NETmix-GS-Fe). As it is possible to verify by Figure 6.7, there was no major 

improvement in the Cr(VI) reduction with the addition of iron to the solution 

when compared with the reaction only with NETmix-GS (kinetic constants of 

47×10-3 and 43×10-3 min-1, respectively). In the latter case, the Cr(VI) total 

reduction is reached after 60 min and in the presence of iron takes 50 min.  
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Lastly, another experiment was made using the catalyst immobilized on the front 

glass slab, but replacing the back acrylic plate by the stainless steel slab without 

catalyst deposited (NETmix-GS(SSS)). Table 6.1 and Figure 6.7 show that in this 

situation the reaction rate is a little higher (47×10-3 min-1), but not even close to 

the value reached when the TiO2 is deposited on the stainless steel slab 

(135×10-3 min-1). These data show that the iron released from the stainless steel 

slab contribute to a small increase (<10%) in the chromium reduction. 

 

 
Figure 6.7 - Influence of the illumination type on the Cr(VI) photocatalytic 

reduction ([Cr(VI)] = 0.02 mM) by TiO2-P25/tartaric acid system at pH 3.0 and 

25 ºC using the NETmix reactor; [Tartaric acid] = 1.8 mM; TiO2-P25 amount 

deposited on the glass slab = 20 mg: TiO2-P25 amount in the channels and 

chambers = 111 mg. Reactor configuration: () TiO2-P25 on glass slab using the 

back acrylic slab, () TiO2-P25 on glass slab using the back stainless steel slab, 

() TiO2-P25 on glass slab with iron addition, () TiO2-P25 on back stainless 

steel slab, () TiO2-P25 on glass slab and on back stainless steel slab. 
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6.3.5 Effect of photocatalyst reuse during the photocatalytic reduction of Cr(VI) 

by TiO2-P25/UVA-LEDs/tartaric acid system 

An important advantage of heterogeneous photocatalytic processes is the 

possibility of catalyst reuse, reducing the associated costs. Accordingly, the 

reusability of the TiO2-P25 deposited on the front glass slab or on the back 

stainless steel slab of the reactor was evaluated during 3 reduction cycles under 

UVA-LEDs irradiation using new solutions of 0.02 mM of Cr(VI), 1.8 mM of 

tartaric acid, pH 3.0 and 25 ºC. Between each two cycles, the catalyst surface was 

washed with distilled water. As it is possible to observe from Figure 6.8a and 

Table 6.1, during the reuse tests, the photocatalytic activity of the TiO2 film on 

the glass slab showed a reduction of only 12% between the first and the following 

reaction cycles. However, using the cellulose acetate sheet, after the 2nd reuse 

cycle the photocatalytic activity decreases 17% (Section 5.3.10), mainly due to 

the low adherence of the photocatalyst to the cellulose acetate sheet. The 

reusability of the catalyst film deposited in the network of channels and chambers 

showed a poor performance (Figure 6.8b), achieving a reduction in the reaction 

rate of 21 and 31%, for the 2nd and 3rd cycles in relation to the first cycle, 

respectively (Table 6.1). However, its performance is even much better in the 2nd 

and 3rd cycles that in the 1st cycle when using the front glass slab coated with the 

catalyst. 
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Figure 6.8 - Reuse of TiO2-P25 films deposited on the NETmix glass slab (a) or 

NETmix stainless steel slab (b and c) on Cr(VI) photoreduction ([Cr(VI)] = 0.02 

mM) by TiO2-P25/UVA-LEDs/tartaric acid system at pH 3.0 and 25 ºC; [Tartaric 

acid] = 1.8 mM (a, b) or 0.18 mM (c); TiO2-P25 mass = 20 mg (a) or 111 mg (b 

and c). Cycles number = () 1, () 2, () 3. 

 

A possible explanation for the decrease on the Cr(VI) reduction rates during the 
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reaction and a scavenger agent degradation of only 10% and a negligible 

mineralization were observed at the end of the reaction. However, when the back 

stainless steel slab was submitted to a calcination process to eliminate the organic 

molecules from the catalyst surface after the first reaction cycle, the TiO2 film 

started to crack and, consequently, the catalyst nanoparticles were leached from 

the support surface. Therefore, in order to minimize the TiO2 surface blocking 

effect, the reuse of catalyst film in the network of channels and chambers was 
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consumed during the reduction reaction (0.18 mM). Nevertheless, analyzing the 
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results presented in Figure 6.8c and Table 6.1, it is notorious that there is also a 

decrease in the catalyst efficiency over the reuse cycles: reductions of 53 and 

64% were detected for the second and the third reuse cycles, respectively, in 

relation to the first cycle. In this case, even though the tartaric acid was almost 

completely degraded, a mineralization of only 30% was observed at the end of 

the 3 reuse cycles. Therefore, the presence of its degradation by-products can also 

reduce the access of hexavalent chromium species to the catalyst surface. Saquib 

et al. [34] have already reported the TiO2 surface saturation in the presence of 

excessively high dosages of organic compounds, leading, consequently, to the 

catalyst deactivation and to the respective reduction of the photonic efficiency.  
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6.4 Conclusions 

This Chapter presents a push-forward on the heterogeneous photocatalytic 

reduction of hexavalent chromium through successful minimization of photon 

and mass transfer limitations using the micro-meso-structured photoreactor 

(NETmix) irradiated by UVA-LEDs to achieve a uniform irradiance over the 

entire catalyst surface and through the entire reactor depth, presenting at the same 

time short molecular diffusion distances and large specific interfacial areas 

(989 m2
ill m

-3
reactor). 

In the NETmix, a thin film of photocatalyst was uniformly deposited on the front 

glass slab or on the network of channels and chambers imprinted in the back 

stainless steel slab using a spray system. Using the same amount of catalyst in 

the NETmix glass slab, the reduction of Cr(VI) increased in the following order 

using simulated solar light: Fe2O3 < ZnO < WO3 < CdS < TiO2-PC500 < TiO2-

P25-PEG < TiO2-PC105 < TiO2-P25. 

The Cr(VI) reduction rate proved to depend on the mass of catalyst deposited in 

the CAM structures and NETmix walls: the maximum Cr(VI) photoreduction 

was reached with 40 mg of TiO2-P25 deposited on CAM for MTP and 20 mg of 

TiO2-P25 deposited on front GS when using the NETmix. Higher dosages of 

catalyst did not improve the reaction. 

