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Abstract

In this thesis, it was intended to perform the proof-of-concept of the simultaneous
treatment of gaseous and liquid effluents by the Fenton’s reagent in a single multiphase
reactor. For this purpose, two bubbling reactors were designed/adapted: a lab-scale
bubble reactor (BR) and a bubble column reactor (BCR) with a capacity of 0.9 L and 9.0
L, respectively.

The study began with the evaluation of a model aromatic compound (hydroquinone)
treatment, followed by a real liquid effluent, by the Fenton’s process, intending to
evaluate the performance of both reactors in the pollutant removal and mineralization of
the organic matter present in the liquid phase. For the treatment of hydroquinone, the
effect of the gas flow rate (Qqgas) and the height of the liquid phase (Hiquid) Wwere evaluated,
in addition to the classic Fenton’s process parameters (concentrations of catalyst —
[Fe?*] — and oxidant — [H,O2] —, initial pH of the medium — pHinia — and reaction
temperature — Treaction); it has been observed that Qgas and Hiquia did not influence the
removal of the model compound neither the mineralization, which leads to conclude that
no axial gradients exist within the column and, therefore, a good homogenization of the
medium was ensured, not being necessary any additional stirring device to promote an
efficient mixing.

The study of liquid effluents treatment proceeded with an industrial wastewater with high
organic load (chemical oxygen demand — COD > 7000 mg O2/L). Firstly, the BR was
used to evaluate the influence of process variables, as well as the one related with the
composition of the gas phase (air, N> or O;) bubbled during the treatment.
Mineralizations of ca. 50%, after 60 minutes, were reached using air and N, streams
under the optimized conditions (pHinita = 4.6, [H202] = 22.5 g/L, [Fe?"] =0.75, T = 25 °C,
Qgas = 1 L/min, measured at room temperature and atmospheric pressure). A slight
increase in the mineralization was observed using the O, stream (mineralization = 56%)
under the same conditions. Additionally, the BR presented a similar behavior to that of
a perfectly stirred reactor, since the mineralization achieved in that reactor typology was
the same as that obtained in a batch reactor with magnetic stirring. Besides, the BR
proved to be more advantageous in temperature control during the treatment, because
this is an exothermic process (both organic matter oxidation and the Fenton’s reaction
itself). Finally, a scale-up for a BCR with a 10 times higher volumetric capacity was
carried out, being found similar mineralization in both reactors.

At a later stage, the Fenton process was applied for the treatment of a volatile organic
compound (VOC) — namely toluene — present in a gas stream, being absorbed and
simultaneously oxidized in the liquid phase. A systematic parametric study was
performed to assess the influence of temperature, oxidant and catalyst concentrations,
and to optimize the process. The increase of temperature (from 25 to 40 °C) favored the
absorption of toluene in the water (process without reaction). However, during oxidation,
toluene removal was reduced in the process at 40 °C, demonstrating that temperature
plays a key role in the oxidation dynamics of VOCs from gas streams. The increase in
H.O. concentration was found to be preponderant for the process, and an optimal Fe?*



concentration was also determined. In all runs, an accumulation of organic matter in the
liquid phase was observed (associated with the partial oxidation of toluene absorbed in
the water), being reached a maximum value of 350 mg C/L under the optimized
conditions: [H202] = 20 mM, [Fe?*] = 2.5 mM, pHinita = 3.0, T = 25 °C, Cioluene = 0.04 gJL,
Q = 1.0 L/min — at room temperature and atmospheric pressure. In order to reduce the
accumulated organic load after the treatment, a strategy of sequential gas-liquid
treatment was adopted, in which intermediate steps of the liquid phase treatment were
performed wherein the remaining catalyst dissolved in the solution has been used (i.e.,
with the addition of more oxidant only). This strategy made it possible to increase the
efficiency of accumulated organic compounds removal (reduction of the dissolved
organic carbon — DOC — of 43% in the final treatment stage). Finally, a scale-up for the
BCR was carried out, being observed a reduction in the average toluene absorption rate
(N), even though the toluene transfer has been satisfactory. In this reactor, the
sequential treatment allowed to extend the gas-liquid treatment cycles, leading to the
removal of more toluene and organic matter from the liquid effluent in a process that
lasted almost 20 hours.

This thesis was concluded with the proof-of-concept of the simultaneous gas-liquid
treatment by the Fenton’s process. A gaseous toluene stream and the industrial
wastewater were treated in the BR. At this stage, the effects of the aqueous matrix (water
vs. effluent), the nature of the iron species that acts as catalyst (Fe?* vs. Fe*'), and the
concentrations of organic matter in the liquid phase and toluene in the gas phase were
evaluated. The gas-liquid mass transfer was affected by the nature of the aqueous
phase matrix, being observed a reduction in the amount of toluene transferred per liter
of solution, in the runs without reaction, when the liquid contains organic matter.
However, the Fenton process was efficient in the treatment of both phases, increasing
the absorption (against the blank run) and mineralizing the organic matter present in the
liquid phase (25% of DOC reduction). Regardless of the iron species used, the
mineralization degrees achieved were similar; however, the amount of toluene
transferred per liter of solution was slightly lower when the Fenton-like process (H.O, +
Fe3*) was applied. The increase of the feed toluene concentration led to a reduction in
the gas treatment duration, and to a smaller apparent mineralization in the liquid phase,
showing that the process needs to be optimized, depending on the nature and properties
of the waste gas stream and liquid present in the reactor. Taking into account the high
concentrations of organic matter in the treated liquid effluent, a sequential treatment
cycle of the liquid phase was carried out, being found that this strategy allowed to
mineralize more than 60% of the accumulated organic matter.

Keywords: Advanced oxidation processes. Fenton’s process. Gas treatment. Effluent
treatment. Bubbling reactor.



Resumo

Nesta tese pretendeu-se realizar a prova de conceito do tratamento simultdneo de
efluentes gasosos e liquidos pelo reagente de Fenton num Unico reator multifasico. Para
o efeito, foram projetados/adaptados dois reatores de borbulhamento: um reator a
escala laboratorial (RB) e uma coluna (RCB) com capacidades de 0,9 L e 9,0 L,
respetivamente.

O estudo foi iniciado com a avalia¢do do tratamento de um composto aromatico modelo
(hidroquinona), seguido por um efluente liquido real pelo processo Fenton, com o
objetivo de avaliar o desempenho de ambos os reatores na remog¢édo do poluente e
mineralizacdo da matéria organica presente na fase liquida. Para o tratamento da
hidroquinona, avaliou-se o efeito do caudal de gas (Qgs) € da altura da fase liquida
(Hliquido), para além dos classicos parametros do processo Fenton (concentracdes de
catalisador — [Fe?*] — e oxidante — [H.0;] —, pH inicial do meio — pHinicia — € temperatura
reacional — Treaczo); Observou-se que Qgas € Hiquido NAO influenciaram a remocgdo do
composto modelo nem a mineralizacdo, 0 que leva a concluir que néo existiram
gradientes axiais dentro da coluna e, portanto, garantiu-se uma boa homogenizac¢ao do
meio, ndo sendo necessério qualquer dispositivode agitacdo adicional para promover
uma mistura eficiente.

O estudo de tratamento de efluentes liquidos prosseguiu com uma agua residual
industrial com elevada carga orgéanica (caréncia quimica de oxigénio — CQO > 7000 mg
O2/L). Primeiramente, usou-se o RB para avaliar a influéncia das variaveis processuais,
bem como da composicdo da fase gasosa (ar, N> ou O) borbulhada durante o
tratamento. Alcancaram-se mineralizagdes de cerca de 50%, ao fim de 60 minutos,
usando correntes de ar e N2 nas condi¢es otimizadas (pHinicial = 4,6, [H202] = 22,5 g/L,
[Fe**] = 0,75, T = 25 °C, Qgss= 1 L/min, medido a temperatura ambiente e pressédo
atmosférica). Foi observado um ligeiro aumento na mineralizacéo usando a corrente de
02 (mineralizagéo = 56%) nas mesmas condi¢des. Adicionalmente, o RB apresentou
um comportamento similar ao de um reator perfeitamente agitado, uma vez que a
mineralizacdo alcancada naquela tipologia de reator foi igual a obtida num reator
descontinuo com agitacdo magnética. Além disso, 0 RB mostrou-se mais vantajoso no
controlo da temperatura durante o tratamento, uma vez que se trata de um processo
exotérmico (oxidacdo da matéria organica e a propria reacdo de Fenton). Finalmente,
procedeu-se a um aumento de escala para o RCB com volume 10 vezes superior,
tendo-se observado mineralizacdo semelhante em ambos os reatores.

Numa fase posterior, procedeu-se a aplicacdo do processo Fenton para o tratamento
de um composto organico volatil (COV) — nomeadamente tolueno — presente numa
corrente gasosa, sendo absorvido e simultdneamente oxidado na fase liquida. Foi
realizado um estudo paramétrico sistematico para avaliar a influéncia de temperatura,
e concentratracdes de oxidante e catalisador e otimizar o processo. O aumento da
temperatura (de 25 para 40 °C) favoreceu a absor¢do do tolueno na agua (processo
sem reacdo). Todavia, durante a oxidagc&o a remocédo de tolueno reduziu no processo
a 40 °C, demonstrando que a temperatura tem um papel fundamental na dindmica da
oxidacdo de COVs oriundos de correntes gasosas. O aumento da concentracédo de



H.O, mostrou-se preponderante para o processo, tendo-se ainda determinado a
existéncia de uma concentracdo 6tima de Fe?". Em todos os ensaios observou uma
acumulacdo de matéria organica na fase liquida (associada a oxidacdo parcial do
tolueno absorvido na agua), atingindo-se o valor maximo de 350 mg C/L nas condi¢des
otimizadas: [H202] = 20 mM, [Fe?*] = 2,5 mM, pHinicia = 3,0, T = 25 °C, Ciolueno = 0,04 g/L,
Q = 1,0 L/min — & temperatura ambiente e presséo atmosférica. Para reduzir a carga
organica acumulada apds o tratamento, adotou-se uma estratégia de tratamento
sequencial gas-liquido, onde foram realizadas etapas intermédias de tratamento da
fase liquida com utilizacao do catalisador remanescente dissolvido na solucdo (ou seja,
com adicdo de mais oxidante apenas). Esta estratégia permitiu aumentar a eficiéncia
de remocdo dos compostos organicos acumulados (reducdo do carbono organico
dissolvido — COD - de 43% na etapa final de tratamento). Finalmente, realizou-se um
aumento de escala para o RCB, tendo-se observado uma reduc¢do na taxa média de
absorcao de tolueno (N), mesmo que a transferéncia do tolueno tenha sido satisfatoria.
Neste reator, o tratamento sequencial permitiu prolongar os ciclos de tratamento gas-
liquido, levando a remocgédo de mais tolueno e de matéria organica do efluente liquido
num processo que se extendeu por quase 20 horas.

Esta tese foi finalizada com a prova de conceito do tratamento simultaneo gas-liquido
pelo processo Fenton. Tratou-se uma corrente de tolueno gasoso e o efluente industrial
no BR. Nesta etapa, avaliaram-se os efeitos da matrix aquosa (agua vs. efluente), da
natureza da espécie de ferro que atua como catalisador (Fe?* vs. Fe®), e da
concentracdo de matéria organica na fase liquido e de tolueno na fase gasosa. A
transferéncia de massa gas-liquido foi afetada pela natureza da matrix da fase aquosa,
tendo-se obervado uma redugédo na quantidade de tolueno transferido por litro de
solucdo, nos ensaios sem reagdo, quando o liquido contém matéria organica. Contudo,
0 processo Fenton foi eficiente no tratamento de ambas as fases, aumentando a
absorcéo (face ao ensaio em branco) e mineralizando a matéria organica presente na
fase liquida (reduc&o do COD em 25%). Independentemente da espécie de ferro usada,
as mineralizagdes alcangadas foram semelhantes; no entanto, a quantidade de tolueno
transferido por litro de solucéo foi ligeiramente menor quando se aplicou o processo
tipo-Fenton (H.0; + Fe*"). O aumento da concentracdo de tolueno na alimentacéo levou
a uma reducédo no tempo de tratamento do gas, e a uma menor mineralizacédo aparente
na fase liquida, mostrando que o0 processo precisa ser otimizado consoante a natureza
e propriedades da corrente gasosa e do efluente contido no reator. Tendo em conta as
altas concentracdes de matéria organica no efluente liquido tratado, procedeu-se a um
ciclo de tratamento sequencial da fase liquida, tendo esta estatégia permitido
mineralizar a matéria organica acumulada em mais de 60%.

Palavras-chave: Processos de oxidacdo avancados. Processo Fenton. Tratamento de
gas. Tratamento de efluentes. Reator de borbulhamento.
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Part I: General Introduction &
State of Art

This part presents the motivation, outline and objectives of this Ph.D. thesis, as well as
the state of art concerning the application of bubble column reactors for the treatment of

liquid and gaseous effluents by advanced oxidation processes.
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Chapter 1. Introduction and Outline

1.1 Introduction and Motivation

This thesis addresses the treatment of gas and liquid effluents, a very relevant topic
nowadays. The aim of the study was to perform the proof-of-concept of a novel
technology for the simultaneous treatment of organic gaseous and liquid effluents by an
advanced oxidation process (AOP), namely the Fenton’s process, in the same

multiphase reactor; this constitutes a recent thematic, scarcely reported in the literature.

The Fenton process is, in short, a destructive chemical advanced oxidation process
(AOP) that was developed by H.J.H. Fenton in the late 19th century during the oxidation
of an organic acid (i.e., tartaric acid) using an iron salt as catalyst (Fenton 1894). The
process is typically carried out in aqueous solution, making use of hydrogen peroxide
(H20) and a catalyst (usually an iron species) to yield the hydroxyl radical (HO"), a
chemical species with a very high oxidation potential and the core of many AOPs
(Gligorovski et al. 2015). The generation of this oxidizing species has, therefore, the
objective of performing the degradation/mineralization of organic species present in the
effluents (Walling 1975; Barb et al. 1951b; 1949; 1951a) — a more detailed description
of the process is given in Chapter 2.

The application of the Fenton’s process has been exhaustively studied for the
degradation and treatment of several model pollutants and/or real wastewater (Pliego et
al. 2015; Oturan and Aaron 2014; Babuponnusami and Muthukumar 2014; Huang et al.
2017; Zhang et al. 2019; Thakur and Chauhan 2018), with the objective of reducing the
risks associated with their discharge into the environment. The advantages of this AOP
include the use of environmentally friendly reagents (Oturan and Aaron 2014), simple
operation, moderated conditions of temperature (Bautista et al. 2008; Babuponnusami
and Muthukumar 2014; Pliego et al. 2015; Oturan and Aaron 2014) and operation at
atmospheric pressure, besides not requiring the application of external sources of
energy, such as radiation, for the generation of the oxidizing species. Therefore, the
process has an enormous interest in applications at wastewater treatment plants
(WWTPs). On the other hand, in the last years, the interest in the application of this
process for the treatment of gaseous effluents has increased (as reported in Chapter 2);
however, little studies have been focussed on this topic for application towards organic

compounds abatement, therefore opening a door for new researches and developments.
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The application of Fenton’s reagent for the treatment of gaseous effluents requires
particular attention, especially focused on the choice of the reactor typology, once the
Fenton process is carried out in the liquid phase. So, firstly it is necessary to perform the
transfer of the pollutant from the gas stream to a liquid phase where the oxidation of the
pollutant(s) occurs. This issue boosted the research to find an adequate device capable
of providing the transfer of the contaminant from the gas phase to an aqueous matrix
containing the Fenton’s reagent. Thus, taking into account previous researches in this
topic (Tokumura et al. 2013; Handa et al. 2013; Tokumura et al. 2012), the bubbling
reactor (BR) was selected as the core device to perform the simultaneous absorption
and Fenton oxidation, due to its high capacity to promote the mass (and heat transfer)
(Kantarci et al. 2005; Bai 2010; Rollbusch et al. 2015; Kovats et al. 2017). Other

advantages of this reactor configuration are listed in Chapter 2.

Although gas treatment in BRs has been previously reported for other AOPs (as reported
in Chapter 2), this thesis emerged with the new perspectives for the treatment of volatile
organic compounds (VOCs) by the homogenous Fenton’s process, namely considering
the effect in the aqueous matrix where by-products are accumulated. So, for this
research, two BRs were designed: i) a smaller (0.9 L-capacity) acrylic lab-scale bubbling
reactor (BR) (upon adapting an existing batch reactor to operate with a gas diffuser and
gas inlet and outlet sampling ports — Fig. 1.1a) and ii) a 9 L-capacity acrylic bubble
column reactor (BCR) — similar to others reported in the literature - Fig. 1.1b (Tokumura
et al. 2013; Handa et al. 2013; Tokumura et al. 2012).

Firstly, two studies were performed for the treatment of a model compound
(hydroquinone) and a real wastewater in both reactors, i.e., addressing only the liquid
phase oxidation, being the gas used merely to promote an efficient mixing (and heat
management); these works are reported in Chapters 3 and 4. After this, the treatment of
a gaseous effluent containing toluene (a VOC selected as a model compound) was
studied, being the results obtained presented and discussed in Chapter 5. Finally, the
simultaneous treatment of a toluene-containing gaseous stream and the real effluent
(from a Portuguese chemical industry) was carried out. For these approaches, Fenton’s
reagents were dosed in situ (in the water or effluent present in the BR), while the gas
stream was continuously bubbled inside the reactor in a semi-continuous process. The
proof-of-concept of the novel process for simultaneous gas-liquid treatment by this AOP

is reported in Chapter 6.

Finally, Chapter 7 summarizes the main conclusions obtained along this Ph.D. work,

while also providing some perspectives/suggestions for future work.
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Figure 1.1 Scheme of the bubbling devices (bubbling reactor — BR (a) and bubble column reactor
— BCR (b)) designed for the experimental work along this PhD thesis. Legends: 1 — gas phase
inlet, 2 — gas diffuser (a) / dispersive plate (b), 3 — gas phase outlet, 4 — liquid sampling port.
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Chapter 2. State of Art — Gaseous and Liquid
Effluents Treatment in Bubble Column
Reactors by Advanced Oxidation Processes

Abstract: This review aims to provide insight and highlight recent research
trends about the treatment of gaseous and liquid effluents by advanced oxidation
processes (AOPSs) in bubble column reactors (BCRs), which has become an
important technology to ensure efficient degradation of different types of
pollutants. UV/H-0,, Fenton, and photo-Fenton processes have been applied in
BCRs for pollutants removal from gas streams, namely containing NO, Hg®, SO,
and VOCs. In such a case, degradation is carried out in the liquid phase, while
bubbling promotes an efficient mass transfer of the contaminants from the gas
to the liquid before oxidation. This reactor configuration was however also used
to remove pollutants present in liquid effluents by Fenton, electro-Fenton, as well
as ozonation, which has been extensively studied; for that reason, only a
summary view of BCRs application in ozonation is presented. In this case, a
good mass transfer of the oxidant (Os), present in the gas stream, is required
before oxidation in the polluted liquid phase. In this review, the main features that
should be taken into account in the application of different homogeneous AOPs
in BCRs are addressed. The effects of determining factors like temperature, pH,
oxidant, and catalyst dose or radiation power are also analyzed, with some

relevant illustrative examples.

The contents of this chapter were adapted from: Lima, V. N., Rodrigues, C. S., Borges, R. A., and
Madeira, L. M. (2018). Gaseous and liquid effluents treatment in bubble column reactors by
advanced oxidation processes: A review. Critical Reviews in Environmental Science and
Technology, 48(16-18), 949-996.
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2.1 Introduction

The treatment processes, for gas and liquid streams, are constantly changing and
evolving, so that every year more investigations are conducted in order to find ways to
carry out them more efficiently, in different types of reactors and different types of
processes (Shi et al. 2017). Among the available devices, the bubble column reactors
(BCRs) have recently received considerable attention for providing new ways of treating
different pollutants, present in different phases (Handa et al. 2013; Tokumura et al.
2013).

A BCR is basically, and more commonly, a vertical cylindrical vessel containing a liquid
in which the gaseous phase is injected (Kantarci et al. 2005; Pourtousi et al. 2014). In
general, BCR operation is simple and is based in the feeding of a gaseous stream in the
bottom of the column through a gas disperser, which may be a single-nozzle gas sparger
or a diffuser plate with multiple orifices (Heijnen and Van’t Riet 1984; Sarrafi et al. 1999).
Then, the gas rises and forms the bubbles that contact with the liquid phase. During their
movement the gas bubbles may promote an efficient mixing of the liquid phase, while
occurring mass (and eventually heat) transfer among the two-phases (De Jesus et al.,
2017; Deckwer et al. 1974; Deckwer 1979; Heijnen and Van't Riet 1984; Shah et al.,
1982).