The reactivity of the photocatalyst in combination with the reactor (mmolCr(VI) 

m-3
illuminated volume kJ-1) has a 34-fold increase for the NETmix (glass slab coated 

with TiO2-P25) when compared with the MTP, considering the optimum catalyst 

amount for each system. For MTP, the light flux decreased substantially across 

the monolithic walls due to light absorption by the catalyst thin films, resulting 

in non-illuminated surfaces. The reaction rate remained similar for both types of 

illumination sources (solar light or UVA-LEDs) using the NETmix with the front 

glass slab coated with TiO2-P25. However, when compared with solar light, a 

1.2-fold increase was observed using the back stainless steel, also coated with 
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TiO2-P25, irradiated by UVA-LEDs, decreasing the reaction time by 43%. Due 

to the small dimension and small-angle of emittance of UVA-LEDs, the photons 

beam is directed towards the glass slab, reducing the photons dispersion outside 

of the photoreactor and through the optical path length. Beyond that, a 3-fold 

increase was observed for the NETmix with the catalyst thin film in the back 

stainless steel slab (NETmix-SSS), when compared with the front slab 

(NETmix-GS), using UVA-LEDs. This is well correlated with a 3-fold increase 

in the illuminated catalyst surface area in contact with the liquid per unit of 

volume inside the reactor, from 333 m2 m-3 for NETmix-GS to 989 m2 m-3 for 

NETmix-SSS. Nevertheless, evaluating the FSI and BSI combined effect 

(NETmix-GS-SSS), due to the existence of a slight light attenuation caused by 

the passage through the reactor glass slab, a small reduction (12%) on the system 

effectiveness was confirmed.  

Finally, a reasonable good catalytic stability during 3 consecutive Cr(VI) 

reduction cycles under UVA-LEDs light was achieved using the TiO2-P25 

deposited on the front glass slab of the NETmix. Nonetheless, when the catalyst 

is deposited on the reactor channels and chambers, probably a new cleaning 

method between reaction cycles should be investigated, since it was observed a 

reduction of about 30% after 3 consecutive reduction cycles.  
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In this chapter the As(III) species oxidation to less mobile As(V) 

species was performed in a micro-meso-structured photoreactor 

(NETmix) using UVA-LEDs heterogeneous TiO2/Fe2O3 

photocatalysis and UVC-LEDs/H2O2 photochemical based AOPs. 

The addition of H2O2 to the heterogeneous photocatalytic systems 

was also evaluated. Catalyst reuse tests were performed in the best 

operational conditions. 
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7.1 Introduction 

Arsenic is known to have a wide range of health damaging effects caused by 

acute and chronic exposure. At cellular level it contributes to genotoxicity, 

oxidative stress and altered DNA repair capacity. As matter of fact, in 2012 the 

International Agency for Research on Cancer (IARC) classified arsenic and its 

inorganic compounds as “carcinogenic to humans” (group 1). In addition, 

numerous studies have reported other adverse health effects including 

reproductive outcomes, cardiovascular, renal and lung diseases, 

hyperpigmentation and keratosis, weakness, anemia, burning sensation of eyes, 

solid swelling of legs, liver fibrosis, gangrene of toes, etc. [1-4]. 

Both inorganic forms of arsenic are toxic, however, As(V) is more easily 

removed by precipitation or adsorption processes than As(III). Therefore, an 

oxidation step must be carried out to remove arsenic from water [5]. As(III) can 

be oxidized by traditional chemical oxidants such as ozone, chlorine, ferrate and 

permanganate. However, advanced oxidation processes (AOPs), like 

heterogeneous photocatalysis and UVC/H2O2 photochemical systems seem to be 

a better alternative, since they do not generate toxic by-products [6] and do not 

require a large reactants amount. In both processes, the photogeneration of 

reactive species promotes the oxidation of As(III) to As(V). 

The immobilization of the catalyst on an inert surface is the ideal solution to 

avoid a post-treatment step for catalyst recovery. On the other hand, in 

heterogeneous photocatalytic systems the reaction rate is limited by mass and 

photon transfer mechanisms. The use of static mixers, such as the NETmix 

micro-meso-structured photoreactor, which comprises a network of 

interconnected chambers and channels [7, 8], improves the radial mixing and 

minimizes mass transfer limitations. In addition, the use of a microscale 

illumination system (UVA-LEDs or UVC-LEDs) provides high illumination 

efficiency of the entire reactor due to its small-angle of emittance [9]. Therefore, 
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the main goal of the work reported in this chapter is to assess the performance of 

UVA heterogeneous photocatalysis and UVC/H2O2 photochemical based AOPs, 

using a micro-meso-structured photoreactor (NETmix) illuminated by 

UVA/UVC-LEDs towards the As(III) oxidation to less mobile As(V).  
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7.2 Material and Methods 

All chemicals, analytical determinations, experimental units and procedures, and 

modeling of degradation kinetics can be accessed in the Chapter 2.  
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7.3 Results 

7.3.1 As(III) oxidation by H2O2/UVC-LEDs system 

Initial tests have shown that the oxidation of 1.33 × 10-2 mM of As(III), at pH 5.0 

and 20 ºC, was negligible during 120 min when irradiated by UVC-LEDs light, 

but without the presence of H2O2. The As(III) oxidation by H2O2 (in the absence 

of light) is feasible when the hydrogen peroxide is in 100% stoichiometric excess 

(Eq. (7.1)), over a wide pH range and at room temperature [10]. However, this 

reaction is slow and, at the tested conditions (1.33 × 10-2 mM of As(III), 2.9 mM 

of H2O2 at pH 5.0 and 20 ºC), only 10% of As(III) oxidation was achieved after 

120 min of reaction (data not shown). On the other hand, when the H2O2 

molecules are exposed to the UVC irradiation, the generated OH radicals 

accelerate the oxidation of As(III) to As(V) (Eq. (1.11) and Eqs. (7.2) to (7.5)) 

[6]. To evaluate the performance of H2O2/UVC-LEDs system on the As(III) 

oxidation in the NETmix (operated at Re = 830), three experiments were 

performed using 1.33 × 10-2 mM of As(III), at pH 5.0, 20 ºC and varying the 

H2O2 concentration (0.7, 2.9 or 5.9 mM).  

 

H3AsO3 + H2O2  →  H2AsO4
− + H+ + H2O        (2 < pH < 6) (7.1) 

H2O2 + OH
  →  HO2

 + H2O (7.2) 

H3AsO3 + OH
  →  H2AsO3

− + H2O                         (7.3) 

H3AsO3 + HO2
  →  H2AsO3

− + HO2
− + H+                         (7.4) 

H2AsO3
− + O2 + H2O → H2AsO4

− + HO2
  +  H+                         (7.5) 

 

As it is possible to see at Figure 7.1, the UVC-LEDs/H2O2 system was not 

effective, achieving only 7.4, 9.5 and 7.5% of As(III) oxidation when using H2O2 

concentrations of 0.7, 2.9 or 5.9 mM, respectively.  
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Figure 7.1 - Influence of H2O2 concentration on the As(III) oxidation ([As(III)] 

= 1.33 × 10-2 mM) by UVC-LEDs/H2O2 system at pH 5.0 and 20 ºC; [H2O2] = 

(, ) 0.7 mM, (, ) 2.9 mM, (, ) 5.9 mM, Solid symbols – 

[As(III)]/[As(III)]0; open symbols – H2O2 consumption.  

 

In fact, these results are similar to the one obtained only in presence of H2O2 

(without irradiation), indicating that the reaction described by Eq. (1.11) is not 

happening. This behavior is in agreement with the results stated by Lescano et al. 

[11], who reported 13% of As(III) oxidation by H2O2 in absence of light (for 

As(III) and H2O2 concentrations of 2.7 × 10-3 and 0.09 mM, respectively). The 

H2O2/UVC-LEDs/NETmix system inefficiency is probably associated with the 

UVC-LEDs low intensity, with a total radiant power of 90 mW and a theoretical 

photon flux of 1.3 × 10-7 einstein s-1. In fact, Lescano et al. [11] reported an 

As(III) oxidation of 97% in 5 min in a system where the illumination was 

achieved using two lamps with a photon flux of 3.4 × 10-5 einstein s-1 each one 

(each lamp has a photon flux 260 times higher than the UVC-LEDs used in this 

work). In addition, the same authors tested the lamp intensity effect through the 

application of filters between the lamps and the reactor, and observed a linear 

decrease in the kinetic constant while decreasing the lamp intensity [11]. 
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As alternative, due to their higher radiant power, UVA-LEDs were tested to 

perform the As(III) oxidation (9 UVA-LEDs with 270 mW each instead of 6 

UVC-LEDs with 15 mW each). 

 

7.3.2 As(III) oxidation by TiO2/UVA-LEDs system 

Initial tests showed that the As(III) oxidation was negligible during 120 min of 

reaction when irradiated by UVA-LEDs light, but without catalyst. The As(III) 

and As(V) adsorption (in light absence) on the glass slab (GS) coated with TiO2-

P25 was also insignificant during 120 min. To evaluate the performance of the 

TiO2 thin films on the heterogeneous photocatalytic oxidation of As(III), three 

experiments were performed using 1.33 × 10-2 mM of As(III), at pH 5.0 and 

20 ºC and varying the TiO2 mass deposited on the GS: 10, 20 or 40 mg. 

Considering a homogeneous distribution of the catalyst particles over the entire 

support surface, the estimated film thickness and density for all tested conditions 

are presented in Table 7.1. 

When TiO2 nanoparticles are irradiated with light of wavelength equal to or lower 

than 385 nm, the generation of electron/hole pairs (Eq.(7.6)) and the formation 

of a negative conduction band and a positive valence band occur [12]. The species 

with redox potential more positive than the TiO2 conduction band can be reduced 

by the photogenerated electrons and the ones with redox potential more negative 

than the valence band can be oxidized. As shown by Figure 7.2 and Eq.(1.14), 

the H2O/OH- can be oxidized by the generated positive holes producing OH 

radicals. On the other hand, the dissolved O2 can be reduced by electrons in the 

conduction band, producing O2
−and HO2

  radicals (Eqs. (1.15) and (1.16)) [13]. 

The As(III) species can be oxidized through successive one-electron steps, by 

both hvb
+  and OH, O2

−and HO2
  radicals (Eqs. (7.7) to (7.12)) [12-16]. However, 

the main As(III) oxidant (hvb
+ , OH, O2

−or HO2
 ) is still not clear, being the OH 

radical defended by some authors [14, 17] and the O2
−/HO2

  by others [13]. 
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TiO2 + ℎ𝑣 →  ecb
− + hvb

+  (7.6) 

H3AsO3 + hvb
+  →  HAsO3

− + 2H+ (7.7) 

HAsO3
− + hvb

+  +  H2O →  H2AsO4
−  +  H+    (7.8) 

H3AsO3 + OH
  →  HAsO3

− + H+ + H2O  (7.9) 

H3AsO3 + O2
−  →  HAsO3

− + HO2
−   + H+ (7.10) 

HAsO3
− + O2

−/HO2
  +  H2O →  H2AsO4

−   + HO2
−/H2O2     (7.11) 

HAsO3
− + O2  +  H2O → H2AsO4

−   + O2
− + H+   (7.12) 
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Table 7.1 - Photonic efficiencies and pseudo-first-order kinetic constants along with the corresponding coefficient of 

determination (R2) and residual variance (S2
r) for oxidation of 0.0133 mM of As(III), at pH 5.0 and 20 ºC. 

Experiment 
Catalyst 

(mg) 

Film thick-

ness (m)a 

Film 

density 

(mg cm-2)a 

[H2O2] 

(mM) 
k × 103 

(min-1) 
R2 

S2r × 103 

(mM)2 

r0 × 103 

(mM min-1) 
 