Bubble columns and BCRs are widely used in the chemical, petrochemical and
biochemical industries, namely in chemical processes involving reactions such as
oxidation, hydrogenation and polymerization, in industrial processes such as absorption
and fermentation, and in the chemical and biological treatment of gas and water (Jhawar
and Prakash 2012; Shah et al. 1982). The main reason for the use of bubble columns in
these industries is due to their easiness in operation and maintenance; moreover, mass
and heat transfer are better controlled and more effective (Kantarci et al. 2005). Further,
the non-existence of moving parts makes BCRs advantageous and lowers the operating
and maintenance costs when compared to other types of reactors commonly used in
industry (Furusaki et al. 2002).

In recent years, several authors have studied and developed dynamic simulation models
for processes performed in bubble columns. Many have evaluated the optimum
characteristics as the right height and diameter of the column or still the characteristics
of the bubbles formed by different types of gas dispersers. Kantarci et al. (2005)
reviewed and described several works on BCRs and their characteristics, and addressed
industrially relevant aspects like design and fluid dynamics, focusing especially in the

reactors used in bioprocesses. More recently, Pourtousi et al. (2014) described the effect
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of interfacial forces and turbulence models on predicting flow pattern inside the bubble
column, while Rollbusch et al. (2015) analyzed recent works that describe the most
important conditions for bubbling columns operation in industrial processes, namely their

hydrodynamics at elevated pressures.

Besides research related to the BCRs transport phenomena, internal dynamics and
construction, many authors have recently used bubble columns for effluent treatment. In
this sense researchers applied biological, physical and chemical processes in bubble
columns and BCRs for the treatment of different types of effluents, namely gaseous and
liquid. Among the chemical processes, a technology used in effluents treatment has to
be highlighted: the Advanced Oxidation Processes (AOPs). Such processes are, in
short, a set of chemical treatment procedures designed to remove contaminants from
water and wastewater by oxidation making use of the highly oxidative hydroxyl radicals
(HO". A diversity of AOPs is available, as detailed below, which use different oxidants
(e.g. ozone (Os3) or hydrogen peroxide (H20)), with or without catalysts (that are
dissolved or not in the liquid-phase), with or without external radiation, etc. Herein, we

will focus our attention only in two-phase (liquid-gas) processes.

The application of AOPs in two-phase bubble columns was investigated by some authors
(Handa et al. 2013; Lan et al. 2008; Lima et al. 2017; Nidheesh and Gandhimathi 2012;
Rodrigues et al. 2018; Tokumura et al. 2013), mostly in the past ten years, aiming
assessing the feasibility of the treatment of waste gases and liquids. Particular attention
has been directed towards homogeneous AOPs like the Fenton, UV/H2O2, photo-
Fenton, electro-Fenton and ozonation, which will be addressed in this review. Before
that, a short reference is made to the main characteristics of bubble columns and

important aspects like their hydrodynamics.

2.2 Short overview of bubble columns reactors

The BCRs have been designed to meet different processes demands, mostly in chemical
industries. In some cases, the applicability of these reactor configurations has a stronger
dependence on the constructive characteristics of the column than on the reactions been
carried out therein. Therefore, different aspects should be taken into consideration when
designing and using BCRs. Simple design characteristics such as the type of gas
disperser, the height-to-diameter ratio of the column, and even the type of liquid/gas to
be used are important features for the successful application of such technology. Some
authors have been studying the effects of different operating conditions on mass

transfer, reaction kinetics and column hydrodynamics for different types of applications
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of bubble columns in various industrial sectors. Some merely illustrative examples are
given herein below, to show how diverse are the possible applications of these devices
(Besagni and Inzoli 2016; Cheng et al. 2013; Gémez-Diaz and Navaza 2016; Lee et al.
2015; McClure et al. 2016; Plevan et al. 2015; Pourtousi et al. 2015; Stacy et al. 2014,
Yavorskyy et al. 2012).

Regarding the design of BCRs, it is worth stressing that chemical bubble column reactors
normally operate with a height/diameter ratio of at least 5, but in biochemical applications
this value typically varies from 2 to 5 (Degaleesan et al. 2001). The height/diameter ratio
will be quite important when performing column scale-up for industrial applications. The
operation mode is another main aspect to consider; it may occur in continuous mode, in
other words, the liquid and the gas phase are continuously fed, or in semi-batch mode,
if the gas is fed continuously and the liquid phase is steady (Kantarci et al. 2005). In
continuous mode, the gas is ascending, while the fluid movement can be upward (co-
current) or downward (counter-current); however, the superficial liquid velocity must be
much lower than the superficial gas velocity (Pino et al. 1992). It is noteworthy that most
of the researches using BCRs to treat gaseous effluents by oxidation processes (which

will be discussed in further detail in section 2.4) were performed in the semi-batch mode.

The bubbles formation is a crucial aspect to have in mind; it has direct correlation with
the superficial gas velocity (regulated by gas flow rate, which directly affects also the
residence time) (Kantarci et al. 2005), but also with the type of orifice sparger (or gas
diffuser), being that their size is regulated by the hole diameter (generally in the range
of 0.5 to 6 mm (Kulkarni and Joshi 2011)). In the literature is reported the formation of
larger bubbles when increasing the hole diameter in the dispersive plate, this way
enhancing the surface tension they are subjected to (Leonard et al. 2015). In fact, the
control of the disperser opening area is extremely important for industrial bubble
columns, as the presence of small bubbles is preferred for providing higher mass transfer
values (Behkish et al. 2002; Fukuma et al. 1987; Krishna and Van Baten 2003; Leonard
et al. 2015).

The properties of the liquid phase are also crucial as they will influence the process
performed in the bubble column. Particularly, the viscosity of the medium affects the gas-
liquid mass transfer coefficient (k.a); the mass transfer decreases with the increase of
the liquid viscosity, as high viscosities provide lower gas-liquid surface areas (Kulkarni
and Joshi 2011). Further, the temperature of the liquid phase also has a direct influence
on the gas holdup (increasing with the raise of temperature) and, consequently, on the

mass transfer (Kantarci et al. 2005).
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Some features of the BCRs are responsible for their performance and affect the k.a, as
well as the gas holdup (€). There are several studies addressing specifically the mass
transfer in bubble columns with correlations to predict ki a (Akita and Yoshida 1973; Kang
et al. 1999; Lee et al. 2015; Oztirk et al. 1987; Shah et al. 1982) and, consequently, the
oxygen transfer rate (OTR) in biological process (which directly depends of k_a).

The operating conditions are also an issue to consider in BCRs, namely the total
operating pressure. This type of reactor may be operated at atmospheric pressure or
above, and several studies have concluded that the operating pressure has a significant
effect on the k,a and on the bubbles size (Behkish et al. 2002; Dewes et al. 1995;
Wilkinson et al. 1994). However, most of the studies reported in the section 2.4 did not

report system pressure.

All the previously mentioned factors should be taken into account in the scale-up of
BCRs for the application of chemical processes, such as AOPs. Along this review are
presented and discussed the more recent researches using BCRs to treat effluents by
such oxidative processes at lab scale. However, it is worth mentioning some examples
of the use of bubble columns and BCRs for effluents treatment by other processes,

particularly at industrial scale (as briefly discussed in the next section).

2.3 Industrial applications of bubble columns and

BCRs in the treatment of effluents

Bubble columns (used in non-reactive conditions) and BCRs (used under reactive
conditions) have been employed in different industrial processes for gas and liquid
effluents treatment (some of them involving three-phases systems), which include
absorption, adsorption, membrane and biofilters, biological processes, among others
(Kennes and Veiga 2013). Although this is not the focus of the present review, a few

examples, at industrial scale, are provided below.

In the case of gas treatment, removal of SO, an important atmospheric contaminant,
was realized in a bubble column scrubber through desulfurization — an absorption
process in water (Meikap et al. 2002). In this example, the flue gas is fed from the column
bottom (gas flow rate of 1.20-5.46 x 103 Nm?®/s) and the liquid (flow rate of 34.48-175 x
10 m?¥s) from the top. It was observed a gradually increase of the SO, removal in tests
with increasing gas velocities, for constant liquid flow rate; this occurs because the
increase in gas velocity promotes more turbulence in the gas-liquid interface. In other

tests the increase of the liquid flow rate was responsible for an increased interfacial
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contact area between the gas bubbles and the water, which favored the SO, removal
(due to increased mass transfer). This study highlights the fact that the process, realized
in a bubble column, can be operated either continuously in counter-current mode (gas
injected into the bottom and liquid from the top), or in a discontinuous mode, only with
the gas internal movement (Meikap et al. 2002).

Several companies around the world have developed solutions for the chemical
industries through the design of packed columns for the treatment of inorganic gases
(Tri-Mer Corporation 2013) and organic compounds (Clean Gas Systems 2010). Among
the advantages of this device can be highlighted the low pressure drop in the system,
besides the possibility of low costs of maintenance and operation. The packed bubble
column is a device designed with a fixed structure of packing (containing for instance
absorbents, catalysts or simply inert materials) inside the BCR (Bai 2010; Zehner and
Kraume 2000). In these devices, the absorptive process normally occurs with the contact
between the packing and the liquid phase in continuous mode while the gas is injected
in the system being dispersed through the packaging channels (Molga and Westerterp
1997). This technology was used to remove carbon dioxide (CO;) from a solution
containing diethanolamine (DEA) and ethylene glycol by Molga and Westerterp (1997),
showing the applicability of such three-phases device.

Carbon dioxide also been very often removed from gaseous effluents in simple bubble
columns, particularly through chemical absorption in DEA and monoethanolamine
(MEA); N-methyldiethanolamine (MDEA) has also been used (Navaza et al. 2009). In
this process, the CO; present in the gas phase is fed into the column by the bottom (via
glass capillaries — generating small bubbles). The authors assessed the effect of the gas
flow rate and MDEA concentration in CO, removal. The increase of the MDEA
concentration in the liquid phase is responsible for the increase of the global CO;
removal. The process investigated in this study demonstrates a practical application of

the BCR in environmental processes for pollutants abatement in gas emission.

Another interesting example is a hybrid process making use of a bubble column
bioreactor with one biofilter, both integrated in the same device. This process was
realized by Abtahi et al. (2014) and Naddafi et al. (2016) for dichloromethane (DCM)
removal from waste gas streams. The hybrid system contains a bubble column
bioreactor (1st step, bottom of the unit) followed by a biofilter (2nt step, in the top)
working in an up flow mode; while in the bubble column bioreactor the microorganisms
are present in suspension, in the biofilter they are immobilized. It was assessed the
efficiency of each process individually and of the hybrid integrated unit. The treatment

was carried out feeding the gas (with DCM) stream by an air diffuser placed in the column
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bottom. It was concluded that the use of the bubble column in such bioprocess is an
excellent way to add oxygen to aerobic systems favouring the oxygen transfer rate.
However, in this example the bubble column remains as a co-adjuvant in the process,
since the treatment/degradation does not happen only in the column, but also in the
biofilter.

Studies based in bubble columns or BCRs at industrial scale were also realized by some
authors. In the 1990’s, Adkins et al. (1996) evaluated the effects of the internal pressure
in the hydrodynamic conditions of one bubble column of 3 m high, 0.48 m of diameter
and wall thickness of 12.7 mm. In this system, the air is fed from the bottom with the gas
sparger in the form of a ring with 0.15 m of diameter (with 12 holes — @ = 3.18 mm). The
maximum pressure for this device is 34 kPa (5 psi) and the gas velocity is 0.40 m/s. The
relatively large dimensions of this column demonstrate its industrial applicability, so that

large volumes/flow rates can be treated.

More recently, some research institutes performed studies in BCRs of large scale. In
Spain, a novel photobioreactor composed of one bubble column with an injection system
based in an air-lift was conceived for the processing of large amounts of biomass to
produce biodiesel by microalgae (Abtahi et al. 2014; Navaza et al. 2009). This structure,
placed in an external area in direct contact with sun light, is a transparent cylinder (for
optimization of the light transmission) with CO; injection (responsible for algae
development). In Canada, another research group has assembled two bubble columns
of large dimensions. One reactor is made of Plexiglass, operating in co-current upward
with different liquid phases (different viscosities), having 2.7 m x 0.292 m, height and
diameter, and with injection of the gas being performed by a plate distributor with 94
holes (& = 1 mm), operating at ambient temperature and pressure. The other unit was
conceived for high pressure (up to 3 MPa) and temperature (up to 800 °C) operation for
hydrodynamic studies under industrial conditions, with 4.8 m x 0.152 m, height and
diameter, the gas being fed into the bottom through a plate gas distributor (Process

Engineering Advanced Research Lab 2017).

Although few data are available in the open literature on large-scale applications of
BCRs to treat effluents, it is obvious that advances in this area are necessary, and these
always start with laboratory research. Despite the few examples briefly cited in this
section, we believe that BCRs deserve further attention, particularly for implementing
Advanced Oxidation Processes. In the open literature are reported some studies being
carried recently focusing on BCRs, mostly in laboratory scale, to treat effluents by AOPs.

Such works will be described with more detail along the next section.
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2.4 Advanced oxidation processes in BCRs

Classic effluent treatment processes, namely physical-chemical process (such as
filtration or coagulation-flocculation) and biological process, are not enough to generate
water with acceptable levels of pollutants, particularly when charges of contaminants are
too high or contain toxic substances, respectively (Lafi and Al-Qodah 2006; Legrini et al
1993; Mantzavinos and Psillakis 2004). Hence, other treatments become necessary to
achieve this goal, as is the case of advanced oxidation processes (AOPs), which are
recommended when pollutants have a high chemical stability and/or low biodegradability
(Poyatos et al. 2010). Regardless of the AOP chosen, they all have in common the fact
of generating and taking advantage of the formed hydroxyl radical, which after fluorine

is the species with higher oxidation potential (Table 2.1).

These radicals are highly reactive, non-selective and attack most organic molecules,
originating CO2, H>O and inorganic ions, or at least transform the organic pollutant
compounds into less toxic products (Rosenfeldt et al. 2007; Skoumal et al. 2006). There
are several possibilities for the reactions between the hydroxyl radical and the organics
species (RH), which include radical addition, hydrogen abstraction and/or transfer of

electrons, as detailed in Egs. 2.1-2.3, respectively (Legrini et al. 1993).

HO"+RH—RH,0 (2.1)
HO'+RH—R'+H,0 (2.2)
HO +RH—RH +HO" (2.3)

There is a large number of AOPs available. Many of them use a combination of oxidizing
agents (e.g. H.O, and/or Os) with or without catalysts (e.g. metal ions) and radiation
(ultraviolet and/or visible). In the homogeneous process (main focus of this review), the
catalyst is present/dissolved in solution, thereby forming a single phase, while in
heterogeneous processes the catalyst is in a distinct phase (often the solid one). In Table

2.2 are shortly described some of the most popular AOPs.

The evolution of the application of AOPs for effluents treatment in the last years was
towards the improvement of technologies, preparation and use of new catalysts,
selection of new reactor configurations and coupled processes. Some reviews were
carried out presenting current research trends about different AOPs for
water/wastewater treatment. For instance, Moreira et al. (2017) performed a review of
the electrochemical oxidation processes applied to synthetic and real wastewaters, while
Oturan and Aaron (2014) assessed the principles and applications of AOPs. Clarizia et

al. (2017) evaluated studies about the application of the homogeneous photo-Fenton
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process at near neutral pH, while He and Zhou (2017) addressed the performance of the
electro-Fenton process. Boczkaj and Fernandes (2017) performed a review about the
application of AOPs at basic pH conditions. Garcia-Segura et al. (2016) evaluated recent
studies about the fluidized-bed Fenton process. Regarding the use of the new catalysts,
Bokare and Choi (2014) performed a review of Fenton-like systems using non-ferrous
Fenton catalysts, while Pouran et al. (2014) addressed heterogeneous Fenton reactions
with modified iron oxides. Finally, Pliego et al. (2015) performed an overview about the
trends in the intensification of the Fenton process to treat wastewater. Other researchers
evaluated coupled processes for wastewater treatment, namely AOPs with biological
treatments (Ayed et al. 2017; Oller et al. 2011), cavitation with Fenton process (Bagal
and Gogate 2014) and hybrid processes (Gogate and Pandit 2004).

Table 2.1 Oxidation potential of some chemical species (Legrini et al. 1993).

Species Redox potential (eV)
Fluorine 3.03
Hydroxyl radical 2.80
Atomic oxygen 2.42
Ozone 2.07

Hydrogen peroxide  1.78
Hydroperoxyl radical 1.70

Permanganate 1.68
Chlorine 1.36
Bromine 1.09
lodine 0.54

As stated above, the treatment of effluents in bubble columns can occur through various
processes among which stands out the absorption (Hsueh et al. 2010), the biological
(Lee et al. 2015), and the AOPs. In the physical absorption process, it only occurs the
mass transfer of contaminants from the gas to the liquid phase, being necessary to
subsequently treat this stream. Therefore, the absorption ends up not promoting the
actual degradation of the pollutants. On the other hand, biological processes are not
feasible for non-biodegradable or toxic substances. Accordingly, the use of the bubble
columns with AOPs has emerged to solve these problems; the contaminants present in
the gas are absorbed in the liquid wherein are subsequently removed by oxidation

reactions.
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Table 2.2 Main advanced chemical oxidation processes (adapted from Poyatos et al. (2010)).
Type Energy Source Process

Os/UV
H.0,/UV
Yes O3/H20./UV
H.0./Fe?*/UV (Photo-Fenton)
Oas/Ultra sounds

Homogeneous

Electro-Fenton
O3/H,0-
No Oz in an alkaline medium
H.O./Fe?* (Fenton)
Heterogeneous Photocatalysis (Catalyst/UV)
Photocatalytic Ozonation (Catalyst/UV/O3)

Yes

Heterogeneous _ _
N Catalytic Ozonation (Catalyst/Os)
o]
Fenton (Supported catalyst/H,O5)

Regarding the application of AOPs in bubble columns, some works have emerged
recently since the 2000s. Fenton and photo-Fenton processes have been mostly applied
for gaseous effluents, while electro-Fenton and ozonation were studied to treat different
types of compounds in liquid effluents; some of these processes are described below, in
sections 2.4.2 to 2.4.6.

2.4.1 Mechanism of treatment of gas and/or liquid effluents by
AOPs

Before addressing each of the AOPs that have been integrated with BCRs, in this section
is shortly described the mechanism, i.e., the operation mode, for the cases wherein the

target pollutants are present in gas or liquid streams.

The degradation of pollutants present in gas streams through AOPs in column reactors
involves a gas-liquid mass transfer with chemical reaction(s) involving hydroxyl radicals
occurring simultaneously, as illustrated in Fig. 2.1 for the particular case of the dark

Fenton process.
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Figure 2.1 Scheme of the main processes occurring in the gas and liquid phase for the
degradation of volatile organic compounds (VOCs) present in the gas stream in a bubble column
by the Fenton process (adapted from Handa et al. (2013)).

As detailed in Fig. 2.1, this process involves the following steps (exemplified for a gas
stream contaminated with volatile organic compounds - VOCs) (Handa et al. 2013):

1. Transfer of the pollutants (VOCs in this case) from the gas stream to the liquid
phase, where oxidation will occur;

2. Generation of the hydroxyl radicals in the liquid phase by a particular AOP (in
this case the Fenton process is illustrated, making use of a H,O2/Fe?" mixture);

3. Oxidation of the pollutants by the hydroxyl radicals in the liquid phase. This
oxidation will decrease the concentration of pollutant (VOCs) in the liquid phase,

thus increasing the driving force for mass transfer (stage 1).