Effect of UVC-LEDs/H2O2 system on the As(III) oxidation   

1.1 –H2O2-0.7 mM  0 - - 0.7 0.45 ± 0.03 0.893 0.1 - - 

1.2 –H2O2-2.9 mM 0 - - 2.9 0.83 ± 0.03 0.957 0.1 - - 

1.3 –H2O2-5.9 mM 0 - - 5.9 0.76 ± 0.02 0.987 0.1 - - 

Effect of TiO2 deposited on the glass slab on the As(III) oxidation   

2.1 – TiO2-10 mg 10 0.21 0.07 0 11.8 ± 0.3 0.994 0.5 0.168 0.61 

2.2 – TiO2-20 mg 20 0.42 0.15 0 16.0 ± 0.4 0.993 0.7 0.227 0.83 

2.3 – TiO2-40 mg 40 0.83 0.30 0 15.9 ± 0.4 0.994 0.7 0.225 0.82 

2.4 – TiO2-H2O2 0.3 mM 20 0.42 0.15 0.3 18.4 ± 0.7 0.989 1 0.224 0.82 

2.5 – TiO2-H2O2 0.7 mM 20 0.42 0.15 0.7 17.6 ± 0.3 0.998 0.2 0.231 0.84 

2.6 – TiO2-H2O2 1.5 mM 20 0.42 0.15 1.5 18.7 ± 0.2 0.999 0.1 0.266 0.97 

2.7 – TiO2-H2O2 2.9 mM 20 0.42 0.15 2.9 21.0 ± 0.5 0.995 0.5 0.294 1.08 

2.8 – TiO2-H2O2 4.4 mM 20 0.42 0.15 4.4 18.6 ± 0.2 0.999 0.1 0.260 0.95 

2.9 – TiO2-H2O2 5.9 mM 20 0.42 0.15 5.9 16.1 ± 0.2 0.999 0.1 0.212 0.77 

Effect of TiO2 deposited on the stainless steel slab on the As(III) oxidation   

3.1 – TiO2- 25 mL 111 1.90 0.67 0 50 ± 7 0.921 9 0.609 2.23 

3.2 – TiO2-H2O2 0.3 mM 111 1.90 0.67 0.3 76 ± 3 0.993 0.5 0.814 2.98 

3.3 – TiO2-H2O2 1.5 mM 111 1.90 0.67 1.5 58 ± 8 0.938 6 0.623 2.28 

3.4 – TiO2-H2O2 2.9 mM 111 1.90 0.67 2.9 50 ± 7 0.918 4 0.397 1.45 

3.5 – TiO2-H2O2 4.4 mM 111 1.90 0.67 4.4 33 ± 1 0.988 0.6 0.334 1.22 

Effect of stainless steel slab TiO2 film reuse during the As(III) oxidation  

4.1 – 1 cycle  111 1.90 0.67 0.3 76 ± 3 0.993 0.5 0.814 2.98 

4.2 – 2 cycles 111 1.90 0.67 0.3 80 ± 8 0.969 3 0.917 3.35 

4.3 – 3 cycles 111 1.90 0.67 0.3 82 ± 8 0.966 3 0.821 3.00 
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Experiment 
Catalyst 

(mg) 

Film thick-

ness (m)a 

Film 

density 

(mg cm-2)a 

[H2O2] 

(mM) 
k × 103 

(min-1) 
R2 

S2r × 103 

(mM)2 

r0 × 103 

(mM min-1) 
 

Effect of Fe2O3 deposited on the glass slab on the As(III) oxidation   

5.1 – Fe2O3- 10 mg 10 0.14 0.07 0 - - - - - 

5.2 – Fe2O3- 20 mg 20 0.26 0.15 0 - - - - - 

5.3 – Fe2O3- 40 mg 40 0.57 0.30 0 - - - - - 

5.4 – Fe2O3-H2O2 0.7 mM 20 0.26 0.15 0.7 2.6 ± 0.1 0.975 1 0.035 0.13 

Effect of Fe2O3 deposited on the stainless steel slab on the As(III) oxidation   

7.1 – Fe2O3-H2O2 1.5 mM 111 1.29 0.67 1.5 1.5 ± 0.1 0.862 0.1 0.015 0.06 

7.2 – Fe2O3-H2O2 2.9 mM 111 1.29 0.67 2.9 3.2 ± 0.2 0.951 0.1 0.031 0.11 

7.3 – Fe2O3-H2O2 4.4 mM 111 1.29 0.67 4.4 5.0 ± 0.2 0.960 0.1 0.046 0.17 
a Considering a homogeneous film over the whole support. 
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Figure 7.2 - Energy levels of calculated conduction and valence band edges (ECB 

and EVB) and band-gap energies (Eg) of semiconductors at pH 5.0 and 20 ºC. 

 

As it is possible to see from Figure 7.3, the increase in TiO2 mass from 10 to 

20 mg promoted an improvement in the reaction rate, achieving an As(III) 

oxidation of 85% instead of 77% in 120 min. Similarly, the kinetic constant and 

the photonic efficiency (Table 7.1) also increased from 11.8 min-1 and 0.61% to 

16 min-1 and 0.83%, respectively. This behavior is probably associated with a 

higher generation of oxidizing species related to the increment on TiO2 amount. 

On the other hand, a further increase in the TiO2 mass up to 40 mg showed a 

negligible increment in the reaction rate. As already mentioned in Chapters 5 and 

6, when operated in this configuration, the NETmix reactor is illuminated by a 

back-side mechanism (BSI), which means that at the optimum catalyst film 

thickness the reaction rate will reach a maximum and will decrease with further 

thickness increase, since the electron/hole pairs will be generated far from the 
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bulk solution and become more susceptible to recombination loss. With this fact 

in view, no tests were conducted with TiO2 amounts higher than 40 mg and 20 mg 

was chosen as corresponding to the optimum film thickness. It has to be 

mentioned that this value is the same optimum catalyst amount obtained for the 

Cr(VI) reduction, which means that the optimum film thickness has to be 

optimized according to the reactor type and not only to the target compound. 

 

 
Figure 7.3 - Influence of TiO2 mass on the As(III) oxidation ([As(III)] = 

1.33 × 10-2 mM) by UVA-LEDs/TiO2/NETmix-GS system at pH 5.0 and 20 ºC; 

TiO2 mass = () 10 mg, () 20 mg, () 40 mg. 

 

To improve the reaction rate, other important parameters should be optimized, as 

solution pH, temperature, O2 presence/absence and the use of scavengers. 

Generally, in heterogeneous photocatalysis, the temperature has no influence in 

the 15 – 80 ºC range [18]. On the other hand, the oxygen plays an important role 

in the photocatalytic arsenite oxidation (Eqs. (1.15) and (7.12)) and in its absence 

the As(III) oxidation is greatly depressed, but not completely banned [13]. As it 

is possible to conclude from Figure 7.4, at a pH range of 2 to 8, the only As(III) 
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species present in solution is the neutral H3AsO3. Therefore, a positive or 

negative charge, caused by an acid or basic pH, on the TiO2 surface has no 

significant effect on the arsenic adsorption at this pH range [13].  

 

 
Figure 7.4 - Distribution of As(III) species as a function of the solution pH 

([As(III)] = 1.33 × 10-2 mM; T = 20ºC; ionic strength = 0.1 M). 