On the other hand, in the treatment of liquid effluents in BCRs by AOPs the pollutants
will be degraded in the same phase where they are initially present (the liquid), and so it
is the oxidant, which is often present in the gas stream (e.g. ozone), the species that has
to be transferred. In general, the mechanism of ozonation is very similar to that described
previously for the degradation of pollutants present in gas effluents; the particularity is
that now is ozone (the oxidant) that is transferred for the liquid phase where it oxidizes
the pollutants. There are however some examples integrating BCRs and AOPs where
the role of the gas streams is the simple homogenization and mixing of the liquid phase
(Wonders et al. 2006); the bubbling in such works allows to obtain a good
homogenization inside the BCR, similar to that of perfectly stirred reactors without

resorting to mechanical agitation (Rodrigues et al. 2018).
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2.4.2 Fenton

It is commonly accepted that this AOP started with the work of Henry Fenton, by the end
of the 19th century, who described the activation of the H,O, molecule by iron (Il) salts
to oxidize tartaric acid (Fenton 1894). Since then the number of works related to the
Fenton process for the treatment of contaminated effluents has grown tremendously,
particularly in the recent years. It is known that H.O, when compared with other oxidizing
agents, is cheap, safe, easy to handle and does not imply a threat to the environment
since it is easily (self)degraded into water and oxygen, while iron is also cheap and safe
for the environment (Pignatello et al. 2006). Moreover, the process can be carried out at
moderate conditions of temperature and pressure (close to room temperature and
atmospheric pressure). These aspects make the Fenton process attractive. The Fenton
reaction mechanism proposed by Barb et al. (1949, 1951a, 1951b) and Walling (1975),

in the absence of an organic compound, comprises the following reactions:

Fe**+H,0,—Fe® +HO +OH" (2.4)
Fe® +H,0,—Fe*" +HO, +H" (2.5)
HO +Fe?* »Fe**+OH (2.6)
HO'+H,0,—H,0+HO,’ (2.7)
Fe*" +HO, +H' —Fe® +H,0, (2.8)
Fe®*+HO, —Fe®*+ H'+0, (2.9)
HO,'+ HO,"—H,0, +O, (2.10)

Also according to Pignatello et al. (2006), the Fenton process takes place by a cyclic set
of equations (2.4-2.10). The desired oxidant is the hydroxyl radical formed in reaction 4,
by combining a Fe (II) salt with H2O,. At the same time, the regeneration of Fe(ll) occurs
through Eq. 2.5, with the formation of hydroperoxyl radicals which have however a much
smaller oxidation power than the hydroxyl species — Table 2.1 (Legrini et al. 1993). This
reaction is much slower than the previous one, and therefore may be the limiting step of
the process. It is worth noting that the hydroxyl radical might be sequestered by excess
of Fe(ll) and/or H2O, as described by Eqgs. 2.6 and 2.7, respectively. There are however
further parallel equations as shown, for instance, in Egs. 2.8-2.10 (Mantzavinos and
Psillakis 2004), which lead in practice to the requirement of optimizing doses of oxidant

and catalyst for each particular case, as detailed below.
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Table 2.3 shows some examples of studies where application of the Fenton process was
carried out in a bubble column, to treat either gas or liquid effluents. Different reactors,
with slightly different dimensions, have been employed. The range of operating
conditions change from one study to another, depending also on the effluent to treat,
and hence the performance also differs, as summarized in Table 2.3. It is noteworthy
that, although these studies were performed in BCRs, the authors did not focus on
technical parameters of the columns, bubble size or gas retention, which play an

important role in the efficiency of the treatment.

The Fenton process is influenced by some basic operation conditions such as pH,
temperature, gas flow rate and concentration of iron and hydrogen peroxide. Their

effects will be illustrated in the following sections, with some examples.
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Table 2.3 Examples of applications of the Fenton process in the treatment of effluents in BCRs.

Effluent/Compound Reactor characteristics Operation conditions Removals (%) Ref.
Gas phase
Simultaneous
_ pH=1.1-11.2
Model = bubbling reactor removal:
: T (°C) = 25-75 _
Hg%/SO2/NO Diameter (m) = 0.09 Hg° = 100 (Liu et al. 2015a)
H20> conc. (mol/L) = 0.0-1.2
Length (m) =0.4 SO, =100
Iron conc. (mol/L) = 0.00-015
_ NO =83.6
Gas flow rate (L/min) =0.4-2.0
pH=1-5
Model: self-designed bubbling reactor T(°C)=25 _
Methane _ _ » Methane = 25 (Wei et al. 2012)
Diameter and height: not specified H.0O- conc. (mM) = 5-120
Iron conc. (mM) = 0.25-2.5
Gas flow rate (L/min): 10
Lab-scale bubbling reactor with pH = 2-6
mechanical stirring T (K) = 298-343
NO Diameter (m) = 0.10 [FeSO.] (mol/L) = 0.05 NO =75 (Guo et al. 2011)

Height (m) = 0.15

H20- conc. (mol/L) = 0.5-1.5
NO conc. (ppm) = 250-1000

Gas flow rate (L/min) = 2
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Effluent/Compound Reactor characteristics

Operation conditions

Removals (%)

Ref.

Ligquid phase

Hydroquinone

p-nitrophenol

Model: bubble column reactor
Diameter (m) = 0.098
Height (m) = 1.40

Model: bubble column reactor
Diameter (m) = 0.098
Height (m) = 1.40

pH = 3-7

T (°C) = 15-70

Vinternal (L) = 5-9

H.0- conc. (g/L) = 0-1.5

Iron conc. (mg/L) = 0-120

Air flow rate (mL/min) = 1.0-5.0

pH = 3-7

T (°C) = 22-24

H.0O- conc. (g/L) = 0.4-2.0

Iron conc. (mg/L) = 40-120

Air flow rate (mL/min) = 1.0-5.0

TOC =55.9
hydroquinone =
100

TOC=75.1
p-nitrophenol =
100

(Lima et al. 2017)

(Rodrigues et al.
2018)
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2.4.2.1 Influence of the temperature

The temperature is a parameter that must be considered in the Fenton reaction in any
type of reactor. However, as it occurs with several operating variables, it should be
carefully selected. In fact, if by one hand increased temperatures favor the acceleration
of both radicals generation and organics attack (as kinetic constants increase
exponentially with temperature — Arrhenius equation), on the other hand, when the
reaction proceeds at too high temperatures (higher than 50 °C), the thermal
decomposition of H20:2 into H20 and O2 occurs (Williams 1928), and thereby the H20-
available in solution is decreased (Guo et al. 2011; Samet et al. 2012). Therefore, it is
very common to find an optimum temperature (a range between 25 and 50 °C has been
commonly reported) for Fenton oxidation, although values change from work to work.

Guo et al. (2011) evaluated the effect of temperature on the removal of NO (Fig. 2.2) by
the Fenton reaction in a BCR. It was observed that increasing the reaction temperature
beyond 320 K (47 °C) the removal efficiency reached, in pseudo-steady state, fell from
over 65% to below 55%. The authors argue that this behavior must be related with the
hydrogen peroxide decomposition at higher temperatures, which is unfavorable for the
oxidation process. The NO removal by oxidation was reported in the literature as being
responsible for the formation of by-products (or intermediates) such as nitrogen oxides
(NOX) (Sousa et al. 2013), which are quite dangerous to the environment (US EPA,
1999). For that reason, Guo et al. (2011) measured the concentration of NOXx in the
effluent discharged, so as to evaluate their possible formation during the oxidative

process, which should be avoided.

Liu et al. (2015a) also evaluated the influence of temperature on the Fenton reaction for
the removal of elementary mercury (Hg®) in flue gas. The elementary mercury is an
anthropogenic compound formed in different chemical industrial process and is reported
to be toxic for the human health (US EPA, 2012). In the work of Liu et al. (2015a) a BCR
with small dimensions (0.09 x 0.4 m, diameter and length) was employed, working with
temperatures in the range between 298 K (25 °C) and 348 K (75 °C). They noticed that
for temperatures higher than 323 K (50 °C) the Hg° removal efficiency decays,
independently of the H,O» concentration applied, although the drop is not that sharp, as
can be seen in Fig. 2.2. The authors have used the same device for the simultaneous
elimination of several species by the Fenton process, reaching efficiencies as high as
100% for SO, 100% for Hg® and 83.6% for NO, under optimal conditions — cf. Table 2.3.
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Figure 2.2 Effect of reaction temperature on NO removal efficiency (pH = 2, H202 = 0.75 mol/L
and FeSO4 = 0.05 mol/L) (adapted from Guo et al. (2011)) and on Hg° removal (O2 = 6.0%, CO>
= 12.0%, SO2 = 1000 ppm, NO = 400 ppm, pH = 3.4, Fe?* = 0.008 mol/L, Hg® inlet = 40 pug/m3
and gas flow rate = 800 mL/min) (adapted from Liu et al. (2015a)) by the Fenton reaction realized
in a BCR.

The effect of the temperature reported above for treating gas streams was similar to that
observed when treating a simulated liquid effluent containing hydroquinone by the
Fenton process in a BCR (Lima et al. 2017). Lima et al. (2017) evaluated the influence
of this parameter in the range of 15 to 70 °C and reached the maximum total organic
carbon (TOC) removal (nearly 45%) for T = 24 °C (room temperature). The increase of
the temperature above this value was responsible for decreasing the TOC removal due
to the hydrogen peroxide decomposition, which was experimentally checked by the
authors.

It is worth highlighting that the effect of the temperature was only investigated in the
target compound(s) removal. However, it is important to evaluate the influence of this
parameter in the mass transfer (i.e. in the OTR - OTR =k.a (C*-C), that depends directly
from k,a and indirectly from the temperature, which affects the dissolved oxygen
saturated concentration - C*) and in bubbles formation, a topic that was not yet reported
in the literature for the integration of AOPs in BCRs.

2.4.2.2 Effect of the initial pH

When carrying out the Fenton reaction in a BCR for the removal of NO present in flue

gas, Guo et al. (2011) studied the effects of different parameters in the reaction.
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Regarding the effect of the pH, it was decided to study this parameter in the range of 2-
6; Fig. 2.3 shows the NO removal at different pHs for two different inlet concentrations
of the target compound. The greater removal of NO was obtained at pH 2 in both cases;
for pH below this value the efficiency of the Fenton process decreases since the large
guantities of H* in solution promotes the formation of H;O,* and the regeneration of Fe?*
(through reaction between Fe®** and H:0: - cf. Eq. (2.5)) is partly inhibited; as a direct
consequence, the hydroxyl radical concentration falls (Guo et al. 2011; Pignatello et al.
2006). On the other hand, at the maximum pH studied (pH = 6) the removal of NO in
both concentrations (400 and 800 ppm) was below 60%. At pH above 3 occurs the
formation of iron colloidal oxides and iron precipitates as Fe(OH)s, therefore decreasing
the amount of catalyst available in solution; moreover, hydrogen peroxide is less stable,
being decomposed into water and oxygen, all the factors being responsible for
diminishing the formation of hydroxyl radicals and inherently process performance
(Handa et al. 2013; Pignatello et al. 2006).

In another study, Liu et al. (2015a) evaluated the removal efficiency of Hg®, present in
flue gas, through the Fenton reaction at different H.O, concentrations and at different pH
values (from 1.1 to 11.1), also shown in Fig. 2.3. In this study it was observed a sharp
decay of Hg® removal when the reaction was processed above pH 5-6. The authors
indicate that H>O, in alkaline solutions tends to hydrolyze the HO2 which reduces the
H.O. concentration available for the oxidation reactions. For the hydrogen peroxide
concentrations tested, the difference between the removal efficiencies between pH 1.1-
5.1 was low, which would indicate that pH 2-3 is not always the optimum, and this will
depend on other operating conditions. Indeed, Wei et al. (2012) studied the methane
degradation and the optimum pH found was 2.5, as shown in Fig. 2.3, pointing for the

scavenging of hydroxyl radicals in acid conditions.

The pH effect was also assessed for treating two distinct liquid effluents (containing p-
nitrophenol (Rodrigues et al. 2018) and hydroquinone (Lima et al., 2017)) and the better
mineralization of both compounds was always obtained for an initial pH of 3 (~49 and
~39% for p-nitrophenol and hydroquinone effluents, respectively), which decreases
along the oxidation process. Rodrigues et al. (2018), after optimizing the experimental
conditions, propose a strategy to improve the mineralization, which consisted of
readjusting the pH to the optimum value (pH = 3) during the reaction, achieving an
increase in the mineralization efficiency of ~49 to ~63%, thus showing the importance of

this parameter in the Fenton reaction.
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Figure 2.3 Effect of the pH on methane removal (T = 25 °C, Fe?* = 2.0 mM and H202 = 80 mM
and (adapted from Wei et al. (2012)), NO removal (T = 323 K, H202 = 0.75 mol/L and FeSO4 =
0.05 mol/L (adapted from Guo et al. (2011)) and Hg® removal (O2 concentration = 6.0%,
CO:2 concentration = 12.0%, SO2 = 1000 ppm; NO = 400 ppm; T = 55 °C; Fe?* = 0.008 mol/L;
Hglinlet = 40 pug/m? and flue gas flow = 800 mL/min) (adapted from Liu et al. (2015a)) by the
Fenton reaction realized in a BCR.

Notwithstanding in these studies the pH influence in the mass transfer coefficient was
not studied, it is a crucial parameter to take into account as proven in the study developed
by Ferreira et al. (2013).

2.4.2.3 Effect of the hydrogen peroxide concentration

One of the most important parameters in the Fenton process is the concentration of
oxidant (H-0>) (Handa et al. 2013). An increase in the H,O> dose has a positive influence
on the formation of hydroxyl radicals, but above a certain concentration, which may be
in the range of mM or up to M (depending on the characteristics and concentration of the
pollutant(s)/effluent to be treated, and remaining operating conditions), the opposite
effect may be noticed; this is commonly attributed to the scavenging of radicals by the
H,O. present in excess (Eq. 2.7), thereby decreasing the amount of available hydroxyl
radicals to oxidize the target pollutant(s) (Liu et al. 2015a; Zhan et al. 2013). This can be
observed in Fig. 2.4, which again summarizes results obtained by different authors, with
different pollutants. For instance, in the work developed by Guo et al. (2011), who
evaluated the effect of H.O, concentration in the range of 0.5-1.5 mol/L in NO removal.
The increase of the reagent dose favored the removal of NO till a hydrogen peroxide
concentration of 1.3 mol/L. For this concentration the authors obtained the highest NO
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removal (~70%), but when the hydrogen peroxide concentration was increased to 1.5
mol/L, the removal fall to about nearly 50%, regardless the NO concentrations employed
(400 or 800 ppm).

Liu et al. (2015a) evaluated the effect of the H.O, concentration in the range of 0 to
1.2 mol/L for Hg® removal present in flue gas, by Fenton oxidation (Fig. 2.4). The authors
carried out two runs with different catalyst doses (0.002 and 0.008 mol/L of FeSQ,); in
both experiments the removal increases with the oxidant concentration, being noticed
that after a certain oxidant dose, this increase becomes less pronounced. The hydrogen
peroxide scavenging effect in this case was not noticed, what would possibly require the
use of higher H,O- concentrations. Nevertheless, it seems that there is a scavenging due
to the excess of catalyst, as discussed in the following section. In fact, in the run
performed with 0.002 mol/L of FeSO4 a better performance was reached, being that more
than 90% of Hg® was removed when the maximum H.O, concentration (1.2 mol/L) was
used.

Apart from these, other examples that illustrate the importance of the careful selection of
the oxidant dose for each particular situation can be found in the literature. For instance,
Wei et al. studied the methane (present in coal-mine gas) removal and reached an
optimum H2O: concentration at 100 mM (Wei et al. 2012). The Fenton process also was
investigated by Liu et al. (2017) in a continuous-flow aeration container for benzene
oxidation. The procedure realized promotes the mass transfer between benzene (a
volatile organic compound) and the Fenton solution (liquid phase). One important aspect
addressed in this study is the regular dosing of the hydrogen peroxide (either
intermittently or continuously) along with the pollutant gas supply in the container to
ensure the maximum presence of the hydroxyl radicals. Otherwise, H.O, would be

rapidly eliminated during the treatment of the continuous-flow VOCs waste-gas.

Regarding the treatment of liquid effluents, it is worth mentioning two further examples
where the effect of the oxidant dose in the p-nitrophenol (Rodrigues et al., 2018) and
hydroquinone (Lima et al. 2017) degradation was assessed. Again, an optimum H,O;
concentration was found in both cases. Moreover, and as in the research of Liu et al.
(2017), a gradual dosing of the oxidant (along the reaction time) was employed to
improve the efficiency of the hydrogen peroxide use. The effect of bubbling in the
hydrogen peroxide stripping was observed by Lima et al. (2017), but it was concluded
that this effect was not pronounced and did not seem to affect the oxidation process.
Other authors used H,O-, for oxidation in BCRs, but the effect of its loss was in most

cases not investigated.
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2.4.2.4 Effect of the iron concentration

The increase of the Fe?* concentration in the reaction medium will be beneficial for the
Fenton reaction, as more iron will be available in the solution to catalyze the process.
However, an excess of available ferrous ions may inhibit the process because these ions
can capture hydroxyl radicals, as shown in Egs. (2.6, 2.8-2.9) (Zhan et al. 2013). Such
scavenging effect was reported above, in the example provided in Fig. 2.4; the authors
worked with different concentrations of iron (0.002 and 0.008 mol/L) and different
concentrations of H,O; (from 0.0 to 1.2 mol/L) in the removal of Hg® present in a gas
stream. It is worth noting that the Hg® removal efficiency was higher in the runs with
smaller iron concentration whatever the hydrogen peroxide dose in the range tested (see
Fig. 2.4). Wei et al. (2012) studied the influence of catalyst dose in range of 0.25 to
2.5 mM and achieved an optimal iron dose of 2.0 mM for the removal of methane
(~25 %).

The reduction of the iron concentration (or iron use) is quite important because one major
disadvantage of the Fenton process is the generation of iron sludge (that must withdraw
at the process end by precipitation and clarification). Still, in case of the BCR, an excess
of this sludge can promote the clogging of the gas diffuser. However, the use of
heterogeneous matrices (i.e., solid supports like zeolites, activated carbons, clays, etc.)
where the catalyst can be supported without being leached into the solution is another
strategy that has been extensively studied in recent years to avoid the formation of
sludge and loss of catalyst. Nevertheless, application to BCRs has not yet been reported,
being a topic worth of studying.
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Figure 2.4 Effect of H202 concentration on NO removal efficiency (T = 323 K, pH = 2 and FeSO4
=0.05 mol/L (adapted from Guo et al. (2011)) and Hg® removal ( Hg® inlet = 40 pg/m3, O2 = 6.0 %,
CO2= 12.0%, SO2 = 1000 ppm, NO = 400 ppm, T = 55°C, pH = 3.4 and gas flow rate =
800 mL/min) (adapted from Liu et al. (2015b)) by the Fenton reaction realized in a BCR.

2.4.2.5 Influence of the gas flow rate

The gas flow rate has also an important effect in the compounds removal, because the
increase of the gas flow rate decreases the residence time of the bubbles in the liquid
phase, and consequently decreases the mass transfer of pollutants from one phase to
the other. This factor was observed in the study of Liu et al. (2015b) where the gas flow
rate was changed from 0.4 to 2.0 L/min, decreasing the Hg® removal, whatever the H,O;
initial concentration (see Fig. 2.5). The authors report that by increasing the gas flow rate
the gas bubbles movement is faster, not favoring the gas-liquid contact. However, it is
also reasonable to consider that stripping of the oxidant from the liquid phase could occur

at high gas flow rates.

The number of studies dealing with the treatment of gas streams where the effect of the
gas flow was taken into account is quite limited. This is a topic that could to be further
exploited considering that it affects the bubbles size and the gas holdup, and inherently
the process efficiency. Another aspect to be taken into account could be the properties

of the liquid that influences the bubbles size, as mentioned above.

The effect of this parameter was however assessed in a couple of preliminary studies
wherein the pollutant was present in the liquid phase, being the air stream used to simple
promote the mixing of the liquid phase. It was found that the mixing was effective for all

gas (air) flow rates evaluated - superficial velocities of nearly 40 to 200 m/s, pointing for
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a good mixing efficiency in the BCR (Lima et al. 2017; Rodrigues et al. 2018). As
previously discussed, the bubbling affected the hydrogen peroxide present in the
medium and promoted stripping of nearly 40% of the oxidant. This fact did not

compromise the hydroquinone degradation (which was 100%) (Lima et al. 2017).
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Figure 2.5 Effect of gas flow rate on Hg® removal efficiency by the Fenton process realized in a
BCR (conditions: Oz = 6.0%, CO2 = 12.0%, SO2 = 1000 ppm, NO =400 ppm, T =55 °C, pH = 3.4,
HgP inlet = 40 ug/m3, Fe2* = 0.008 mol/L) (adapted from Liu et al. (2015a)).

2.4.3 UV/H20:?

The use of UV (ultraviolet) radiation associated with hydrogen peroxide is described by
various authors as an effective AOP to degrade some organic compounds. In this
process the degradation of the organics can occur by direct photolysis, by the direct
action of the oxidant (to a small extent although), or through reactions with hydroxyl
radicals produced by the photolytic dissociation of the H,O, molecules (Eq. 2.11) with
radiation at A < 300 nm (Hernandez 2002; Muruganandham et al. 2014).