 

However, Figure 7.5 shows that in the pH range from 3 to 6, the main As(V) 

species is the anionic one, H2AsO4
−, which at basic pH is repelled by the negative 

TiO2 surface and under acidic pH is favorably attached to the positive TiO2 

surface. At pH 5 a E0(As(V)/As(III)) of 0.22 V was obtained from the Nernstian 

equation applied to the reaction described by Eq. (7.13) [19]. Thus, the calculated 

thermodynamic driving force between EVB and Eº(As(V)/As(III)) is 2.5 V. Due 

to this behavior, the pH 5 was maintained and other pH values, as well as the 

temperature and O2 influence were not studied.  
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Figure 7.5 - Distribution of As(V) species as a function of the solution pH 

([As(V)] = 1.33 x 10-2 mM; T = 20ºC; ionic strength = 0.1 M). 

 

The effect of the presence of a scavenger agent on the arsenic oxidation could be 

evaluated in order to verify the oxidation mechanism or to minimize the 

electron/hole recombination by adding an electron acceptor [15]. As shown in 

Eqs. (7.14) and (7.15), during the heterogeneous photocatalysis, the H2O2 can 

react with both ecb
−  and hvb

+  generating OH and HO2
  radicals, respectively [12]. 
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presence of H2O2 (0.3 – 5.9 mM) in the NETmix-GS. As can be observed in 

Figure 7.6, the H2O2 addition up to 2.9 mM led to an increment of 14% in the 

As(III) oxidation in relation to the reaction without H2O2, achieving 97% of 

As(III) oxidation in 120 min. Similar behavior was observed regarding the kinetic 

constant and photonic efficiency: both increased by about 30% (Table 7.1).  
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Figure 7.6 - Influence of H2O2 concentration on the As(III) oxidation ([As(III)] 

= 1.33 × 10-2 mM) by UVA-LEDs/TiO2/NETmix-GS system at pH 5.0 and 20 ºC; 

TiO2 mass = 20 mg; [H2O2] = () 0.0 mM, (, ) 0.3 mM, (, ) 0.7 mM, 

(, ) 1.5 mM, (, ) 2.9 mM, (, ) 4.4 mM, (, ) 5.9 mM. Solid 

symbols – [As(III)]/[As(III)]0; open symbols – H2O2 consumption. 

 

In these conditions, the H2O2 consumption was almost 50%. Additionally, 

comparing the results obtained without H2O2 and with 2.9 mM of H2O2, the 

photocatalyst reactivity in combination with the reactor also increased from 0.34 

to 0.44 mmolAs(III) m-3
illuminated volume s

-1. However, a further increase in H2O2 

concentration did not show any improvement in the reaction rate. In fact, in the 

presence of 5.9 mM of H2O2 the results were very similar to those obtained in the 

absence of H2O2 and only 30% of the initially H2O2 amount added was consumed. 

It is worth noting that an excess of H2O2 can lead to a scavenging process of OH 

radicals, forming O2 and H2O (Eq. (7.2) followed by Eq (7.16)) [20].   
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−  →  OH + OH− (7.14) 
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To analyze the effect of the illumination mechanism on the reaction rate, another 

NETmix reactor configuration was tested. In this case, the reactor was arranged 

in order to allow the existence of a front side illumination mechanism (FSI), 

through catalyst film deposition on the NETmix channels and chambers. As the 

optimum film thickness verified in the GS was the same obtained in a previous 

work (data not shown), the TiO2 amount used in this configuration (NETmix-

SSS) was not optimized: 25 mL of TiO2 were also used, which is equivalent to 

having approximately 111 mg of TiO2 available on the illuminated surfaces of 

channels and chambers, leading to a film thickness of 1.9 m. In this 

configuration, the reactor allows a 989 m2/m3 catalyst coated surface area per 

reactor liquid volume and 165 cm2 of illuminated surface, which is 3 times higher 

than in the previous configuration (NETmix-GS). As shown by Figure 7.7, using 

the NETmix-SSS, the kinetic constant and the photonic efficiency had a 3-fold 

increase when compared with the NETmix-GS, achieving the complete As(III) 

oxidation in 40 min. The photocatalyst reactivity was also improved from 0.34 

to 0.91 mmolAs(III) m
-3

illuminated volume s
-1. As in the latter case, the H2O2 influence 

was tested by varying the initial concentration between 0.3 and 4.4 mM. The 

presence of only 0.3 mM H2O2 led to an increase in kinetic constant and in 

photonic efficiency of 50 and 30%, respectively. About 90% of the As(III) was 

oxidized in 20 min and 75% of the initially H2O2 added was consumed. The 

reactivity was also improved by 34%, achieving 1.22 mmolAs(III) 

m-3
illuminated volume s

-1. A similar behavior was observed by Tsimas et al. [21] during 

the oxidation of 0.13 mM of As(III) in a system illuminated by a 9 W lamp, 

providing 4.69 × 10-6 einstein s-1, with 50 mg of slurry TiO2, attaining the 

complete As(III) oxidation after 30 min.  
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Figure 7.7 - Influence of H2O2 concentration on the As(III) oxidation ([As(III)] 

= 1.33 × 10-2 mM) by UVA-LEDs/TiO2/ NETmix-SSS system at pH 5.0 and 

20 ºC; TiO2 mass = ~111 mg; [H2O2] = () 0.0 mM, (, ) 0.3 mM, 

(, ) 1.5 mM, (, ) 2.9 mM, (, ) 4.4 mM. Solid symbols – 

[As(III)]/[As(III)]0; open symbols – H2O2 consumption. 

 

In addition, as it is possible to observe in Figure 7.8, almost 40% of the As(total) 

was adsorbed on the TiO2 surface. Adsorption tests (in absence of light) 

performed on the NETmix-SSS showed no As(III) adsorption and 50% As(V) 

adsorption  in 60 min, thus it can be assumed that during the heterogeneous 

photocatalysis experiments the formed As(V) is partially adsorbed. This result is 

in agreement with those obtained by Xu et al. [22], who reported an As(V) 

adsorption capacity by a slurry TiO2-P25 system of 159 mol g-1.  
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Figure 7.8 - As(III) oxidation ([As(III)] = 1.33 × 10-2 mM) by UVA-LEDs/TiO2/ 

H2O2/NETmix-SSS system at pH 5.0 and 20 ºC; TiO2 mass = ~111 mg; [H2O2] 

= 0.3 mM. () As(total), () As(V), () As(III). 

 

Nevertheless, as shown by Figure 7.7, a further increase in the H2O2 

concentration did not lead to any improvement in the reaction rate. As the contact 

between the solution bulk and the catalyst film in the NETmix-SSS system is 

higher than in the NETmix-GS, a smaller amount of H2O2 molecules is likely to 

be required to suppress the electron/hole recombination, being concentrations 

above 0.3 mM enough to start the undesirable hydroxyl scavenging effect. 
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reusability of the TiO2-P25 deposited on NETmix-SSS was evaluated during 3 

oxidation cycles under UVA-LEDs irradiation using fresh solutions of As(III) 

(1.33 × 10-2 mM), and H2O2 (0.3 mM) at pH 5.0 and 20 ºC. After each cycle, the 

catalyst surface was washed with distilled water. As it is possible to observe from 

Figure 7.9 and Table 7.1, during the reuse tests, the photocatalytic activity of the 

TiO2 film in the network of channels and chambers showed no efficiency loss, 
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being the kinetic constant and photonic efficiency very similar during the 3 

cycles.  

 

 
Figure 7.9 - Reuse effect of TiO2-P25 films deposited on the NETmix stainless 

steel slab on the As(III) oxidation ([As(III)] = 1.33 × 10-2 mM) by 

UVA-LEDs/TiO2/NETmix-SSS system at pH 5.0 and 20 ºC; TiO2 mass = 

~111 mg; [H2O2] = 0.3 mM. Cycles number = (, ) 1, (, ) 2, (, ) 3. 

Solid symbols – [As(III)]/[As(III)]0; open symbols – H2O2 consumption. 
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main structures: cubic (maghemite (γ-Fe2O3)) and rhombohedral (hematite 

(α-Fe2O3)). Both forms have high industrial and technological importance. While 

γ-Fe2O3 is used in memory devices, magnetic resonance imaging, drug delivery 
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experiments (Figure 7.10) it was possible to assume that its main structure is the 

α-Fe2O3 one, since the two peaks observed at 552 and 472 cm-1 are related to 

Fe-O stretching and bending vibration mode, respectively, characteristic of this 

rhombohedral structure [23]. 

 

 
Figure 7.10 - FTIR spectra of Fe2O3 powder. 

 

To evaluate the performance of Fe2O3 thin films on the photocatalytic oxidation 

of As(III), three experiments were performed using 1.33 × 10-2 mM of As(III), at 

pH 5.0 and 20 ºC, varying the Fe2O3 mass deposited on the GS (10, 20 or 40 mg). 

The estimated film thickness and film density for all the conditions tested are 

presented in Table 7.1, considering a homogeneous distribution of the catalyst 

particles over the entire support surface. The As(III) adsorption (in the absence 

of light) on the GS coated with Fe2O3 was insignificant during 120 min of reaction 

and, as it is possible to see from Figure 7.11, the As(III) was not oxidized during 

the reaction time (120 min) under all tested conditions.  
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Figure 7.11 - Influence of Fe2O3 mass and H2O2 presence on the As(III) 

oxidation ([As(III)] = 1.33 × 10-2 mM) by UVA-LEDs/Fe2O3/ NETmix-GS 

system at pH 5.0 and 20 ºC; Fe2O3 mass = () 10 mg, () 20 mg, () 40 mg 

(without H2O2); Fe2O3 mass = (, ) 20 mg (with 0.7 mM of H2O2). Solid 

symbols – [As(III)]/[As(III)]0; open symbols – H2O2 consumption. 

 

This is probably associated with the Fe2O3 short carrier diffusion lengths that 

facilitate the electron/hole recombination [24]. In order to suppress this effect, 

H2O2 was added (0.7 mM) to the system using a catalyst mass of 20 mg. As 

shown by Fig. 10, in the presence of H2O2 almost 30% of As(III) was oxidized 

after 120 min of reaction. However, this result is much lower than the ones 

obtained with the TiO2 film. An explanation to the Fe2O3 lower efficiency can be 

attributed to the darker color of the Fe2O3 film when compared with the TiO2 

film. This way, in the case of a BSI mechanism, the light attenuation with a Fe2O3 

film is more pronounced. Accordingly, a new set of experiments was carried out 

in the NETmix-SSS configuration to evaluate what happens in the case of a FSI 

mechanism. In this case, 25 mL of Fe2O3 suspension were deposited on the 

NETmix channels and chambers. The experiments were conducted in the 

presence of 1.5 to 4.4 mM of H2O2, at pH 5.0 and 20 ºC. Figure 7.12 shows that 
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the reaction rate was enhanced, achieving 9, 18 and 30% of As(III) oxidation in 

60 min of reaction for H2O2 concentrations of 1.5, 2.9 and 4.4 mM, respectively. 

During all experiments the H2O2 consumption was not higher than 10% and 

neither As(III) or As(V) species were adsorbed on the catalyst surface. In the 

better case (4.4 mM of H2O2), the kinetic constant showed a 2-fold improvement 

when comparing with the NETmix-GS configuration, allowing a reactivity of 

0.07 mmolAs(III) m
-3

illuminated volume s
-1. The lower efficiency of Fe2O3 in relation to 

TiO2 can be explained if the superoxide radicals (O2
− and HO2

 ) are assumed as 

the main As(III) oxidants, since their formation is depressed during the 

heterogeneous photocatalysis with Fe2O3 due to the unfavorable thermodynamic 

driving force between the Fe2O3 and O2 molecules (Figure 7.2). 

 

 
Figure 7.12 - Influence of H2O2 concentration on the As(III) oxidation ([As(III)] 

= 1.33 × 10-2 mM) by UVA-LEDs/Fe2O3/NETmix-SSS system at pH 5.0 and 

20 ºC; Fe2O3 mass = ~111 mg. [H2O2] = (, ) 1.5 mM, (, ) 2.9 mM,            

(, ) 4.4 mM. Solid symbols – [As(III)]/[As(III)]0; open symbols – H2O2 

consumption. 
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7.4 Conclusions 

This Chapter presents a push-forward on the oxidation of As(III) to As(V) 

through successful minimization of photon and mass transfer limitations using 

the micro-meso-structured photoreactor (NETmix) irradiated by UVA and UVC 

LEDs. 

The UVC-LEDs/H2O2/NETmix system led to results similar to those obtained 

only in the presence of H2O2 (without irradiation), showing a poor efficiency that 

can be attributed to the low intensity of UVC-LEDs (total radiant power of 

90 mW, with a theoretical photon flux of 1.3 × 10-7 einstein s-1). 