H,0,+hv—2HO" (2.11)

This process was recently applied in a BCR for coal-fired flue gas treatment. Liu et al.
(2010) studied the simultaneous removal of NO and SO, from a gas stream comprised
by NO + SO, + O; + Nz in a laboratory scale bubble reactor (0.40 m height and internal
diameter 0.08 m). The simultaneous removal of these species is very important, because
SO2 and NO; are found together in atmospheric emissions. In the Liu et al. (2010) study

the liquid stream (600 mL), containing H>O> solution, was added to the BCR and then,
31



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

with the UV lamps turned on, the gas stream was added to the reactor continuously at a
flow rate of 500 mL/min. The temperature of 298 K and pH 3.2 were kept constant in all
experiments. Runs were carried out with three different reaction systems (UV, H2Ox,
UV/H20y,); results are shown in Fig. 2.6 as a function of time. The SO, removal efficiency
was 100% in the three situations, while the efficiency of NO removal was strongly
affected by the type of process used. Through photolysis (only UV light), the removal of
NO was only about 3%, but increased up to 11% when the authors used hydrogen
peroxide. This oxidant is known to have a low oxidation potential as compared with the
hydroxyl radicals (Table 2.1) that are generated in the presence of hydrogen peroxide
and radiation (Eg. 2.11). So, NO removal efficiency reached 72% in the UV/H,O; system
(Liu et al. 2010) — Fig. 2.6.
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Figure 2.6 Removal efficiencies of NO and SO: for different reaction systems. Conditions:
UV lamp = 36 W; [NOJo = 407 ppm; [SO2]o = 978 ppm; [H202]o = 2.0 mol/L (adapted from Liu et
al. (2010)).

This AOP is affected by several variables, and the effect of the most important are

detailed in the next sections while providing a few examples in BCRs.

2.4.3.1 Effect of the hydrogen peroxide concentration

The hydrogen peroxide concentration is an important regulator of the UV/ H,O- process
as occurs in the Fenton reaction. In the study performed by Liu et al. (2010), the NO

removal efficiency increased with the H,O, concentrations till 1.5 mol/L and remained
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nearly unchanged for a higher oxidant dose, while the SO, removal was always 100%,
as can be seen in Fig. 2.7a.
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Figure 2.7 Removal efficiencies of NO and SOz under different H2O2 concentrations (a) and UV
lamp powers (b) in the UV/H202 process (H202 concentration = 2.0 mol/L, NO = 419 ppm; and
SO2 = 948 ppm) (adapted from Liu et al. (2010)).

It is known that as a releasing agent of hydroxyl radicals, H.O, plays a key role in this
photochemical process. The effect of H,O, concentration on the NO removal efficiency
can be explained by the following reasons. Within a certain range, increasing the H.O>
concentration improves the yield of HO® free radicals, as illustrated in Eq. (2.11),

increasing the NO removal efficiency. However, when exceeding a certain value, further
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increase of H,O; concentration may cause side reactions, like the one shown in Eq. (2.7).
So, the H;0; is also the etchant of OH free radicals besides the releasing agent. The
oxidation potential of the HO- free radicals (1.70 eV — Table 2.1) produced by this side
reaction is much smaller than that of OH free radicals (2.80 eV — Table 2.1). Therefore,
further increase of H.O, concentration only has a slight impact on the NO removal

efficiency.

2.4.3.2 Effect of the UV lamp power

Apart from the radiation type, the power also strongly influences the radiation-assisted
H.O- process since the energy generated accelerates the formation of hydroxyl radicals,
which are responsible for oxidation of the compounds. However, this depends on the
target compound, and operating conditions. In the study accomplished by Liu et al.
(2010) the authors operated with a 36W UV lamp and as a result obtained a SO, (present
in the gas phase) removal independent of the lamp power (Fig. 2.7b). In this case, even
with the lamp off, 100% removal of the compound occurred (as a result of the mere
addition of H.0.). However, for NO the lamp power interfered with the removal efficiency.
With the lamp off, the NO removal was ~10.8% and the efficiency gradually increased
up to the value of 72.5% with the 36 W. From 36 W to 70 W, the efficiency increased

less significantly.

Under UV light irradiation, H2O- releases HO" free radicals as described by Eq. (2.11),
which, due to their high redox potential, have strong oxidation ability to remove NO by
oxidation. Therefore, compared with the reaction system without UV light, the addition of
UV light can greatly enhance NO removal. Furthermore, the photochemical reaction yield
is proportional to the UV irradiation intensity (which is also proportional to UV lamp
power), meaning that increasing UV lamp power can improve the energy density per unit
in solution, producing more effective photons, and finally generate more -OH free
radicals (Liu et al. 2010). Therefore, the NO removal efficiency increased with the
increase of UV lamp power. Nevertheless, when the UV lamp power exceeds a certain
value, several side reactions, such as Eqgs. (2.7) and (2.12), may be also caused in
solution, leading to a great loss of -OH free radicals. So, further increase of UV lamp

power only has a little impact on NO removal efficiency (Liu et al. 2010).
HO.+HO.—>H202 (2.12)

There is a notorious amount of work regarding the UV/H20, application in liquids effluent
treatment. However, the studies applied to treat gaseous streams and particularly in

BCRs are still reduced.
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2.4.4 Photo-Fenton

The photo-Fenton process is an improvement of the dark Fenton one by using UV-visible
radiation. Thus, this AOP is faster and enables reducing the consumption of reagents as
the hydroxyl radicals generation occurs by three different mechanisms: i) the
decomposition of hydrogen peroxide with the Fe?" catalyst — Fenton reaction (Eq. 2.4);
i) the incidence of ultraviolet radiation, with A < 360-365 nm, decomposes the hydrogen
peroxide into hydroxyl radicals (Eq. 2.11) (Galvez and Rodriguez, 2003) and iii) by using
radiation with wavelengths in the range 290 < A < 410 nm (Sun and Pignatello 1993)
there is the additional production of HO" radicals upon Fe?* regeneration either by Eq.
2.13 or by photolysis of iron (lll) hydroxides (Eq. 2.14). Finally, it is worth mention in the
overall mechanism the Eg. 2.15 bellow, which still refers to Fe?* regeneration by
photolysis of complexes formed between the organic compounds (or their intermediates)
with Fe*" (Galvez and Rodriguez 2003; Huang et al. 2008). The improved regeneration
of Fe?* species by several reactions is therefore another reason for the faster rate of the
photo-Fenton process as compared to the dark one, where catalyst regeneration is

commonly rate-limiting.

Fe3* +H,0+hv—Fe? +HO +H" (2.13)
Fe(OH)**+hv—Fe?*+HO' (2.14)
[Fe(RCO,J* +hv—Fe?" (2.15)

The application of this AOP in a BCR has been employed in two reactor configurations:
with the lamps being arranged externally to the reactor (Handa et al. 2013) or axially
(internally) (Liu et al. 2015).

Handa et al. (2013) evaluated the toluene removal from a waste gas stream comprised
of air and toluene in a medium-sized bubble column (1.40 m high and diameter of 0.098
m) by the photo-Fenton process using 3 UV lamps with 40 W each, emitting at 352 nm
and arranged externally to the reactor. The process was conducted in semi-batch mode;
the liquid portion, with a volume of about 7 L containing water and Fenton reagents, was
added to the column and was operated in a batch way, while the gas stream containing
air and toluene was added continuously to the column at a flow rate of 5 L/min. The
values of temperature and toluene inlet concentration were kept constant at 298 K and
0.25 g/m3, respectively. The authors found that the photo-Fenton reaction in the liquid-
phase improved the overall toluene absorption rate by increasing the driving force for
mass transfer; as a result, the removal of toluene from exhaust gas was enhanced (up
to > 90%).
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Just like in the Fenton reaction, operating conditions are essential for reaching good
results on pollutants removal through photo-Fenton systems. Accordingly, the pH of the
medium, the reaction temperature, the gas flow rate and the concentration of reactants
(Fe?* and H.0) should always be taken into consideration, as well at the intensity of
UV/vis radiation applied. The effects of the first variables were described above, in the
Fenton section, while the effect of the radiation intensity in a BCR is exemplified herein

below.

2.4.4.1 Effect of the UV lamp power

It is known that in the photo-Fenton process the UV light irradiation accelerates the iron
redox cycle, which increases the degradation efficiency of pollutants through oxidation.
In the study performed by Handa et al. (2013) it can be observed the effect of UV light
intensity on the toluene degradation (present in the waste gas stream) in a BCR coupled
with UV lamps. In this study, Handa et al. (2013) evaluated the degradation of 0.25 mg/L
toluene at room temperature, at pH 3.0 with a concentration of 400 mg/L H.O, and
10 mg/L of iron. For the tests it was chosen to vary the number of UV lamps connected
during the reaction to assess the effect of increased UV irradiation intensity. It can be
seen in Fig.2.8 that in the test where none of the lamps was turned on (simulating the
dark Fenton reaction) the removal efficiency reached was 53%. However, by applying
the radiation from only one lamp (40 W) it was obtained a removal of over 80% and this
result was even (although slightly) improved by further increasing the amount of available
radiation (2 and 3 lamps), reaching more than 90% removal of toluene. According to
Handa et al. (2013), this result suggests that the iron redox cycle or generation of HO*
radicals occurred especially in the Fenton reaction stage. However, it was noted that the
rate of the Fenton reaction (without UV lamps connected) is slower compared to the
photo-Fenton reaction, as the reduction of iron (ll) to iron (lll) is accelerated in the

presence of the lamps.

Tokumura et al. (2013) also applied the photo-Fenton process for the degradation of
toluene present in waste gas in a bubble column. These authors evaluated the toluene
degradation, the formation and degradation of intermediate compounds (benzaldehyde,
p-cresol and acetic acid) and concluded that toluene degradation was around 93%. The
authors present a dynamic model for the chemical-absorption process, which is able to
satisfactorily predict the unsteady- and steady-state performance of the BCR. The
authors consider the effect of several important variables (such as Fe dosage, hydrogen

peroxide concentration and toluene concentration in the gas supply) but the effects of
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solution pH and light intensity were not accounted. However, the effect of these
parameters should be also taken into account for optimizing the process efficiency,
whereby more studies are required.
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Figure 2.8 Effect of UV light intensity on the photo-Fenton degradation of toluene (maximum RE
= maximum removal efficiency) and in the decomposition rate constant of H20: (knp) (toluene
concentration = 0.25 mg/L, H202 = 400 mg/L, Feo = 10 mg/L and pHo = 3.0) (adapted from Handa
et al. (2013)).

2.4.5 Electro-Fenton

The electro-Fenton (E-Fenton) process is a technology that is based in the anodic and
indirect electro-oxidation of the pollutants. Thus, the column structure must be adapted
to contain a cathode and an anode. The mineralization of the compounds by the E-
Fenton process occurs by three ways: i) by direct electro transfer reaction
(Babuponnusami and Muthukumar 2014), ii) by the hydroxyl radicals formed on the
electrode surface (Eq. 2.16) (Babuponnusami and Muthukumar 2014) and iii) by the
hydroxyl radicals formed by the Fenton reaction (Eq. 2.4).

H,O—HO +H" +e~ (2.16)

Other reactions occur at the same time, namely the electro-regeneration of Fe?* through
the reduction of ferric ions on the cathode (Eq. 2.17) and the electro-generation of
hydrogen peroxide (Eq. 2.18) by supplying O (or air) into the water (or liquid stream)
(Brillas et al. 2009). In the application of the E-Fenton’s reaction to treat a liquid stream

in a BCR the oxygen, necessary for the electro-generation of the oxidant, is continuously
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fed by the bottom of the column (Nidheesh and Gandhimathi 2015a). This continuous

feeding also allows to promote stirring and mixing of the liquid.
Fe¥*+e—Fe?* (2.17)
0,+2H"+2e”—>H,0, (2.18)

Like the Fenton or photo-Fenton, the E-Fenton process was not extensively studied in
BCRs; some examples are shown in Table 2.4. A few studies were reported in the
literature that assessed the treatability of real textile wastewater (Nidheesh and
Gandhimathi 2015b), an effluent containing Rhodamine B (Nidheesh and Gandhimathi
2015a), and Lissamine Green and Azure B (Rosales et al., 2009) dyes. It is also worth
highlighting one study about the E-Fenton applied in a hybrid process with
bioremediation for the degradation of green table olive wastewater (Kyriacou et al. 2005),
showing the importance of this technology in coupled processes. Still in this perspective,
Diez et al. (2017) assessed the E-Fenton process effect in the removal of two pesticides
(pyrimethanil and pirimicarb) and in the treatment of real winery wastewater in a

sequential two-column electro-Fenton/photolytic reactor.

Like in other AOPs, previously discussed, the efficiency of the liquid effluent treatment
by the E-Fenton process is governed by several parameters. Below is addressed the
effect of some of them, namely the materials used for making the electrodes, the pH and

the operation mode.

2.4.5.1 Effect of the materials used for making the electrodes

Differently of the other AOPs, the E-Fenton has a major dependence on the type of
material used for making the electrodes. These materials are entirely responsible for the
efficiency of the surface reactions; in addition, they have an important contribution in the
total costs of the process once the materials commonly required are very expensive.
Rosales et al. (2009) studied the effect of the materials (stainless steel, graphite,
platinum, PbO,, titanium compounds, boron doped diamond, and ceramics) used for
making the electrodes in the discoloration of the Lissamine Green B, Methyl Orange,
Reactive Black 5 and Fuchsin Acid dyes. The results obtained by the authors show that
the materials selected have an important effect in the reaction time; for example, >99%
of Lissamine Green B dye removal was reached after 10 or 40 h of E-Fenton reaction
(see conditions in Table 2.4) when using electrode bars made of graphite or stainless
steel, respectively. These reaction times were very long, which potentially makes the

treatment process expensive due to a high energy consumption.
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Table 2.4 Examples of applications of the electro-Fenton process in the treatment of effluents in BCRs.

Effluent/Compound Reactor characteristics Operation conditions Removals (%) Ref.
Lissamine
o pH = 2-5
Model: glass cylindrical reactor Green = 80
: : . : . - Voltage (V) = 15 .
Dyes (Lissamine Green, Reactive Diameter and height: not specified iron (mg/L) = 150 Reactive Black (Rosales et
ron (mg/L) =
Black 5 and Methyl Orange ) Anode (mm) = 270 _ _ 5=60 al. 2009)
Air flow rate (L/min) = 1
Cathode (mm) = 30 _ _ Methyl Orange
Residence time (h) = 21
=80
Model: sequential two-column Pesticides = 97
reactor (hybrid-process with UV- pH=2 Winery
Pesticides (pyrimethanil and LED radiation) Voltage (V) =5 wastewater: (Diez et al.
pirimicarb) and winery wastewater Anode area (m?) = 0.0018 Iron (mg/L) = 75 TOC =67 2017)
Cathode area (m?) = 0.0024 Air flow rate (L/min) = 0.5 Cob =77
LED Lamp (W) = 40 ICs0 = 76.5
Model: bubble column reactor pH=3 _
. (Nidheesh
Height (m) = 0.4 Voltage (V) = 2-4 _
_ _ Rhodamine B= and
Rhodamine B Diameter (m) = 0.104 Iron (mg/L) = 2.5-5 ) )
. ) Gandhimathi
Anode area (m?) = 0.0080 Air flow rate (mL/min) = 5-15
2015a)

Cathode area (m?) = 0.01
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Effluent/Compound

Textile wastewater

Acid Orange 7 dye

Reactor characteristics

Model: bubble column reactor
Diameter and height: not specified
Anode area (m?) = 0.008

Cathode area (m?) = 0.01

Model: bubble column micro-
reactor

Diameter and height: not specified
Anode and cathode: not specified

Operation conditions

pH=2-4

Voltage (V) =5

Iron (mg/L) = 2.5-7.5

Air Flow rate (mL/min) = 10

T(°C) =25

pH=3

H20, con. (mM) = 0.5-0.6

Air flow rate (L/min) = 0.35
Water flow rate (mL/min) = 0.1
Current (A/m?) = 10-500
Voltage (V) =2.1-2.5

Removals (%)

COD =37
Color = 67.7
Color =100
COD =-~80

Ref.

(Nidheesh
and
Gandhimathi
2015b)

(Scialdone et
al. 2013)
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The overall cost of the process increases with the reaction time, since the cost of energy
is increased with the process duration; so, it is important to select electrodes with
materials that allow high efficiencies to be obtained in short times. However, the initial
investment needs to be also carefully accounted. Nidheesh and Gandhimathi (2015b)
guantified the cost associated to the price of energy, electrode material (graphite plate)
and catalyst (ferric chloride) and obtained 2.13 US$/g of COD (chemical oxygen
demand) removed (for the removal of 400 mg/L of COD from textile wastewater), being

an expensive treatment process.

2.4.5.2 Effect of the pH

Like in the Fenton process the pH has an important influence in the E-Fenton process,
with slight differences. This effect was assessed in the study of Rosales et al. (2009) that
evaluated its influence in the pH range of 2-5. The dye removal was better using pH = 2,
with nearly 40% of the discoloration. For higher pH the authors observed a decrease in
the removal being more accentuated until pH 4; at this pH the removal reached was only
~10 % after the 120 minutes of reaction. This decrease of the process efficiency is
explained by the precipitation of iron (in the form of Fe®*), consequently reducing the

amount of dissolved iron available in the effluent to catalyze the process.

In the E-Fenton system proposed the authors advise the use of pH < 3 to improve the
discoloration because the ferrous iron is continuously regenerated via reduction of Fe3*
in the cathode (Eq. 2.17).

2.4.5.3 Effect of the operation mode

Rosales et al. (2009) also evaluated in their work the possibility of operating the E-Fenton
bubble reactor in continuous mode, using different liquid flow rates (that correspond to
residence times of 5.5, 16 and 21 h) during Lissamine Green B, Methyl Orange and
Reactive Black 5 removal. The authors concluded, from tracer experiments, that the
hydrodynamic behavior of the BCR is such as an ideal continuous stirred tank reactor
(CSTR). The discoloration of the dyes increased with the residence time. For Lissamine
Green B and Methyl Orange a similar degree of degradation was reached (nearly 80%
of discoloration in the run with 21 h of residence time). On the other hand, for Reactive

Black 5 dye the removal obtained was lower (60%), for the same residence time.
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2.4.6 Ozonation

The decompoaosition of ozone in aqueous solution has been studied by many researchers,
being known that it generates HO" species, especially when initiated with HO" (Egs. 2.19-
2.25):

03+HO —0,+HO,’ (2.19)
HO, +03—05 +HO,’ (2.20)
HO, -0, +H" (2.21)
0, " +03—0;"+0, (2.22)
03" +H -HO3' (2.23)
HO5; —HO'+0, (2.24)
03+HO -0,+HO," (2.25)

Ozonation is considered an excellent form of effluents pre-treatment. For example,
through this oxidation process, the organic compounds are converted into aldehydes,
ketones or carboxylic acids (biodegradable forms) (Mondal and Bhagchandani 2016),
the biological treatment being implemented downstream. Moreover, this technique can

be coupled to other AOPs.

During the process, Os is transferred from the injected gas into the liquid phase
(containing the pollutants to be degraded). In this process, in which the BCR operates
more commonly in semi-batch mode, the gas-liquid contact occurs very often in an
efficient manner, so that bubbles are dispersed in the liquid and end up favoring the mass

transfer of ozone to this phase (Matheswaran and Moon 2009).

In this AOP, both ozone and HO® species are present, but with different importance in
the degradation of the compounds. Ozone is a very selective oxidant, while the HO*
radicals readily react with most contaminants in water (Von Gunten 2003). The later have
also a higher oxidation potential than molecular ozone (Table 2.1). Depending on the
type of compound with which ozone reacts, this reaction (that occurs in aqueous phase)
can be classified in two ways: direct reaction (ozone reacts with the pollutant in its
molecular state) and indirect reaction (the hydroxyl radical formation occurs through
ozone decomposition and this radical is responsible for pollutants degradation)
(Kordkandi and Ashiri 2015).

Advantages of using ozone in wastewater treatment are mostly related with the high

selectivity of this molecule towards complex matrices such as mixed effluents, which
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makes the application of this technology feasible for different types of effluents. Table
2.5 provides a summary of some ozonation studies carried out in BCRs. Some other

examples are briefly addressed below.

Suh and Mohseni (2004) studied the relationship between biodegradability enhancement
and oxidation of 1,4-dioxane using ozone and hydrogen peroxide in a laboratory scale
BCR (1.60 x 0.10 m, height and diameter, respectively). One should note that the ozone
injected in the reactor is produced in an ozone generator coupled to an O generator.
The ozone is injected into the reactor by the bottom of the column and the exhausted
gas is captured at the top. In this particular experimental apparatus there is the
recirculation of the liquid to be treated, which generates the necessity of an internal
pressure control system. With the combination of oxidants, ozone and hydrogen
peroxide, the authors were able to eliminate 1,4-dioxane and to enhance the
biodegradability of dioxane-contaminated water.

BCRs have been used with Os for the treatment of different types of dyes, namely textile
dyes. Turhan and Turgut (2009) studied the effect of many factors, such as initial pH of
the dye solution, dye concentration, O3 concentration and flow rate, in the decolorization
of the direct dye Sirius Blue SBRR. Turhan et al. (2012) used a batch bubble column for
textile dye (basic dye Methylene Blue, MB) treatment and obtained a COD reduction of
more than 64% and complete MB dye degradation under basic conditions (pH 12) in

12 min.