The As(III) oxidation proved to depend on the mass of catalyst deposited on the 

NETmix-GS: the maximum As(III) oxidation was reached with 20 mg of 

TiO2-P25. Higher dosages of catalyst did not improve the reaction. The reactivity 

of the photocatalyst in combination with the reactor (mmolCr(VI) 

m-3
illuminated volume kJ-1) increased from 0.34 to 0.44 when the H2O2 was added to 

the system. Another NETmix reactor configuration was also tested allowing the 

existence of a front side illumination mechanism (FSI), through catalyst film 

deposition on the NETmix channels and chambers. In this configuration, the 

reactor allows a 989 m2/m3 catalyst coated surface area per reactor liquid volume 

and 165 cm2 of illuminated surface, attaining a 3-fold increase in the kinetic 

constant and photonic efficiency, when compared with the NETmix-GS. With 

the NETmix-SSS the complete As(III) oxidation is achieved in 40 min of 

reaction. Adding H2O2 (0.3 mM) the kinetic constant and the photonic efficiency 

were improved, increasing 50 and 30%, respectively, and the reactivity was also 

enhanced by 34%, reaching 1.22 mmolAs(III) m
-3

illuminated volume s
-1. Finally, a good 

catalytic stability during 3 consecutive As(III) oxidation cycles under 

UVA-LEDs light was observed using TiO2-P25 deposited on the NETmix-SSS 

and 0.3 mM of H2O2. 
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In the Fe2O3/UVA-LEDs/NETmix-GS system no As(III) oxidation was observed 

without H2O2. However, even in H2O2 presence, the maximum As(III) oxidation 

observed was only 30% in 120 min using the NETmix-GS configuration and 30% 

in 60 min using the NETmix-SSS one. This lower efficiency could be attributed 

to the unfavorable thermodynamic driving force between the Fe2O3 and O2 

molecules, depressing the superoxide radicals (O2
− and HO2

 ) formation during 

the heterogeneous photocatalysis.  
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8 Conclusions and Future Work 

 

 

 

 

 

 

 

 

This final chapter presents the most relevant results and conclusions 

stated in the previous chapters, complemented with some suggestions 

for future work.  
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8.1 Conclusions 

The main goal of the present thesis was the assessment of the efficiency of the 

various AOPs for Cr(VI) reduction and As(III) oxidation. The results presented 

in Chapters 3, 4, 5, 6 and 7 showed that the use of AOPs for that propose is an 

interesting and feasible treatment option. The main conclusions are divided in 

three sections: Cr(VI) reduction by Fe(III) in the presence of organic sacrificial 

agents and radiation; Cr(VI) reduction by heterogeneous photocatalysis in the 

presence of organic sacrificial agents; As(III) oxidation by UVC/H2O2 and 

heterogeneous photocatalysi. 

 

8.1.1 Photocatalytic reduction of Cr(VI) by Fe(III)/UV in the presence of organic 

sacrificial agents 

The photocatalytic reduction of 0.2 mM of Cr(VI) presented in Chapter 3 was 

successfully achieved using a Fe(III)/UVA-Vis system in the presence of citric 

acid as organic sacrificial agent. The most relevant conclusions were:  

 The process is extremely dependent of the citric acid concentration. The 

optimized citric acid concentration was 0.6 mM, that is a Cr(VI):citric acid 

molar ratio of 1:3;  

 The reaction is favored by acidic pH values. The pH for which the Fe(III)-

citrate complex showed a higher quantum yield was 5.0;  

 Temperatures lower than 22.5 ºC negatively affected the reaction rate;  

 The use of natural solar light in the CPC pilot plant led to results very similar 

to the Cr(VI) reduction in the SUNTEST at 500 W m-2;  

 Changes in the Cr(VI) initial concentration require proportional adjustments 

in the iron and citric acid concentrations;  



Chapter 8 

290 

 

 The efficiency of the organic ligands tested increased in the following order: 

maleic acid << EDTA < oxalic acid < citric acid; 

 The use of citric and oxalic acid as organic sacrificial agents leads to the 

formation of CO2
- radical, which also contributes to the Cr(VI) reduction;  

 This system proved to be very promising in the treatment of real wastewaters 

containing Cr(VI) from galvanization processes. 

 

8.1.2 Reduction of Cr(VI) by heterogeneous photocatalysis in the presence of 

organic sacrificial agents 

The compilation of the results obtained in Chapters 4, 5 and 6, concerning the 

reduction of 0.02 mM of Cr(VI) by heterogeneous photocatalysis in the presence 

of organic sacrificial agents, led to the following conclusions:  

 The reaction kinetics and the photonic efficiency proved to depend on the 

catalyst amount until a certain limit. Above this limit the increase in the 

catalyst amount showed no improvement in the reaction rate or a negative 

effect;  

 The pH showed to have an important effect on the Cr(VI) reduction: the more 

acidic the pH value, the higher the reduction rate;  

 The increase of the scavenger concentration enhanced significantly the 

Cr(VI) removal. It was also concluded that the scavenger concentration 

should be adjusted in proportion to the Cr(VI) initial concentration. 

However, above certain limit the scavenger concentration increase leads to 

the catalyst surface saturation and to a consequent decrease in the reaction 

rate;  

 The Cr(VI) photocatalytic reduction rates proved, also, to depend on the type 

of scavenger used. In Chapter 4 the maximum reduction rate was attained 

using citric acid, decreasing in the following order: citric acid > oxalic acid 
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> EDTA > maleic acid. In Chapter 5 the maximum reduction rate was 

attained using tartaric acid and decreased in the following order: tartaric acid 

> citric acid > oxalic acid > methanol > ethanol. 

 The solution temperature showed a negligible effect on Cr(VI) 

photocatalytic reduction in the range of 15 to 35 ºC.  

 The intensification of the heterogeneous TiO2 photocatalysis for reduction 

of hexavalent chromium using a new type of micro-meso-structured reactor, 

the NETmix, was successfully attained.  

 The Reynolds number proved to influence on the degree of mixing to 

promote the pollutants/reactants diffusion from the bulk to the catalyst 

surface (surface reaction), and also, on the transference of the reactive 

species from the catalyst surface to the solution bulk (homogeneous radical 

reaction). 

 Among all the catalysts tested, the TiO2-P25 proved to be the most efficient. 

Using the same catalyst amount in the NETmix glass slab, the reduction of 

Cr(VI) increased in the following order using simulated solar light: Fe2O3 < 

ZnO < WO3 < CdS < TiO2-PC500 < TiO2-P25-PEG < TiO2-PC105 < TiO2-

P25. 