Recently, Khuntia et al. (2016) used catalytic ozonation with Fe (1), Fe (lll), Mn (II) and
Cu (I) ions in a microbubble reactor operated in semi-batch mode for dyes degradation.
In this study, the metal ions increased the decolorization efficiency of the azo dye, Congo
Red (CR); the performance of the metal catalyst on the decolorization followed the order
Fe(lll) < Fe(Il) < Mn(ll) < Cu(ll). It was evaluated the contribution of the hydroxyl radical,
and it was obtained a total organic carbon (TOC) removal of 90% for 30-40 minutes of

the O3 reaction.

Other aromatic compounds were treated by ozonation combined with others AOPs (or
oxidants) in BCRs. For instance, Monteagudo et al. (2005) studied the oxidation, by
photo-Fenton-assisted ozonation, of p-coumaric acid, reaching a performance of 77%

with the UV/Fenton/O; system, far better than with simple ozonation (4% only).
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Table 2.5 Examples of the application of ozonation in the treatment of wastewater in bubble column reactors.

Effluent/Compound Reactor characteristics Operation conditions Removals (%) Ref.
. pH = 5.8-11
Model = bubble column reactor (with
o T (°C) = 20-25 (Suh and
_ liquid recycle) _
1,4-dioxane _ H»O, conc. (mg/L) = 0-120 75 Mohseni,
Diameter (m) = 1.6 _
_ 03:H20: ratio (mol/mol) = 0-0.6 2004)
Height (m) = 0.1 o ,
Liquid recycle flow rate (L/min) = 1
pH=7.3 (Kordkand
_ _ Model = semibatch bubble column T(°C)=23 iand
Acid anthraquinone _ 70 o
Lab scale OzoMatic ozone generator Dye conc. (mg/L) = 50-100 Ashiri,
Ozone mass flow (g/h) = 0.32-1. 6 2015)
_ pH =10
Model = semi-batch bubble column
) T (°C) =25
reactor (with water recycle)
. Alkyl xanthates conc. (mg/L) =160 97 (Os) and 100 (Fu et al.,
Alkyl xanthates Diameter (mm) = 700 _
_ Ozone gas flow (L/min) = 0.4-3.0 (0O3/UV) 2015)
Height (mm) = 45 _
Ozone mass flow (mg/min) = 14.7-
Low-pressure Hg lamp
125.9
_ pH (Orange 1) = 5.0-9.0
Model = ozonation column _
_ _ pH (Acid Red 27) = 7.5 _
Azo dyes (Acid Red 27 and Diameter (m) = 0.15 (Silva et
_ T (°C) =235 98 (for both dyes)
Orange Il) Height (m) = 0.57 al., 2009)

Ozone generator
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Effluent/Compound Reactor characteristics Operation conditions Removals (%) Ref.
) pH = 6.45
Model = semi-batch bubble column _
Ozone/oxygen mixture flow rate
_ reactor _ (Lan et al.,
Cork-processing water _ (L/min) = 1-5.4 TOC and COD =90
Diameter (m) = 0.1 2008)

_ Ozone range (mg/min) = 15-120
Height (m) =1 _
Water recycle (L/min) = 1

Model = conventional bubble column

reactor pH=11 ]
_ (Barriga-
(counter-current flow regimen) TECC)=24
_ _ _ Ordonez
Cyanide Diameter (m) = 0.094 Gas velocity (mc/s) = 0.12 93 Cal
et al.,
Height (m) = 2.4 Liquid velocity (cm/s) = 1.32 2006)
Hole diameter (m) = 0.09 (porous plate) Ozone conc. (mg/L) = 43-160
Oxidizing gas (oxygen—ozone mixture)
Model = bubble column reactor
_ T(°C)=20
Diameter (mm) = 454 (Muroyam
. _ Gas flow rate (m®/s) = 1.04x10*
Drinking water Height (mm) = 3550 o 100 aetal.,
. _ o Liquid flow rate (m®/s) = 5.36x103
Single pipe (gas distributor) 2005)
, Ozone conc. (kg/m3) = 0.148
Hole diameter (mm) = 6
_ pH =3-9 _
Model = microbubble generator (MBG) (Khuntia
_ _ - Metal conc. (mM) = 0.2-1.0 Dye =100
Dye Diameter and height: not specified et al.,
_ Ozone range (mg/s) = 0-3 TOC =90
Corona discharge ozonator 2016)

Ozone flow rate (mL/s) = 8-80
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Effluent/Compound

Olive mill wastewaters

Phenol wastewater

p-Nitrophenol

Pulp mill effluent

Reactor characteristics

Model = semi-batch cylindrical bubble

column reactor
Diameter (m) = 0.102
Height (m) =1.84

Ozone generator

Model = bubble column reactor (counter

current flow mode)
Diameter (mm) = 75
Height (mm) = 300
Ozone generator

Model = bubble column reactor
Diameter (m) = 2.05

Height (m) = 0.11

Ozone generator

Model = semi batch bubble column
reactor Diameter (m) = 0.1
Height (m) =2

Ozone generator
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Operation conditions

pH =4.8
Ozone conc. (mg/L) = 10-70
Ozone flow rate (L/min) = 2

pH =1.0-9.0

T (°C) =25

Phenol conc. (ppm) = 100-1000
Ozone flow rate (mL/min) = 25-
250

T (°C) =20

Pressure (kPa) = 101.325

Gas velocity (m/s) = 0.0164
Flow rate (cm3/min) = 350-400

Ozone concentration (mol/dm3) =

5.13x10° — 1.46x10*

pH = 4.5-11
Ozone conc. (mg/mL) = 0-0.8

Ozone flow rate (mL/min) = 185-

280

Removals (%)

Decolorization =

>80

Phenol = >80
COD =10-60
Phenol = 100
TOC =52
100

TOC =50

Ref.

(Karageor
gos et al.,
2006)

(Mathesw
aran and
Moon,
2009)

(Kuosa et
al., 2007)

(Bijan and
Mohseni,
2005)
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Effluent/Compound

Reactive Orange 122

Tannery effluent

Sirius Blue SBRR dye

Methylene Blue dye

Textile wastewater

Reactor characteristics

Model = electrochemical ozone reactor

Diameter and height: not specified

Model = bubble column reactor
Diameter (m) = 0.085
Height (m) = 1.25

Lab-scale ozone generator

Model = bubble column reactor
Diameter (m) = 0.05
Height (m) = 1.10

Fischer 502 ozone generator

Model = glass bubble column reactor
Diameter (m) = 0.05
Height (m) =1.10

Fischer 502 ozone generator

Model: bubble column contactor with
ultrasound
Diameter (m) = 0.10
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Operation conditions

pH=4.5and 12.0
T (°C) =30
Ozone flow rate (g/h) = 0.25

pH = 3-12
Ozone flow rate (g/h) = 3

pH = 2-12

T (°C) =20

Dye conc. (mg/L) = 100-800
Ozone conc. (g/md) = 4-24
Ozone flow rate (L/h) = 120
pH =2-12

T (°C) =20

Dye conc. (mg/L) = 50-600
Ozone conc. (g/m?3) = 4.2-24
Ozone flow rate (L/h) = 120
pH = 3.7-10.2

Ozone dosage (g/h) = 2.4-9
Ultrasound (W) = 500-1000

Removals (%)

TOC=70
Color =98
COD =34.9
Color=91.2
COD =65
Dye =100
Color =98

Ref.

(Santana
et al.,
2009)

(Srinivasa
netal.,
2012)

(Turhan
and
Turgut,
2009)

(Turhan et
al., 2012)

(Grande et
al., 2017)
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Effluent/Compound Reactor characteristics Operation conditions Removals (%) Ref.
Height (m) = 3.50 Ozone flow rate (L/h) = 100
Counter-current flow (gas-liquid)
Model: semi-batch bubble-column pH =4-10
reactor COD:H20; ratio (w/w) = 1-4
_ _ _ _ TOC =88 (t=300 (Lucas et
Winery wastewater Diameter (m) = 0.1 Water recirculation flow rate _
_ _ min) al., 2010)
Height (m) =1 (L/min) =1
guartz UV-lamp tube Ozone flow rate (L/min) = 3.6
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In order to use ozone at an industrial scale it is necessary to take into account the energy
cost involved in its production. Matheswaran and Moon (2009) warn about its production
cost. Therefore, alternative techniques coupled to ozonation should be considered as
they can help reducing the consumption of Os, thus favoring increased oxidation of

organics at smaller costs.

Among the various forms of application of ozone in effluent treatment, the photolysis of
dissolved ozone should be highlighted since it generates directly hydroxyl radicals
through the following reactions (Eq. 2.26 and 2.27) (Legrini et al. 1993; Lucas et al.
2010):

H,0+03+hv—0,+H,0, (2.26)
H202+203—>302+2HO’ (227)

In this process, the liquid, saturated with ozone, is irradiated with ultraviolet light
(Guittonneau et al. 1990), which results in the generation of hydroxyl radicals in the

medium.

Some factors must be taken into account when using ozonation in bubble columns for
effluents treatment. These factors eventually limit the operational issues and the
reactions involved in the oxidative process. Following some of these factors are briefly

presented.

2.4.6.1 Effect of initial pH

The pH has a different effect in the ozonation as compared to other AOPs that are based
in the use of H.O, for wastewater treatment (such as the Fenton’s one). In the Fenton
process, the optimal range of pH is in the acidic range; in the ozonation, at very acidic
conditions (pH = 2) it is observed the slow decomposition of Oz for formation of HO*
species, which raises under reactions conditions of higher pH (Buffle et al. 2006).
However, in strong alkaline medium (pH > 10) the efficiency of the process decays due
to the decomposition of the hydroxyl radicals formed in the liquid medium (Kang et al.
2008).

Matheswaran and Moon (2009) studied the effect of pH in the ozonation of phenol
wastewater in a bubble column (in counter current flow mode) with recirculation, and the
results are shown in Fig. 2.9. In this study, the authors evaluated the effect of initial pH
(1-9) on the TOC removal for a phenol-containing solution (500 ppm) and with ozone

flow rate of 100 mL/min. A positive effect of increasing pH (alkalinization trend) has been
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observed in the TOC removal in the conditions of the study. In comparison with the assay
under the same conditions at pHs = 1-6, there was an increase in TOC removal at pH =
9, where removal at the end of 4 hours was over 70%, in line with the comment made
above. In fact, unlike what happens in the Fenton reaction, where the H>O> tends to
decompose in an alkaline pH, the molecule of ozone does not suffer from this effect. On
the contrary, the process is improved for basic conditions as can be anticipated from the
mechanism illustrated in Egs. 2.19-2.25.
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Figure 2.9 Percentage removal of TOC for destruction of phenol by ozonation at different pHs
(O3 flow rate = 100 mL/min and phenol = 500 ppm) (adapted from Matheswaran and Moon
(2009)).

Lucas et al. (2010) studied the oxidation of winery wastewater and evaluated the
influence of the initial pH (in the range 4-10) on the ozonation of the effluents after 300
minutes of reaction. The results point to the same conclusion as in the study by
Matheswaran and Moon (2009), because at higher pH (pH = 10) the TOC removal

percentage increased.

Turhan and Turgut (2009) evaluated the effect of the initial pH (2-12) in their study about
the ozonation of a direct dye (Sirius Blue SBRR) and came to a similar conclusion. It
was observed that the decolorization time decreased with increasing initial pH, changing
from about 24 minutes at pH 2 to about 12 minutes at pH 12, representing a decrease
of ca. 50% in the reaction time, which is characterized as an operational and energetic
gain. It is also noteworthy that the decolorization time was only slightly reduced between

pH 10 and 12. This indicates that a very strong alkalization of the medium is not required.
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2.4.6.2 Effect of ozone concentration and flow rate

Kordkandi and Ashiri (2015) studied the oxidation of anthraquinone acid (AG25) using
ozone and assessed the effect of the increased ozone flow rate (from 0.32 to 1.4 g/h) on
the degradation of AG25 (initial concentration of 100 mg/L). The results are shown in
Fig. 2.10, illustrating the values of color removal percentage (decolorization efficiencies)
versus applied Os; flow rate (g/h). It is possible to observe an increase in the
decolorization efficiency values with the increase of O flow rate, which were higher than
70% for the highest O; flow rate studied (1.4 g/h). The authors suggest that with
increasing flow rate in the reactor more O3 bubbles are formed favoring the mass-
transfer to the liquid solution. This ultimately facilitates the chemical oxidation of the
AG25 dye (Kordkandi and Ashiri 2015). Thus, control of oxidant flow injected into the
column must be taken into consideration, of course having the opposite effect as
compared with the case where the pollutant and oxidant are in opposite phases (cf.
Fig. 2.5).

100

75+ A
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254

decolorization efficiency (%)
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02 04 06 08 10 12 14 16
O, mass flow (g/h)

Figure 2.10 Effect of ozone mass flow rate in the decolorization efficiency of AG25 dye (t = 3 min,
dye concentration = 100 mg/L) (adapted from Kordkandi and Ashiri (2015)).

Matheswaran and Moon (2009) investigated the effect of ozone flow rate in the oxidation
of phenol in a bubble column. By working with a phenol concentration of 500 ppm and
pH = 6, these authors evaluated different O3 flow rates (25-250 mL/min) as shown in Fig.

2.11. As expected, it was observed that a higher ozone flow rate favors the TOC and the
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phenol removal rate during the reaction. The TOC removal after 4 hours of reaction
varied from about 5% in the test with 25 mL/min to a value near 70% in the test with 250
mL/min of ozone flow rate (Fig. 2.11a). The same trend is found for phenol removal,
which was complete in 2 hours of reaction for the flow rate of 250 mL/min (Fig. 2.11b),
meaning that the oxidation of phenol was effective in the conditions studied.
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Figure 2.11 Effect of ozone flow rate on the removal of TOC (a) and phenol (b) with reaction time
(phenol =500 ppm and pH = 6) (adapted from Matheswaran and Moon (2009)).

The knowledge acquired from the amount of studies applying the ozonation process in

liquid effluents treatment in BCRs shows the need to evaluate the effect of gas flow rate
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on the process efficiency. Nevertheless, the studies previously discussed do not
normally evaluate the effect on the hydrodynamics a topic that also deserves further
attention by the community working in this thematic. Moreover, it would be convenient
to have more info enabling fast estimates of the mass transfer, to see if it is rate-limiting.
In such circumstances, one should act and improve the mass transfer itself, to improve

overall process efficiency.

2.4.6.3 Effect of UV light application

As in the UV/H;O, and photo-Fenton processes, ozone can be combined with UV
radiation to improve the removal of the recalcitrant compounds present in the effluents.

Below are provided a couple of examples.

Lucas et al. (2010) studied the treatment of a winery effluent by ozonation with a hybrid
processes (Os/UV and Os/UV/H,0;) and compared with O3 per se and UV light only in a
pilot-scale BCR (operation conditions are described in Table 2.5). The treatment
performances were analyzed in terms of reducing the COD. It was found that the direct
photolytic action of UV-C radiation (200 to 280 nm) on the compounds dissolved in the
winery wastewater was insignificant. Ozonation reduced the initial COD by 12% and the
combination of UV-C radiation and ozonation removed 21% of COD, after 180 min of
reaction. Such improved performance can be attributed to the generated hydroxyl
radicals, as described in EQ.2.26 and 2.27. However, the combination of ozone, with
hydrogen peroxide and UV radiation facilitates the treatment of the effluent by reducing
further the COD (35% after 3 hours of reaction).

Still regarding the application of O3/UV, Chen et al. (2007) achieved, using this process,
94% of mineralization during dinitrotoluene (DNT) isomers and 2,4,6-trinitrotoluene
(TNT) degradation. According to these authors, the use of the UV lamp (96 W), with
3.8 g/h of Os, improved the efficiency of the process (it was reached 76.4% of TOC
removal). This demonstrates that some of these coupled technologies can provide
excellent results and should be seen as complementary, although for every case

different strategies have to be considered.

2.5 Future perspectives

The treatment of gaseous and liquid streams by AOPs in BCRs was reported in this
review. A gap found in the main studies reported in the open literature about this topic is
the lack of analysis focused on the assessment of the hydrodynamic and other aspects
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closely related with the bubble column itself and the effect it may have in the process
efficiency. So, it is strongly recommend to assess the influence of issues like the bubble
size, gas holdup, the regime of operation, the gas (and/or liquid) flow rate and their
effects in the mass transfer coefficient, and consequently how they impact the efficiency
of the treatment process. Such information can be obtained experimentally and/or
estimated using correlations available. Moreover, CFD tools have been applied
successfully in many bubble column systems and may be useful to improve and better

understand BCRs as well.

The application of processes with UV radiation (e.g. photo-Fenton and UV/H:05)
discussed in this review show the feasibility of their use in BCRs. Particularly, they
revealed to be effective and an alternative to consider as compared to more conventional
ones employed in gaseous effluents treatment (e.g. absorption), because instead of a
simple transfer of the pollutants from one phase (gas) to another (liquid), their destruction
is carried out. However, future studies in this topic will have to be directed towards the
reduction of treatment costs, a crucial factor for their industrial application. This cost
reduction can be achieved using solar radiation, a technology already used in the

treatment of liquid effluents in a conventional reactor (Klavarioti et al. 2009).

In general, the studies presented in this review have reported degradation of pollutants
by AOPs in BCRs operating in the semi-bath mode (with feeding of the liquid phase in
discontinuous mode and of the gas phase in continuous mode). However, for industrial
application it is mandatory to design and operate bubble columns working in continuous
mode (with continuous feeding of both streams), meeting the demand of the process
with the generation of decontaminated liquid and/or gas streams. In this perspective, it
is not difficult to conceive alternative strategies for operating new reactors, which must
be tested and subsequently optimized. For instance, a continuous Fenton-based BCR
to treat simultaneously gas and liquid streams, or an ozone-fed unit to treat pollutants
present in gas and liquid streams. In the perspective of process integration, these units
could provide several advantages in industrial applications, due to the utilization of only
one device, therefore shortening the number of process units. After proof of the concept

at lab scale, their scale-up should be considered.

Another aspect that was already addressed above and that deserves to be further
explored in future works is the integration of BCRs with structured catalytic systems (e.g.,
use of Fenton catalysts supported over monolithics structures, similar to those used,

although scarcely, in ozonation).
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2.6 Conclusions

The technical choices to accomplish an AOP in any reactor (and particularly in a BCR)
should be based on the knowledge regarding the influence of the operational parameters
like temperature, pH, doses of chemicals, flow rate, nature and intensity of external
radiation (if used), etc. This review summarizes the most important ones, for different

systems.

Fenton, photo-Fenton and UV/H,O. are mostly used in BCRs in the treatment of
pollutants present in the gas phase with the oxidation reactions occurring in the agueous
phase, indicating that the mass transfer process between the gas (bubbles) and the
liquid should be efficient enough. However, it would still be important to evaluate the
effect of the bubble size, gas holdup and gas velocity, e.g., as a strategy for optimizing

and extrapolating these processes to industrial scale.

Another process addressed to treat liquid effluents in BCRs was E-Fenton; however, this
technology has not yet been exhaustively studied. Nevertheless, the studies reported
were enough to prove the efficiency of this AOP when performed in a BCR, although a
lot research has yet to be carried out with other pollutants/effluents to optimize the
treatment process, and to assess the hydrodynamic factors of the column in the

treatment efficiency.

For effluents containing organic compounds in liquid phase, the more commonly applied
AOP is based on ozonation, a well-known technique that has presented excellent results,
due also to the efficiency of ozone mass transfer between the two phases. Moreover,

this is a process already consolidated.

The studies reported in the literature show in general good and promising performances
of the AOPs when performed in BCRs. Although some aspects still need to be better
comprehended and explored (as detailed in the previous section), it is expectable that
these technologies can in the short term be scaled-up from lab- or pilot-scale to the

industrial one.
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Part ll: Treatment of Liquid
Effluents

This part presents the experimental data relative to the treatment of liquid effluents by
the Fenton’s process carried out inside bubbling reactors. The contents were separated
in two chapters, which report the treatment of a model compound (hydroquinone) and a
real wastewater.
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Chapter 3. Application of Fenton’s Process in
a Bubble Column Reactor for Hydroquinone

Degradation
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* Bubble column reactor (BCR) was used to perform Fenton oxidation;
* Hydroquinone (HQ) is totally degraded by Fenton’s reaction in less than 5 min;

* Total organic carbon (TOC) that remains in solution is due to carboxylic acids formed

during the reaction;

* Fenton oxidation in a BCR is promising for HQ degradation and considerable

mineralization was reached.

The contents of this chapter were adapted from: Lima, V. N., Rodrigues, C. S., and Madeira, L.

M. (2018). Application of the Fenton’s process in a bubble column reactor for hydroquinone

degradation. Environmental Science and Pollution Research, 25(35), 34851-34862.
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Abstract: The aim of this study was to assess the degradation and
mineralization of hydroquinone (HQ) by the Fenton’s process in a bubble
column reactor (BCR). The effect of the main operating variables, namely, air
flow rate, effluent volume, hydrogen peroxide (H202) concentration, catalyst
(Fe?") dose, initial pH, and temperature, were assessed. For all air flow rates
tested, no concentration gradients along the column were noticed, evidencing
that a good mixing was reached in the BCR. For the best conditions tested
([H202] = 500 mg/L, [Fe®]=45mg/L, T =24 °C, Q 4 = 2.5 mL/min, pH = 3.0,
and V=5L), complete HQ degradation was reached, with ~39% of total
organic carbon (TOC) removal, and an efficiency of the oxidant use—n n202—
of 0.39 (ratio between TOC removed per H>O> consumed normalized by the
theoretical stoichiometric value); moreover, a non-toxic effluent was generated.
Under these conditions, the intermediates and final oxidation compounds
identified and quantified were a few carboxylic acids, namely, maleic, pyruvic,
and oxalic. As a strategy to improve the TOC removal, a gradual dosage of the
optimal H.O; concentration was implemented, being obtained ~ 55% of
mineralization (with complete HQ degradation). Finally, the matrix effect was
evaluated, for which a real wastewater was spiked with 100 mg/L of HQ; no
reduction in terms of HQ degradation and mineralization was observed

compared to the solution in distilled water.
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3.1 Introduction

The bubble column reactor (BCR) is an important reactor configuration for the chemical
industry (Stacy et al. 2014; Salehi et al. 2014; Nanou et al. 2017). Its use has increased
in the recent years (Rollbusch et al. 2015) because it is an attractive alternative to other
reactor configurations (for example, the continuous stirred tank reactors — CSTRS) since
the agitation (responsible for internal mixing) is promoted by the bubbling of gas in the
liquid (Wonders et al. 2006); so, it does not require any mechanical stirrers/moving parts.
Moreover, through an efficient interaction between the two-phase (liquid and gas) and

an efficient mass (and/or heat) transfer is reached (Silva et al. 2015).

In environmental applications, the BCR has been used for wastewater and/or gaseous
effluents treatment, with its application being useful to promote a better interaction
among the reagents and the pollutants (that may be present in the liquid or gas phase)
during the reaction process. This reactor configuration has been used for the treatment
of liquid effluents by advanced oxidation processes (AOPs), namely through ozonation
and H»O:-based processes, assisted or not by radiation (Lucas et al. 2010), as well as
by the electro-Fenton process (Nidheesh and Gandhimathi 2015). For gas streams
containing volatile organic compounds (VOCSs), treatment by the photo-Fenton reaction

in a BCR has also been implemented (Handa et al. 2013; Tokumura et al. 2013).

The application of AOPs for effluents’ treatment has been increasing year after year
(Clarizia et al. 2017). The Fenton reaction, an important AOP, deserves particular
attention because it can be operated under moderate temperature and pressure
conditions, making use of environmentally friendly reagents. It is based in the hydroxyl
radicals (HO®) formation by H,O. decomposition catalyzed by Fe?* ions (Eg. 3.1) in acid
medium. Among several other reactions, it is worth mentioning the regeneration of the
catalyst by reaction between Fe?* and H,O; (Eq. 3.2) and the oxidation of the organic
compounds by HO® with formation of intermediate species (Eg. 3.3) that can be

subsequently oxidized and ultimately mineralized into CO, and H,O (Walling 1975).

Fe?*+H,0,—Fe>*+HO +OH (3.1)
Fe3*+H,0,—>Fe?*+HO, +H* (3.2)
HO +RH—H,O+intermediates (3.3)

The application of the Fenton process in a BCR may be of high interest. One variation
of this process (the photo-Fenton) was studied for degradation of VOCs that inherently
need to be transferred from the gas to the liquid phase where oxidation proceeds
(Handa et al. 2013; Tokumura et al. 2013). The formation of the gas bubbles in the

71



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

column promotes a better contact between both phases. This way, the pollutants are
transferred from the gas to the liquid (the latter containing the Fenton reagents, i.e. H20>
and catalyst) where the organic compounds degradation and mineralization occurs,
further accelerating the mass transfer process — as their concentration in the liquid
decreases, the driving force for mass transfer is increased (Handa et al. 2013). However,
and up to the authors’ knowledge, such technology has never been implemented for

pollutants present in the liquid phase.

In this study it was evaluated the hydroquinone (HQ) degradation by the homogeneous
Fenton process in a BCR. This organic was selected as model compound because it is
used in some important industries for the production of rubbers, dyes, pesticides,
plastics, pharmaceuticals, and cosmetics (Chang et al. 2009). In addition, it is reported
as an intermediate compound formed during the oxidation of benzene (Ito et al. 1988),
and phenol (Lominchar et al. 2017). In literature it is reported the HQ degradation by
oxidation using an inorganic catalyst - 8-MnO, (Chang et al. 2009) and by a combination
of photochemical oxidation and electrocoagulation processes (Akyol et al. 2015);

however, no studies were made that applied the Fenton process for its degradation.

The application of the Fenton process for HQ degradation in a BCR is addressed herein.
In this reactor configuration the HQ is present in the same phase where the Fenton
reaction occurs (the liquid one); therefore, the bubbling of air promotes the mixing and
stirring. The aim of this study was to evaluate the efficiency and optimize the Fenton
process, identify and quantify the intermediate compounds formed, and evaluate the
matrix effect using a real wastewater. Such preliminary work is the first step for
subsequent integration of both gas and liquid (real) effluents treatment in the same

device.

3.2 Material and methods

3.2.1 Chemicals

In this study hydroquinone (CsHsO>, from Sigma-Aldrich) was used as model compound.
The hydrogen peroxide (30% wi/v), ferrous sulfate (FeSOs4-7H20), sodium sulfite
(NazS0:s), sodium hydroxide (NaOH), methanol (98%) and sulfuric acid (H2SO4 97-98%)
were purchased from Panreac. Hydroquinone (99%), 4-benzoquinone (99%) and the
organic acids - maleic, pyruvic, and oxalic (99%), were reagent grade, purchased from
Sigma-Aldrich.

72



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

3.2.2 Fenton process in the BCR

The Fenton process was carried out in a BCR with the total capacity of ~10 L (1.40 m of
height and 9.8 cm of internal diameter). In the bottom the column has a gas dispersive
plate with 9 holes (0.5 mm of diameter). The double wall column is connected to a
thermostatic bath (Polystat CC1) for maintaining the temperature constant inside the
reactor, when required (i.e., in the runs performed with temperature control). The air is
feed to the column through an Aqua medic, Mistral 2000 pump, being the flow rate
controlled (in the range of 1 to 5 mL/min; measured at ambient temperature and
atmospheric pressure) by two rotameters (Ohmega FL-2015). In Fig. 3.1 is presented a
schematic of the experimental set-up, being worth noticing the existence of three
sampling points along the column at different heights (0.5, 0.7 and 0.9 m from the

bottom).
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Figure 3.1 Schematic diagram of the bubble column reactor experimental set-up.

The experiments were carried out with 5-9 L of HQ solution, with a concentration of
100 mg/L; this concentration was selected based on literature information about the level
of HQ in industrial effluents (Suresh 2015); after stabilization of the temperature, the pH
was adjusted with 1 M H,SO4 to the desired value. Then, the catalyst (FeS0O,4.7H.0) was
added and subsequently the H,O, solution, being this instant the one at which the

reaction started, i.e., time zero of reaction coincides with the addition of the oxidant.
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At given times samples were collected for measuring the residual H>O> concentration
(which was done immediately), as well as the HQ concentration and TOC after stopping
the homogeneous reaction in the sampling vials; this was done with excess of Na,SOs3
(which instantaneously consumes any residual H205), or by raising the pH to £7.0 using
1 M NaOH for the other parameters described in the following section.

3.2.3 Analytical methods

The total organic carbon (TOC) measurement was performed according to the method
5310 D (APHA 1988) using a TOC-L analyzer from Shimadzu. For determination of the
residual H»O3, at the end of the reaction, the method developed by Sellers (1980) was
adopted, which consists in measuring the absorbance that results from the reaction
between the remaining H.O, and oxalate titanium, at a wavelength of 400 nm, in a
HEAIOS y spectrophotometer (from Thermo Electron Corporation).

The toxicity of the effluent was evaluated by inhibition of Vibrio fischeri in accordance to
the standard DIN/EN/ISO 11348-3 (Standardization 2005), i.e., assessing the
bioluminescence after contact times (between the samples and the bacteria) of 5, 15

and 30 minutes, at 15 °C, in a Microtox ModernWater model 500 unit.

The HQ and carboxylic acids were identified and quantified by high-performance liquid
chromatography (HPLC) - Hitachi Elite LaChrom from VWR apparatus — equipped with
a diode array detector. Firstly, the samples were filtered through a 0.2 um PES filter. For
HQ analysis, 20 pL of sample was injected for identification at 280 nm; the mobile phase
was composed of pure methanol and water (90/10 %, v/v) with a flow rate of 0.75
mL/min, the separation being performed at 35 °C using a Purospher STAR RP-18
column (5 mm, 250 x 4.0 mm). For analysis of the carboxylic acids (oxalic, maleic and
pyruvic acid), it was injected 15 pL of sample and the identification was carried out at
210 nm; the mobile phase was composed of a 2.5 mM H>SO, solution with a flow rate
of 0.17 mL/min, and the separation was performed at 25 °C using a Rezex ROA-Organic

Acid H+ (8%) column (250 x 46 mm), from Phenomenex.

3.3 Results and discussion

The hydroquinone solution used had the following characteristics: natural pH of 5.2, a
TOC content of 71.2 mgC/L and provided a complete (100%) inhibition towards Vibrio

fischeri.
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A blank run was firstly carried out by bubbling air into the HQ solution (without adding

any other chemicals). It was found that the concentration of this compound remained

unchanged (HQ removal was less than 1% after 120 minutes), and so it can be

concluded that the stripping of HQ does not occur under the conditions used (T = 24 °C;
air = 1.0 mL/min; pH = 3.0) neither the oxygen itself has any oxidation effect.

3.3.1 Mixing process in the BCR

The mixing in the reactor has an important role in the efficiency of the treatment process,
as is responsible for promoting a uniform contact between reagents and the effluent. In
a BCR, efficient mixing can be reached by the movement of the gas bubbles in the liquid
phase.

In this study, the air was feed through the bottom of the BCR by using a gas dispersive
plate, and the bubbles formed were uniform. The dispersion bubble process (bubbling)
is responsible for the turbulence inside the reactor (Heijnen and Van't Riet 1984), which
is believed to provide conditions similar to a perfectly stirred reactor. To assess the
efficiency of mixing inside the reactor, the effect of the air flow rate (Qair) was studied by
changing this variable (1.0, 2.5 and 5.0 mL/min; measured at ambient temperature and
atmospheric pressure) while collecting samples at different heights (H) along the column
(0.5, 0.7 and 0.9 m). In these runs it was used a H,O; concentration of 500 mg/L, slightly
above the stoichiometric value for total HQ mineralization (401.4 mgC/L, calculated

according to Eq. 3.4).
CgHgO2+13H,0,—6C0O,+16H,0 (3.4)

Fig. 3.2a shows the TOC removal during the reaction for different air flow rates tested,
being the samples taken at the lowest sampling point shown in Fig. 3.1 (Hs = 0.5 m). It
can be seen that mineralization was similar for the three air flow rates tested, with a
maximum reduction of 27.0% after two hours of the Fenton reaction. The same tendency
was observed for different sampling heights at constant air flow rate (see Fig. 3.2b). Itis

worth noting that the HQ degradation was complete in all these runs.
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Figure 3.2 TOC removal over the reaction time for different: air flow rates (a) ([H202] = 500 mg/L;

[Fe?*] =45 mg/L; T =24 °C; pH = 3.0; V = 7 L; Hs = 0.5 m), and different sampling heights (b)
([H202] = 500 mg/L; [Fe2* ] =45 mg/L; T =24 °C; pH =3.0; V = 7 L; Qair = 2.5 mL/min).

The evolution of the pH was also quite similar in all the experiments, as well as the
efficiency of the H.O. use (nn202), calculated according to Eq. 3.5 (see results in the
Appendix section — Fig. A.1.1). In this way, it can be concluded that a good mixing
(homogenization) was reached and no axial gradients should exist within the column,
thus demonstrating a good applicability of this reactor configuration for the Fenton

reaction.

— TOCO'TOCfinaI)/f 35
NH202 (H—zozo-Hzozﬁna. H202 (3.5)

where:

NH202 = efficiency of H.O; use.

TOC, = TOC in the initial instant of the reaction (t = 0), mg/L.

TOCsina = TOC in the end of the reaction, mg/L.

H2020 = H202 concentration in the initial instant of the reaction (t = 0), mg/L.
H>0:final = H202 concentration in the end of the reaction, mg/L.

fu202 = Factor relative to the stoichiometric H>O, required for the HQ mineralization
(calculated by Eq. 3.6 based in Eqg. 3.4).

MMg  _ 612(-2)

mol

f = =
H2027 43*MMyp0n 1334 %

=0.163 (3.6)

MM; = molar mass of species i.
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3.3.2 Effect of liquid height in the column

To evaluate the effect of the liquid height three runs were carried out in which this
variable was changed (by using 5, 7 and 9 L of the HQ solution). The HQ removal was
again 100% for all volumes tested in only 5 minutes of reaction, however the
mineralization decreased with increased volume of solution put in the reactor (see results
in the Appendix section A.1.1. — Fig. A.1.2).

Considering that a good homogenization was found inside the column, as was
demonstrated in the previous section, H>O. loss by stripping was evaluated, in three
blank runs, where the oxidant (500 mg/L of H.O>) was inserted by the top of the BCR
and then air was bubbled (Qair = 2.5 mL/min) for different liquid volumes. In Fig. 3.3a are
presented the results obtained; it can be seen that a considerable loss of H,O, was
reached (32-35%) in the first 5 minutes, which slightly increased with time afterwards
(40-42% after 120 minutes); however, this loss was independent of the liquid volume put
into the BCR.

The way H;0-is added into the column, made through the top in Fig. 3.3a, could be the
problem for such a level of stripping, and so three additional runs were performed where
the oxidant was injected through the lowest sampling point (H = 0.5 m), in the same
conditions. The results obtained (Fig. 3.3b) permit to observe almost no effect in the
H.0O- concentration that remained in solution because it was reached a similar loss (30-
31% and 42-44% after 5 and 120 minutes, respectively). Again, the stripping of oxidant
occurred, but this effect is not too pronounced (and does not seem to affect the oxidation
process, as detailed below). Other authors used H.O; for oxidation in BCR, but the effect

of its loss was not investigated.

Sasaki et al. (2016) evaluated the effect of the liquid height (water) in the gas (air) holdup
(gg) in a cylindrical bubble column reactor and observed that the increase of the height
of liquid was responsible for the decrease of the gas holdup. The gas holdup was
measured under the conditions used in our work (see the procedure described in the
Appendix section A.1.1 and data in Table A.1.2), and the results are shown in Fig 3.3c.
It is observed an increase of the gas holdup with the rise of the gas flow rate for all
volumes of water initially loaded in the column, as reported by Yan et al. (2016) in a
study about the BTEX removal by UV-Fenton in a BCR. Moreover, the increase of the
liquid height was responsible for a decrease in €y, as found by Sasaki et al. (2016).
Although not affecting the H»O: loss, such phenomena can interfere in the oxidation
process, namely in the complex reaction mechanism and/or CO; (ultimate oxidation

species) stripping (in line with the results shown in Fig. A.1.2).
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Figure 3.3 Hydrogen peroxide loss in blank runs with different volumes of liquid with the oxidant
being added: by the top of the column (a) and in the lowest sampling point (H= 0.5 m) (b) ([H202]
=500 mg/L; T = 24 °C; pH = 3.0; Qair = 2.5 mL/min), and gas holdup for different volumes of liquid
and air flow rates in the BCR (c).

3.3.3 Effect of the iron dose

The iron (Fe?*) concentration has an important role in the Fenton process once it is the
catalyst that promotes the decomposition of the H.O, molecule to form the HO® species
—see Eqg. 3.1 — (Walling 1975). Its effect was evaluated in the range of 0 to 120 mg/L. In
these runs it was used the same H»O; concentration of the previous tests but the reaction
time was increased to 3 h to assess the possibility of further increasing organics

mineralization.

Again, total HQ degradation was obtained in all runs (except when no Fe?" was used).
In Fig. 3.4a it can be seen that the mineralization increased with the Fe?* dose until 45
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mg/L and decreased when using higher Fe?* concentrations. For the optimal dose the
maximum removal achieved was 39.9% after 180 minutes of reaction (Fig. 3.4a) with a
rapid mineralization in the first few minutes (more than 30% of the TOC was removed in
15 min.). The existence of an optimal Fe?* dose can be explained by the scavenging of
the hydroxyl radicals when excess of such ions are present in solution, as described in
Eq. 3.7 (Walling 1975).

Fe? +HO —Fe® +OH’ 3.7)

The pH decreased along the reactions (Fig. 3.4b) and for all runs the evolution of pH
during the reaction was similar, except when no Fe?* was used. This decrease of pH
along the reaction is due to the formation of H* by reaction between ferric species Fe®*
and H,0O: (Eq. 3.2) (Oliveira et al. 2014) and to the formation of short chain organic acids.
The H>0, consumption was 100% for all runs in which iron was used, but the efficiency

of oxidant use was superior in the run with 45 mg/L of Fe?* (nu202 = 0.37) (Fig. 3.4c).

Regarding the toxicity, only for the smaller dose of catalyst (30 mg/L) the final effluent
showed some inhibition of Vibrio fischeri, however it decreased from 100% (for the initial
HQ solution) to 19.3% after reaction, which is associated with the formation of organic
compounds that are less toxic. For all the other runs, the final effluent was not toxic

towards the bacteria.

The use of the H.0- alone — 500 mg/L — (without the presence of iron — [Fe?*] = 0 mg/L)
only provided ~15% of TOC (Fig. 3.4a) and 60% of HQ removal; a very slight decrease
in the pH was observed (Fig. 3.4b) and only 45% of the oxidant was consumed with an
efficiency of use of 0.34 (see Fig. 3.4c) after 3 hours of reaction. The much lower
performance and efficiency is due to the low oxidation potential of H.O, as compared
with the hydroxyl radicals. Despite the low performance reached, this result is important
because the H>O, consumption was 45%, showing that during the oxidation reaction the
H20- quickly oxidizes the HQ not being lost by stripping as occurred in the blank tests
(Fig. 3.3a). In this run the HQ concentration present at the end of the reaction (~40 mg/L)

showed to be harmful in the toxicity test (100% of Vibrio fischeri inhibition).
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Figure 3.4 TOC removal (a), pH over reaction time (b), H202 consumption and nnzo02 at 180
minutes of reaction (c) for different Fe?* doses ([H202] = 500 mg/L; Qair = 2.5 mL/min; T = 24 °C;
pH = 3.0; V=5 L); TOC removal (d), pH over reaction time (e), H202 consumption and nzo2 at
180 minutes of reaction (f) for different H.O2 concentrations ([Fe2*] = 45 mg/L; Qair = 2.5 mL/min;

T =24°C; pH

=3.0,V=5L).
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3.3.4 Influence of the initial hydrogen peroxide concentration

To assess the effect of the H>O, concentration, runs with different oxidant concentrations
(between 0 to 1500 mg/L) were carried out, fixing the other conditions as follows:
PHinitial = 3, Qair = 2.5 mL/min, V=5L, T = 24 °C and [Fe?'] = 45 mgl/L.

The use of Fe?* alone - 45 mg/L - (run where [H202] = 0 mg/L) did not provide any
removal of organic compounds and the pH of the solution was constant throughout the
experiment (see Figs. 3.4d-e); moreover, the toxicity of the final effluent was similar (96-
99%) to that obtained for the initial HQ solution.

The HQ degradation was complete for all H»,O, concentrations tested and the
mineralization increased with the oxidant concentration until 500 mg/L (slightly above
the stoichiometric value of 400 mg/L necessary to completely mineralize the HQ
solution), with ~39 % of TOC removal (Fig. 3.4d) after 3 h. The acidification of the
medium along the reaction was again observed (Fig. 3.4e), which was more accentuated
for the optimum peroxide dose, indicating that the reaction was more efficient and more

carboxylic acids were formed.

For all concentrations of oxidant tested it was reached 100% of H,O, consumption, but
using higher oxidant doses did not result in an increase in the efficiency. By the contrary,
the nu202, shown in Fig. 3.4f, decreased; this indicated that the consumption of more
H.0O, was not used efficiently in the mineralization of organic compounds. However, the

toxicity of the produced effluent was null for all oxidant concentrations tested.

The existence of an optimum H;O. concentration in the Fenton’s process was also
observed by other authors (Kang et al. 2002a, b; Pérez et al. 2002; Thakur and Chauhan
2016) and is explained by the scavenging of hydroxyl radicals by H,O, in excess,

generating HO:" species (Eg. 3.8) with a lower oxidation potential (Walling 1975).