 The reuse tests for the Cr(VI) reduction showed an effective catalytic 

stability during: i) 10 consecutive cycles using the CAM structures, ii) 3 

consecutive cycles using the CA sheets and iii) 3 consecutive cycles using 

the GS. Nonetheless, for the SSS a reduction of about 30% after 3 

consecutive reduction cycles was observed, indicating that a new cleaning 

method between reaction cycles should be investigated. 

 

Table 8.1 shows the comparison between the main results reported in Chapters 

4, 5 and 6 during the reduction of 0.02 mM of Cr(VI) by heterogeneous 
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photocatalysis in different reactors and system configuration. Comparing the 

results obtained with the MTP-CAM using citric or tartaric acid as scavenger, it 

has to be noted that despite the better kinetic constant obtained with citric acid, 

the tartaric acid concentration necessary to achieve similar results was almost 

4-fold lower than the citric acid concentration. At the same time, the results 

obtained with the NETmix-CA and NETmix-GS showed no significant 

differences. However, the NETmix-GS system has as advantages: i) film 

preparation at higher temperatures, ii) allows a previous acid treatment of the 

support, iii) the film is prepared in the reactor structure and it is not necessary to 

add an extra piece. Nevertheless, when comparing the use of the NETmix-GS 

over the two radiation sources tested, SUNTEST and UVA-LEDs, it is important 

to note that despite the UVA-LEDs shows a relatively lower efficiency, it allows 

the vertical numbering-up of the system. Finally, comparing the earliest results 

obtained with MTP-CAM with the NETmix-SSS an almost 80-fold increase in 

the reactivity was observed. This result shows a significant intensification of the 

heterogeneous photocatalysis.  



Chapter 8 

293 

 

Table 8.1 - Comparison between the main results for reduction of 0.02 mM of Cr(VI) by heterogeneous photocatalysis in 

different reactors and system configuration. 

Parameters at optimized 

conditions 

Different reactors and system configuration 

MTP-CAM MTP-CAM NETmix-CA NETmix-GS NETmix-GS NETmix-SSS 

Chapter 4 6 5 6 6 6 

Radiation source SUNTEST SUNTEST SUNTEST SUNTEST UVA-LEDs UVA-LEDs 

Illumination mechanism BSI and FSI BSI and FSI BSI BSI BSI FSI 

Scavenger type Citric acid Tartaric acid Tartaric acid Tartaric acid Tartaric acid Tartaric acid 

Scavenger concentration 

(mM) 
6.9 1.8 1.8 1.8 1.8 1.8 

Photocatalyst mass (mg) 40 40 30 20 20 111 

Catalyst amount per 

illuminated volume (g L-1) 
0.15 0.15 0.74 0.49 0.49 6.66 

Illuminated area per 

illuminated volume (m2 m-3) 
211 211 333 333 333 989 

k (s-1) 59 × 10-3 54 × 10-3 47 × 10-3 45 × 10-3 43 × 10-3 59 × 10-3 

k (L kJ-1) 3.0 2.8 6.3 6.1 4.6 14.2 

 (%) 1.94 2.00 3.96 3.84 2.84 8.82 

Reactivity (mmol m-3
 s-1) 0.09 0.09 1.28 1.24 1.16 3.61 

Reactivity (mmol m-3
 kJ-1) 188 195 6850 6713 4934 15251 
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8.1.3 Photocatalytic oxidation of As(III) over UVC/H2O2 and heterogeneous 

TiO2/Fe2O3 photocatalysis 

The As(III) oxidation studies remained at an early stage when compared with the 

volume of results obtained during the Cr(VI) reduction studies. However, some 

important remarks have to be considered: 

 The irradiation intensity is of the utmost importance in the UVC/H2O2 

system. The low intensity of UVC-LEDs used led to results similar to those 

obtained only in the presence of H2O2 (without irradiation). 

 The As(III) oxidation proved to depend on the mass of catalyst deposited on 

the NETmix-GS: the maximum As(III) oxidation was reached with 20 mg 

of TiO2-P25. Higher dosages of catalyst did not improve the reaction. It is 

worth noting that this result is the same obtained during the Cr(VI) reduction 

studies using the same reactor, which indicates that the catalyst amount 

influence is related to the reactor configuration. 

 The H2O2 proved to enhance the As(III) oxidation, acting as electron 

receptor, allowing an increase in the reactivity from 0.34 to 0.44 mmolAs(III) 

m-3
illuminated volume s

-1.  

 Using the NETmix-SSS a 3-fold increase in the kinetic constant and photonic 

efficiency was observed when compared with the NETmix-GS.  

 The addition of H2O2 in the NETmix-SSS system caused an increase of 50 

and 30% in the kinetic constant and photonic efficiency, respectively. The 

reactivity was also enhanced by 34%, reaching 1.22 mmolAs(III) m
-3

illuminated 

volume s
-1.  

 A good catalytic stability during 3 consecutive As(III) oxidation cycles 

under UVA-LEDs light was observed using TiO2-P25 deposited on the 

NETmix-SSS and 0.3 mM of H2O2. 
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 The system with Fe2O3 as catalyst was not able to promote the As(III) 

oxidation. However, even in the presence of H2O2, only 30% of As(III) 

oxidation was observed in 120 or 60 min when using the NETmix-GS or 

NETmix-SSS, respectively.  

 The unfavorable thermodynamic driving force between the Fe2O3 and O2 

molecules could explain the lower efficiency of this system, since in this 

condition the superoxide radicals (O2
− and HO2

 ) formation is reduced.  
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8.2 Future work 

The application of various AOPs to the treatment of groundwater containing 

As(III) and Cr(VI) can be an interesting approach due to the lack of information 

on this topic. 

Since the organic sacrificial agents used during the Cr(VI) reduction by 

heterogeneous photocatalysis could lead to the catalyst deactivation, the 

development of more resistant catalyst films and a deeper study of the catalysts 

regeneration techniques is important.  

Tests with other UVC radiation sources for the As(III) oxidation in the 

UVC/H2O2 system are important to clarify some issues. At the same time the 

application of other AOPs for As(III) oxidation may open the alternatives range 

for the treatment of this contaminant. 

Finally, the AOPs association with others treatment techniques is a tendency and 

could lead to a complete removal of these contaminants – As(III) and Cr(VI) – 

from water. 

 



 

 

 

 

 