HO +H,0,—H,0+HO, (3.8)

3.3.5 Influence of the temperature

The influence of the temperature was also assessed and for that this parameter was
varied in the range of 15 to 70 °C. For the minimum temperature (T = 15 °C) the reduction
of organic compounds was lower, being only reached ~14 % of mineralization after 3
hours of Fenton’s reaction (see Fig. 3.5a). The removal increased with the temperature
up to a value close to the room temperature (24 °C) and decreased for runs with higher

temperatures, particularly at 70 °C. The same tendency was observed for the pH
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evolution during the reaction, i.e., the run at room temperature showed a greater

decrease in the pH (see Fig. 3.5b).

This trend is justified, on one hand, by the fact that the kinetics of the reactions increase
with the temperature according to Arrhenius's law, which leads to a greater hydroxyl
radicals generation and, consequently, to a higher mineralization; but, on the other hand,
increased temperatures can improve the thermal decomposition of H>O> into O, and
H2O, particularly for values equal or above 50 °C (Ramirez et al. 2007; Duarte et al.
2013); consequently, less amounts of hydroxyl radicals are formed, inhibiting the

oxidation of organic matter.

The oxidant was completely consumed in all the runs at all temperatures tested (Fig.
3.5¢), which did not corresponded to an improvement of TOC removal (Fig. 3.5a);
consequently, the efficiency of oxidant use decreased for temperatures higher than 24
°C (Fig. 3.5¢).

Again, total degradation of HQ was reached. The toxicity of the effluent, as quantified by
the inhibition of Vibrio fischeri, decreased from 100% to 3.3% after the Fenton reaction

at 15 °C but was 0.0% for all other temperatures tested.

3.3.6 Effect of the initial pH

The initial pH of the effluent is a determinant variable in the Fenton process. So, in this
study, it was evaluated its effect in the HQ degradation and mineralization in the range
of 3to 7. The natural pH of the effluent (5.2) was considered as an alternative to reduce
the cost of the acid consumption in the pre-acidification stage. The results obtained show
that the TOC removal increased for more acidic conditions (see Fig. 3.5d). For an initial
pH of 5.2 it was observed a very slight decrease as compared to pH 3.0 (39% to 35%
after 180 min, which is however more notorious in short reaction times), while the
efficiency of the process decays significantly when using pH 7.0 (18.1% for 180 minutes
of reaction). Regarding the pH evolution, it is possible to see from Fig. 3.5e that its
reduction is much more pronounced in the first five minutes of reaction, with a less
pronounced decrease until 120 minutes of reaction, remaining nearly constant

afterwards.

Several studies point for the pH of 3.0 as being the optimal for the Fenton reaction (Lucas
and Peres 2006; Rodrigues et al. 2009) because for values of pH > 4 dissolution of Fe?*

species decreases, with inherent precipitation.
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45 mg/L; Qair = 2.5 mL/min; T=24°C; V =51).

The H202 consumption was total for all pH values tested; however, the efficiency of the

oxidant use was not very different for pH of 3.0 and 5.2 (Nu202 = 0.37 and nNu202 = 0.31,
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respectively), but a significant decreased was observed for pH 7.0, with nu202 = 0.17 (see
Fig. 3.5f), as a consequence of the reduction in the mineralization. For all pH values
tested the removal of HQ was 100% in only 5 minutes of reaction and the toxicity of the

final effluent was null.

3.3.7 Strategy to improve the mineralization

Aiming to improve the TOC removal, one run was carried under the best conditions found
up to now (pPHinisa = 3.0, T = 24 °C, [Fe?*] = 45 mg/L, [H20,] = 500 mg/L, Qair = 2.5 mL/min
and V = 5 L), but the oxidant was added gradually along the first hour of the reaction
(41.7 mg/L of H.O, were added every 5 minutes, in 12 divided doses). This strategy was
adopted because this way it is anticipated to reduce the undesired parallel reactions
(“scavenging” of hydroxyl radicals) and to realize a better use of the oxidant during the

Fenton reaction.

The TOC removal in the run with gradual addition of the oxidant was lower in the first
minutes of reaction (until 60 minutes) as compared to the reaction in which the used
H.O, was added once, at the start of the run (Fig. 3.6a), because in the first case the
reaction kinetics is slowed down (smaller concentration of the reactant). However, the
TOC removal increases afterwards, till ~55 %, indicating that the partitioned addition of
H20- increases the efficiency of the process. Fig. 3.6b shows that only after 120 min the
oxidant was completely consumed, promoting an increase of over 30% in the efficiency
of oxidant use (after 3 h, one reached: Nu202 @single additiony = 0.37 VS. NH202 (gradual addition) =
0.49).
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Figure 3.6 TOC removal (a) and H202 consumption and n+z02 (b) during the reaction with single
and gradual addition of the oxidant ([H202] = 500 mg/L; [Fe?*] = 45 mg/L; pH = 3.0; Qair =
25 mL/min; T=24°C;V=5L).

3.3.8 Reaction mechanism

Given that HQ was completely removed, but it was only reached ~39% of mineralization
(with the single addition of H.05), the presence of intermediate or refractory compounds
(namely carboxylic acids, because they are commonly the last compounds formed in
oxidation processes) was evaluated in the run under the best operating conditions. In
the literature it is reported the formation of 4-benzoquinone (Owsik and Kolarz 2004,
Beheshti and Mclntosh 2007) and carboxylic acids, namely maleic, fumaric, oxalic,
propionic, glyoxylic, acetic and formic acid (Suzuki et al. 2015), during HQ oxidation. In
this run 4-benzoquinone was not detected, possibly because this intermediate is easily

oxidized by the hydroxyl radicals formed in the Fenton reaction.

Three carboxylic acids were identified (maleic, pyruvic and oxalic acid) (Fig. 3.7a). In the
first five minutes of reaction maleic acid was identified (~0.30 mM), while for longer
reaction times its presence was not found, possibly because it was oxidized to oxalic
acid. At 15 minutes the presence of pyruvic acid was identified (~0.01 mM), apart from
oxalic acid (~2.3 mM). For longer reaction times the concentration of pyruvic acid was
null, while oxalic acid continuously increased up to 180 minutes (till ~2.64 mM). Oxalic
acid remained in solution because it is the last carboxylic acid formed and known to be

difficult to oxidize. Again, HQ was completely degraded in the first 5 minutes.
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Figure 3.7 Organic acids formation along reaction time: when oxidant was added totally in the
beginning of the run (a) and was added H20:2 gradually (b) ([H202] = 500 mg/L; [Fe?*] = 45 mg/L;
pH = 3.0; Qair = 2.5 mL/min; T=24°C;V=51L).

In the run where the oxidant was added gradually every 5 minutes up to 55 minutes
reaction time, HQ removal was also 100 % in the first 5 minutes (even with the low H.O-
dose employed up to this time, i.e. [H202] = ~41 mg/L). The compounds identified were
again maleic, pyruvic and oxalic acid (Fig. 3.7b). After five minutes it was identified the
presence in solution of maleic acid (<0.01 mM) that remained in solution until 15 minutes
with nearly the same concentration, and pyruvic acid (~0.06 mM) that remained in
solution until 60 minutes (< 0.01 mM). For a reaction time of 30 minutes the formation of
oxalic acid was observed (~1.8 mM), which concentration increased during the reaction
until 120 minutes, and then a slight decrease was observed (~2.6 mM after 180 minutes
of reaction). The concentration of this compound at the end of the reaction was very
similar to that observed when the H,O, was added totally at the beginning of the run.
The different patterns observed in Figs. 3.7a) and b) is mostly related with the fact that
in the latter the oxidant is added gradually, so at the early stages of the process reaction
kinetics is slowed down. Therefore, formation of oxalic acid, for instance, is noticed at
longer reaction times. Based on these results, and those reported in the literature

(Suzuki et al. 2015), a reaction mechanism is proposed, as summarized in Fig. 3.8.

86



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

(Hydroquinone)
(4-Benzeoquinone)

OH
O
‘%‘
OH

O
0 0 o
oy
HOJKH/OH — OH I OH
O OH o
(Oxalic acid) (Pyruvic acid)
o)
(Maleic acid)
0
HgC)J\OH
N
C0. + R0 (Acetic acid)

Figure 3.8 Proposed reaction mechanism of hydroquinone degradation by the Fenton process.

3.3.9 Hydroquinone degradation in a real wastewater matrix

The effect of the matrix was evaluated using a domestic effluent collected after the
secondary treatment in a wastewater treatment plant, located in the northern region of
Portugal, and spiked with 100 mg/L of HQ. Firstly, the wastewater containing the model
compound was characterized and the results are presented in Table 3.1; it is worth
noting that the TOC was 25% higher as compared to the HQ solution (88.9 mg/L for the
real effluent and 71.2 mg/L for the HQ solution). The optimal conditions obtained for
treating the HQ solution, for which a mineralization degree of ~40% was reached, were
employed in the Fenton oxidation of the spiked wastewater. As occurs with the HQ
solution, the compound was totally degraded in the first 5 minutes of reaction and there
was a rapid TOC removal in the first 30 minutes of reaction (Fig. 3.9). After this time the
TOC removal increased very slowly, being achieved a mineralization after 180 minutes
of reaction of ~56%, which was slightly higher than that reached in the HQ solution. Such
difference can be attributed to the organic matter present in the real effluent, which
should be completely mineralized by the hydroxyl radicals. In fact, such assumption,
together with the hypothesis of reaching the same level of HQ mineralization of 40% as
in the synthetic solution, would account for an overall TOC reduction of 52%, which is
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very similar to the experimental one. Therefore, the higher TOC reduction is simply due
to the organic load already present in the real wastewater.

100+ O Hydroguinone solution
A WW + Hydroquinone

751

S
© A A A
é 504 &
o O O ]
g | 7"
O 251
ol O
0 30 60 90 120 150 180
time (min.)

Figure 3.9 Comparison of TOC removal in distilled water (HW solution) and wastewater spiked
with HQ ([H202] = 500 mg/L; [Fe?*] = 45 mg/L; pH = 3.0; Qair = 2.5 mL/min; T=24°C; V=5 L).

The wastewater spiked with HQ was characterized after three hours of treatment using
the Fenton reagent in the BCR and the results are shown in Table 3.1. The COD
reduction was ~59% (from 308.7 mg/L to 127.8 mg/L, before and after Fenton treatment,
respectively). A small reduction of nutrients was observed: ~ 4% for total phosphorus
and total nitrogen and ~2% for ammoniacal nitrogen. It was also observed a reduction
of the solids in 11% for VSS and 18% for TSS and, consequently, a reduction of the
turbidity (ca. 13%) was noticed. A nontoxic effluent was generated as regards the
inhibition of Vibrio fischeri, which decayed from 100% before treatment to 0.0% after

treatment.

Taking into account the good performance achieved by the Fenton process in the BCR
for treating a domestic wastewater containing HQ, our future work will be focused on the
treatability of real wastewaters and in the treatment of gas and liquid effluents

simultaneously in the same device.
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Table 3.1 Description of the real wastewater (WW) spiked with hydroquinone (100 mg/L) before
and after the Fenton process application in the BCR.

SO Real WW Real WW after Removal
matrix Fenton (%)
pH 7.60 7.02*
TOC (mg C/L) 88.9 39.2 55.9
Turbidity (NTU) 30 26 13.3
COD (mg O2/L) 308.7 127.8 58.6
TSS (mg/L) 22 18 18.2
VSS (mg/L) 18 16 11.1
Total phosphorus (mg/L) 13.22 12.72 3.8
Total nitrogen (mgN/L) 12.14 11.68 3.8
Ammoniacal nitrogen (mgN/L)  1.04 1.02 1.9
Nitrite (mgN/L) 0.007 0.006 14.3
Nitrate (mgN/L) <0.18 <0.18
Vibrio fischeri innibition (%) 100.00 0.00

*after neutralization.

3.4 Conclusions

The HQ degradation by the Fenton’s process was studied in a bubble column reactor. A
parametric study was carried out, allowing to conclude that: i) the air flow rate did not
influence the HQ and TOC removal and promotes an efficient mixing and
homogenization inside the column, ii) the bubbling promotes the stripping of some of the
H20,, although this effect is not strong enough and does not seem to affect the oxidation
process, which radical reactions are considerably fast, and iii) the application of the
Fenton reagent was efficient in the removal of this compound in the BCR (100% in the
first minutes of reaction), providing a considerable mineralization degree (~39 %) under

the best conditions employed.

The strategy of adding the oxidant (H202) gradually increased significantly the TOC
removal (~55%) and the efficiency of oxidant use (from 0.37 when the oxidant is added
once, in the beginning of reaction, to 0.49 with gradual addition). In both cases, the
toxicity of the final effluent towards Vibrio fischeri was null, while the raw effluent
completely inhibited the bacteria. Organic acids (maleic, pyruvic and oxalic) were

identified in a run with HQ solution and the reaction mechanism was proposed.
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Finally, it was found that the change of the matrix, i.e., using real wastewater instead of
distilled water, did not influence the Fenton process because it was reached total HQ

degradation and a similar mineralization.
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Chapter 4. Insights into Real Industrial
Wastewater Treatment by Fenton's Oxidation
in Gas Bubbling Reactors
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e Fenton’s process in bubble reactors (BRs) was effective for real wastewater
treatment;

e The treatment occurred with a continuous gas (air, Oz or N) bubbling;
¢ The increase of the oxidant dose yielded a change in the temperature profile;

e The use of oxygen increased the efficiency of mineralization during the treatment;

e Temperature control in the BR was more effective than in a reactor with

mechanical stirring.

The contents of this chapter were adapted from: Vanessa N. Lima, Carmen S. D. Rodrigues,
Emanuel F. S. Sampaio, Luis M. Madeira (2020). Insights into real industrial wastewater
treatment by Fenton's oxidation in gas bubbling reactors. Journal of Environmental

Management (accepted).
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Abstract: In the present study, bubbling reactors (BRs) were chosen to design
a new procedure for real industrial wastewater (WW) treatment by Fenton’s
oxidation. The process was carried out in BRs under batch mode for the
treatment of a WW with a high organic load (chemical oxygen demand (COD)
above 7000 mgO-/L), being the efficient mixing of the liquid phase ensured by
the gas bubbling. The parameters that influenced the WW treatment (i.e., H.02
and Fe?" concentration, and initial pH) were optimized in a smaller BR (0.5 L
volumetric capacity); the maximum oxidation efficiency (dissolved organic carbon
(DOC) removal = 52 % and COD removal = 83 % after 60 min) was reached
under the following conditions: Qar = 1.0 L/min (measured at room temperature
and atmospheric pressure), [H202] = 22.5 g/L, [Fe**] = 0.75 g/L, and pH = 4.6 —
original WW pH. It wasn'’t detected any significant effect in the process efficiency
of the air flow rate and gas phase compaosition (i.e., N2, and air), but when the
process was performed with continuous O, bubbling an increase in the DOC
removal (from 43 % to 53 %) was observed after 5 min of oxidation. Even so, the
high costs discourage the use of pure oxygen streams in real WWTPs. To
understand the dynamics of the process, the continuous air bubbling was
compared to another mixing mode (mechanical stirring), and similar
mineralization was achieved, proving the feasibility of Fenton’s process in a BR.
In addition, the gas bubbling proved to be more efficient in terms of heat
dissipation during the treatment, decreasing temperature profiles along the
oxidation of heavily charged real effluents. An effective scale-up with a bubble
column reactor with a higher volumetric capacity by a factor of almost one order
of magnitude was also proved, providing similar mineralization. The final effluent
was non-toxic and more biodegradable; however it was still above the discharge
limits of the local legislation, and so the original WW was treated by photo-

Fenton’s process, reaching almost 80 % mineralization.
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4.1. Introduction

Wastewaters (WW) discharge in water courses is environmentally damaging as long as
they contain a significant organic load (Gulkaya et al. 2006; Poyatos et al. 2010; San
Sebastian Martinez et al. 2003). WW characteristics are extremely diverse, presenting
very often a high concentration of chemical pollutant species (Poyatos et al. 2010; Shon
et al. 2006), mainly those resulting from industrial chemical processes. Such pollutants
detrimentally affect the environment and the human health (Harold et al. 2014),
particularly due to their toxicity (e.g., due to the presence of aromatic compounds) (US
EPA 2014) and low-biodegradability that affects the microbiota and plants (Jing et al.,
2015). The risks associated have boost the environmental policies around the world,
demanding effective treatment technologies to reduce these pollutants to levels framed

in local legislation (European Council 2010).

The WW technologies implemented at wastewater treatment plants (WWTPSs) focus on
processes ranging from physical (e.qg., filtration (Sincero and Sincero 2002)) to biological
(e.g., activated sludge (Grady Jr. et al. 2011)). However, the potential of chemical
processes stands out due to their efficiency in the full (or partial) destruction of many
pollutants (Lima et al. 2018a). In this scenario, the advanced oxidation processes
(AOPs) have been highlighted as environmentally friendly, clean and efficient
technologies (Deng and Zhao 2015; Dewil et al. 2017; Muruganandham et al. 2014; Oller
et al. 2011). The promising features of AOPs are the formation of extremely reactive
oxidizing species (e.g., HO  with an oxidation potential of 2.8 (Papadopoulos et al. 2007;
Zhang et al. 2015)) that oxidize the pollutants as highlighted in Egs. 4.1 and 4.2 for the
case of HO® (hydroxyl radical), promoting the oxidation of organic species (RH) into
intermediate species that can ultimately be converted into carbon dioxide and water

(Neyens and Baeyens 2003; Rodrigues et al. 2018a):
RH + HO® — Intermediate species (4.2)
Intermediate species + HO"— CO, + H,O (4.2)

A well-known AOP is the Fenton process (Fenton 1894), which has advantages for WW
treatment due to the low capital cost, high efficiency, uncomplicated control, and the
application of environmentally friendly reagents (H.O. and Fe?*) (Lucas and Peres
2006). In the Fenton’s process, the organic matter is oxidized by HO" (Eq. 4.1), which is

formed by the catalytic decomposition of H.O; in the presence of Fe?* (Eq. 4.3) (Barb et
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al. 1949; Fenton 1894; Walling 1975), being the catalyst regenerated by reaction with
hydrogen peroxide (Eq. 4.4) (Walling 1975).

H,0, + Fe*" - HO' + HO™ + Fe** (4.3)
Fe** +H,0,—Fe* +HO, +H' (4.4)

The Fenton’s process has been reported extensively in the literature, being crucial to
address the optimization of the main operation parameters (i.e., temperature, initial pH,
and reagents concentrations) for the effective treatment of either model compounds or
synthetic effluents, generally with low complexity (Bouasla et al. 2010; Oturan and Aaron
2014; Torrades and Garcia-Montafio 2014; Xu et al. 2017), or even real WWs (Esteves
et al. 2019; Guedes et al. 2003; San Sebastian Martinez et al. 2003), particularly those

resulting from chemical industries.

The research about the application of Fenton’s oxidation in multiphase reactors has
increased as an alternative to the homogeneous batch or continuous stirred-tank
reactors (CSTRS). In the recent years, significant results were reported for applications
of Fenton’s process in fluidized-bed (Qin et al., 2018a, 2018b; Wei et al., 2015) and
bubbling reactor (Lima et al., 2018b; Rodrigues et al., 2018a) configurations. Particularly,
the bubbling reactors (BRs) seem to be encouraging for Fenton’s process
implementation due their features, e.g. easy control, maintenance, and adaptation for
large systems at WWTPs. In addition, for application in environmental (and other)
engineering systems, the gas bubbling has high interest (Lyu et al., 2019) due to the
high mass and heat transfer rates (Deckwer, 1979; Kantarci et al., 2005; Zehner and
Kraume, 2000), which drives the application of BRs to pollutant treatment in two-phase
systems (e.g., gas stream treatment in liquid phase (Tokumura et al., 2008; Xie et al.,
2019; Yan et al., 2016)). Nevertheless, the application of Fenton’s oxidation (or others
AOPs) to real WW treatment in BRs has not been reported yet.

So, aiming to implement an efficient strategy to perform the Fenton oxidation, BRs were
chosen to evaluate the treatability of a real industrial WW. The treatment was performed
by the homogeneous Fenton process using, as a mixing mode, continuous gas bubbling,
a process only reported for simulated effluents treatment (Lima et al., 2018b; Rodrigues
et al., 2018a). The primary operating conditions were optimized in a detailed parametric
study in order to maximize process mineralization. The treatment efficiency (and heat
management) was also evaluated comparing the continuous gas bubbling with the
classic mechanical stirring. Still, the process was scaled-up to a bubble column reactor

(BCR), processing almost one order of magnitude more volume than the BR. Finally, in
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order to improve the mineralization, the WW was also treated by the photo-Fenton
process.

4.2 Material and methods

4.2.1 Real industrial wastewater

The real industrial wastewater (WW) was collected in a chemical industry plant located
in Portugal. The samples were stored in 4 L-capacity plastic bottles at -15 °C. Before the
WW treatment, they were defrosted at room temperature and homogenized to obtain an

effluent with the same conditions for all runs.

4.2.2 Reactors configuration

Fenton’s oxidation experiments were performed in a 900 mL-capacity acrylic jacketed
bubbling batch reactor — BR. The temperature of the medium (Tt = 25 °C) was controlled
by recirculating water in the reactor jacket with the help of a thermostatic bath (Polystat
CC1). The gas bubbling inside the reactor was performed by continuous gas supply with
an air pump (HAILEA, ACO-2202). The gas bubbling was reached with a cylindrical gas
diffuser (coarse-grain inert stone — HxXD = 2.5x1.4 cm) installed centrally and axially
inside the reactor. The continuous bubbling was controlled using a flowmeter (Ohmega
FL-2015) installed in the gas piping between the pump/gas system and the BR, in order
to obtain a predetermined gas flow rate (Qgas) following the procedure described
elsewhere (Lima et al., 2018b; Rodrigues et al., 2018a).

The Fenton’s oxidation run without gas bubbling was carried out under the same batch
reactor without the presence of the gas diffuser. For this experiment, the mixing inside
the reactor was performed by agitation with a mechanical stirring system at 250 rpm, for

which a magnetic bar and stirrer plate (P-Selecta, model AGIMATIC-S) have been used.

The scale-up was carried out in a 9 L-capacity acrylic jacketed bubble column reactor
(BCR); for more details about this device please refer to previous works (Lima et al.,
2018b; Rodrigues et al., 2018a)). The temperature of the medium (T = 25 °C) was also
controlled by recirculating water through the reactor jacket connected to a thermostatic
bath (Polystat CC1), and the air bubbling (1.0 L/min, measured at room temperature and
atmospheric pressure) was reached by feeding the gas phase through a dispersive plate

(with nine holes of g - 0.5 mm) placed in the bottom of the BCR.
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The photo-Fenton’s process was carried out in a 500 mL-capacity glass cylindrical
reactor coupled with a TQ 150 mercury lamp, which has a power of 150 W
(corresponding to a light intensity of 500 W/m?2 — 60 W/m? in the UV region and 440 W/m?
in the visible region). As described elsewhere (Rodrigues et al., 2018b), the lamp was
placed axially centred in the reactor inside a quartz jacketed tube with temperature
control using recirculating water from a thermostatic bath (Polystat CC1).

4.2.3 Experimental Procedure

4.2.3.1 Fenton’s experiments

For the dark Fenton’s oxidation runs, the BR was filled with 500 mL of WW; then, and if
required, the pH of the effluent was adjusted with 1 M H,SO4 (99 %, VWR) or 3 M NaOH
(99%, Vencilab) to the desired value. After the required mass of catalyst (Fe2S0.4.7H-0,
99%, Panreac) was added to the solution, the gas bubbling was turned on at the same
time that the H20O- (30 %, VWR) was injected (this instant coincides with the starting of
the reaction —t = 0). For the reaction without bubbling, it was proceeded the same way,

but replacing the gas bubbling by the mechanical stirring as described above.

For the scale-up runs, the BCR was filled with 4.0 L of WW at the natural pH, and the
Fenton’'s oxidation was carried out at room temperature and atmospheric pressure

following the same procedure as described above for the BR.

In all experiments, liquid samples were collected at pre-selected times for measuring,
immediately, the pH (pH meter Level 2 from Inoar), the temperature and residual H>0>
concentration. Moreover, the dissolved organic carbon (DOC) and chemical oxygen
demand (COD) were also determined in the samples after stopping the homogeneous
reaction by adjusting the pH to 10 (which promotes the elimination of residual H>O-
(Zhang et al., 2005)) using 5 M NaOH.

4.2.3.2 Processes assisted with radiation

For the runs with UV-vis radiation, the photo-reactor (described in section 2.2) was filled
with 300 mL of WW at the natural pH and room temperature. For the photo-Fenton’s
trial, it was added the mass of catalyst (Fe2SO4.7H20) required, followed by H>O- at the
same time that the mercury lamp was turned on (this instant coincides with the starting
of the reaction - t = 0). The sampling of the liquid along these runs was performed as

described above for the Fenton'’s trials.
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4.2.4 Analytical methods

For determination of the DOC, all samples were filtered through a 0.45 um PTFE filter,
and the measurement was performed according to method 5310 D (APHA, 1988) using
a TOC-L analyzer from Shimadzu. For the COD analysis, it was performed according to
method 5220 D in closed reflux (APHA, 1988). The biological oxygen demand (BODs)
was measured according to method 5210 D (APHA, 1988); the incubation was
performed at 20 °C during five days in an OxiTOP Box (WTW) incubator. The total
suspended solids (TSS) was quantified by gravimetry through method 2540 B (APHA,
1995). The turbidity was measured according to Method 2130 B (APHA, 1988), using a
turbidimeter HI88703 from Hanna Instrument. The toxicity of the effluent was assessed
by inhibition of Vibrio fischeri in accordance with the standard DIN/EN/ISO 11348-3
(Standardization 2005). For the latter, the neutralized samples were in contact at 15 °C
with the bacteria, and the bioluminescence was measured after 5, 15 and 30 min in a
Microtox Model 500 analyzer (Modern Water). The residual H.O- concentration along
the oxidation experiments was measured according to the method developed by Sellers
(Sellers, 1980); for that a HEAIOS y spectrophotometer (from Thermo Electron
Corporation) was used for measuring the absorbance at 400 nm of the yellow-orange
complex formed after the reaction between the hydrogen peroxide with titanium oxalate
(V).

4.3 Results and discussion

Table 4.1 reports the characterization of the real industrial wastewater before treatment.
The WW has a high organic load (COD above 7000 mgO-/L)), and low biodegradability
(represented by the low BODs:COD ratio - 0.007). The low biodegradability is associated
with the presence of organic chemical toxic species (not identified in this study), which

limits the application of biological treatments.

So, taking into account the features of this real WW, it was decided to evaluate the
feasibility of the Fenton’s treatment process using bubbling reactors. The results about
the effects of the main operating parameters of the Fenton’s oxidation in the WW

treatment are reported and discussed in the following sections.
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Table 4.1 Characteristics of the real industrial wastewater before and after the Fenton and photo-
Fenton processes under optimal conditions (removal efficiencies are shown between brackets).

WW treated by WW treated by

- Emission
Parameters Original WW  Fenton’s photo-Fenton’s
o o limit value®
oxidation* oxidation**

pH 4.6 6.9° 7.1° 6.0-9.0
Turbidity (NTU) 8.90 0.05 (99 %) 0.03 (99 %)

TSS (mg/L) 52.4 250.3 248.2 60

BODs (mg O2/L) 47 60 n.d.c 40

COD (mg O2/L) 7019 1193 (83 %) 772 (89 %) 150

DOC (mg CIL) 2482 1290 (52 %) 512 (79 %)
BODs:COD 0.007 0.04

Vibrio fischeri
inhibition 30 min. (%0)

0.00 0.00 0.00 -—-

*Treatment performed in the bubbling reactor using continuous bubbling of air at 1.0 L/min.
* Treatment performed in the photo-reactor with mechanical stirring (250 rpm).

aPortuguese legislation for discharge of wastewaters (ordinance no. 236 of August 1, 1998).
b pH after neutralization.

°n.d. - not determined.

4.3.1 Effect of reaction parameters

A parametric study was performed to evaluate the effect of primary reaction conditions

of the Fenton’s process, namely reagents (H.O, and Fe?*) concentration, and initial pH.

4.3.1.1 Effect of the oxidant dose

The H,O, concentration is an essential parameter of the Fenton’s process. The
optimization of H,O, dose is responsible for ensuring enough amount of oxidant for an
efficient formation of HO® species by Fenton’s reaction (Eq. 4.3). Besides, its
minimization represents a reduction of costs and reagents for processes in WWTPSs,

notably when the WW contains a high organic load.

The range of oxidant doses was calculated from the theoretical stoichiometry required
based on the initial COD of the WW (Deng and Englehardt, 2008; Lucas and Peres,
2009). The stoichiometric H.O, concentration obtained (14.9 g/L) represents the value

needed to perform the complete removal of the COD present in the WW. Oxidant doses
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in the range of 0.5 - 1.7 as compared to the stoichiometric one have been employed.
The initial catalyst concentration was calculated to obtain a [Fe?*]:[H.O;] ratio (w/w) of
1:20 (value recommended by other authors (Pérez et al., 2002; Torrades et al., 2003)),
yielding 0.75 g/L of Fe?*. The initial pH of the liquid was the original of the WW (pHo ~
4.6, cf. Table 4.1).

Figure 4.1 reports the influence of the hydrogen peroxide concentration, showing that
when the oxidant dose was increased above 20 g/L, 43% of DOC removal was achieved
after 5 min, regardless of the H,O, dose (hamely 22.5 or 25.0 g/L — Fig. 4.1a). For all the
doses tested, the WW mineralization was initially fast, with a low increase until the end
of the process. For doses below the stoichiometric one, the DOC removals decreased
to 37 and 25 % at the end of the process when H,O, concentrations of 12.5 and 7.5 g/L
were dosed, as a consequence of the low formation of HO* species along the treatment
process. The maximum DOC removal was achieved when 22.5 g/L of H,O, was dosed,
being the mineralization reached 52 % at 60 min. Above this value, the difference of
DOC removal was negligible, which could indicate the onset of scavenging reactions of
the HO® formed with excess HO. (Eq. 4.5) (Walling, 1975), reducing the amount of

oxidizing species available for mineralization.
H202+HO.—>H02.+H20 (4.5)

For all H,O, doses tested, the pH decreased abruptly at 5 min of reaction, but the
acidification was steeper when dosing above 15 g/L of oxidant (from pH 4.6 to 1.98 - Fig.
4.1b). A similar result was reported by Guerreiro et al. (2016) for the treatment of
sugarcane vinasse when a range of 14.5 to 25 g/L of H,O; was tested (in a batch reactor
with mechanical stirring). The pH reduction along the reaction is commonly associated
with the formation of intermediate species (Esteves et al., 2019), probably organic acids
(i.e., short-chain organic acids) that result from aromatic organic compounds
degradation (Zazo et al., 2005).

In spite of the high doses of oxidant, the H.O, consumption was fast for all runs, being
nearly entirely consumed (> 95%) at 30 min of the process (Fig. 4.1c); a similar trend
was reported by Esteves et al. (2019), whom used 25 g/L of H>O- for the treatment of
high-strength olive mill wastewater. Without H»O., available, the oxidation was
considerably slowed down, as can be seen in the DOC removal and pH profiles, which
show a plateau after ca. 15-30 min; for this reason, it was decided to stop the runs after
60 min. It is noteworthy that for the treatment of real WWs with high organic loads by

Fenton’s oxidation are usually required high H.O- doses, as also reported by Gulkaya et
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al. (2006) whom employed above 90 g/L of H.O: for the treatment of a carpet dyeing
WW with a similar DOC concentration (2400 mgC/L).
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Figure 4.1 Influence of oxidant dose on the evolution of the DOC removal (a), reduction of pH
(b), consumption of H202 (c), and temperature profile (d) along the oxidation process, and COD
removal (e) after the WW treatment (t = 60 min) performed in the bubble reactor. Experimental
conditions: [Fe?*] =0.75 g/L, pH = 4.6, V=0.5 L, Tret. = 25 °C, and Qair = 1.0 L/min.

Due to the range of H>.O- doses, a change in the temperature profile along the reactions

was observed (Fig. 4.1d). Regardless of the oxidant dose, a fast increase in the

temperature was observed. For the Fenton’s process, the increase of temperature is
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strongly associated with the following (exothermic) reactions: 1) HO' formation (Eqg. 4.3)
and 2) oxidation of organic compounds by HO" (Egs. 4.1-4.2). So, the fast HO* formation,
summed to a significant mineralization of a complex and heavily charged WW, releases
enough heat which increases the temperature of the liquid phase. For this study, this
effect was most notorious in the runs with H.O. doses above 20 g/L, which provided
increases of temperature that reached 5-6 °C above the reference temperature (Trer =
25 °C). Similar behaviour was reported by Martinez et al. (2003) for the treatment of an
extremely polluted industrial wastewater by the Fenton’s process (in a reactor with
mechanical stirring), whom observed a “quick boiling” of the liquid phase due to the
increase of the temperature when using a high H2O; load (5 M, which corresponds to
170 g/L). Even though this AOP is known to be exothermic, the thermal profile is not
usually reported in the literature, but can be an important issue to take into account in
what concerns safety operation of chemical reactors in WWTPs, particularly during

oxidation of effluents with a huge organic load, which might be considerably exothermic.

Regarding the COD removal in the overall treatment (i.e., after 60 min), Fig. 4.1e shows
that it increases with the oxidant dose, but for 25 g/L of H,O. the benefits are almost
negligible. So, the dose of 22.5 g/L (providing 83% of COD removal) was selected as

the optimal one for subsequent runs.

4.3.1.2 Effect of the catalyst dose

A series of experiments were carried out to determine the best catalyst concentration for
the WW treatment. Data along process time are shown in the Appendix section (Fig. A.
2.1), while Fig. 4.2a) reports the influence of the catalyst concentration in the overall
DOC and COD reduction.
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Figure 4.2 Effect of the catalyst dose (a) and initial pH (b) on the WW treatment (t = 60 min)
performed in the bubble reactor. Experimental conditions: [H202]a) and by = 22.5 g/L, [Fe?*]y) =
0.75 g/L, pHa = 4.6,V =0.5 L, Trer. = 25 °C, and Qair = 1.0 L/min.

For the process without catalyst ([Fe?*] = 0.00 g/L), more than 10 % of DOC was removed
quickly within 5 min of treatment (Fig. 4.1a). After this time, the mineralization increased
a little bit reaching 13 % after 60 min (Fig 4.2a), due to the low oxidation potential of the
H.O, (1.77 eV (Papadopoulos et al., 2007)) and the absence of radicals being formed
when H»0; is used alone, without catalyst. The maximum DOC and COD removals after
60 min of treatment (52 and 83 %, respectively) were observed for the dose of 0.75 g/L
of Fe?*, in spite that minor differences were obtained for the other concentrations tested
(cf. Fig A.2.1a and Fig 4.2a)). The reduction of the process efficiency observed for the
highest catalyst dose may be associated with the parallel scavenging reaction between
the Fe?* in excess and the formed HO" (Eq. 4.6) (Walling, 1975).

Fe?*+HO >Fe**+HO" (4.6)

For the run with only H.O,, the pH reduced a little bit (Fig. A.2.1b in the Appendix
section), while for all Fenton’s experiments the medium acidification was similar
regardless of the iron concentration (Fig. A.2.1b), which reflects the low influence of the
catalyst dose under the range tested. It was found by complementary blank runs that the
pH decrease is mostly due to the organics oxidation and not to the iron salt addition to

the medium (data not shown).

Regarding the evolution of H,O- along the processes, for the experiment without iron the
oxidant concentration only slightly decreased, remaining more than 15 g/L at the end of
the treatment (Fig. A.2.1c). On the other hand, for all Fenton’s runs in the presence of
iron the reduction of the H.O, concentration was fast, being slightly steeper for the
superior Fe?* dose, in which the full nearly complete oxidation consumption was
achieved after 30 min (Fig. A.2.1c).

Finally, the thermal profiles were also similar for all Fenton’s runs (Fig. A.2.1d), due to
the also similar mineralization histories, while for the experiment using only hydrogen

peroxide, the temperature increase was negligible (Fig. A.2.1d).

4.3.1.3 Effect of the initial pH

Further experiments were carried out to evaluate the influence of the initial pH in the WW
oxidation, which was adjusted in order to obtain a range between 3.0 to 5.0 (a pH range

ideal for Fenton’s oxidation (Bautista et al., 2008)). However, the pH did not show any
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significant effect on the overall DOC and COD removals, i.e., after 60 min of oxidation
(Fig. 4.2b).

Data along process time are shown in the Appendix section (Fig. A.2.2). It was found
again that the reduction of DOC reached to a similar removal (above 40 %) after 5 min,
increasing slowly until 60 min of the process regardless of the initial pH (Fig. A.2.2a).
Similar patterns were found in terms of pH reduction (Fig. A.2.2b) that was very quick at
5 min of process time, reaching values as low as 1.8, but remained nearly the same for
longer reaction times, whatever the initial pH of the WW. The consumption of the oxidant
(Fig. A.2.2c) was also similar, reaching almost full consumption after 60 min of treatment.
Finally, the temperature profile (Fig. A.2.2d) along the runs followed the same overall

trend.

For the following experiments, the pH was the original one of the wastewater (4.6), which

decreases the costs with chemicals for the WW treatment process.

4.3.2 Influence of the reactor parameters

Some factors could affect the phenomena inside the BR along the treatment process,
for example, the gas flow rate (and inherently the gas velocity), the composition of the
gas phase, and the bubble size (Lima et al., 2018a). Taking into account the technical
restrictions of the BR configuration, only the effects of air flow rate and gas phase

composition were evaluated, and the gathered results are reported in the next sections.

4.3.2.1 Influence of the air flow rate

For the WW treatment herein addressed, the gas bubbling will be the main parameter
responsible for the mixing inside the reactor (Lima et al., 2018b; Rodrigues et al., 2018a).
The mixing rate is a limiting factor for the HO® formation, and it is strongly associated
with the continuous production (and consumption) of HO® along the oxidative process
(Farshchi et al., 2019). So, the determination of the appropriate air flow rate is essential

to regulate the treatment process in a BR.

To evaluate the influence of the air flow rate, experiments were carried wherein this
parameter was changed in the range between 1 to 5 L/min of air (see Fig. A.2.3 in the
Appendix A.2.2 for data along time). For the DOC removal (Fig. A.2.3a), reduction of the
pH (Fig. A.2.3b), and oxidant consumption (Fig. A.2.3c), almost no differences have

been noticed when the air flow rate was changed. So, one can anticipate that the BR
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had a similar performance showing an excellent mixing along the process, as reported
in other similar previous studies (Lima et al., 2018b; Rodrigues et al., 2018a). On the
other hand, it is known that the increase of the air flow rate promotes the rise of the gas
velocity inside the liquid phase, increasing the turbulence inside the BR, thus affecting
the heat transfer rate (Kantarci et al., 2005). However, from the temperature profiles
obtained (Fig. A.2.3d), one can conclude that in the range tested, the air bubbling did

not affect heat dissipation.

4.3.2.2 Effect of the gas phase composition

The gas phase composition is a fundamental parameter of AOPs performed in BRs, as
shown for ozonation (Lucas et al., 2009) and electro-Fenton (Nidheesh and
Gandhimathi, 2015) processes. For both cases, the gas supplied in the BR (O3 or Oy) is
responsible for contributing to the effluents oxidation (Deng and Zhao, 2015; Lima et al.,
2018a). So, the influence of the gas phase composition during the real WW treatment
by Fenton’s oxidation in the BR was evaluated. Oxygen (O2) and nitrogen (N.) pure
streams were selected for this study because these constituents are present in the air

stream previously tested.

Figure 4.3 reports the effect of the gas phase composition along the WW treatment by
Fenton’s oxidation with continuous gas bubbling under the previously identified best
operating conditions. The DOC removal (~ 51 % - Fig. 4.3a) obtained using air bubbling
was similar when the N. stream was bubbled (one should notice that nitrogen is the
major constituent of air, ca. 79%). However, when air was replaced by a pure O, stream,
the DOC removal increased achieving a reduction above 50 % after 5 min of reaction,
with a slight increase along the treatment time (Fig. 4.3a), demonstrating the influence
of O, for the degradation of organic matter under the conditions tested. It should be noted
that pure oxygen feeding, under the same gas flow rate, favours oxygen solubility. The
increase of DOC removal (reaching > 55 % after 60 min) could be associated with the:
1) oxidation of organic compounds by O; itself (oxidation potential — 1.23 eV (Legrini et
al., 1993)) and/or 2) formation of superoxide species (O>") produced through the reaction

between oxygen and Fe?" (Eq. 4.7).
O, +Fe** — Fe** + 0," 4.7)

In addition, the intermediate species could interact with the oxygen to form peroxyl
radicals (RO>) — Eg. 4.8 — an intermediate species that initiates organics degradation

through oxidation (Zhang et al., 2008) with HO® up to complete mineralization (Eq. 4.2).
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Figure 4.3 Influence of the gas phase composition (air, N2 or Oz) on the evolution of the DOC
removal (a), reduction of pH (b), consumption of H20:2 (c), and temperature profile (d) along the
oxidation process, and COD removal (e) after the WW treatment (t = 60 min) performed in the
bubble reactor. Experimental conditions: [H202] = 22.50 g/L; [Fe?**] =0.75g/L, pH=4.6,V=0.5 L,
Tret. = 25 °C, and ans = 1.0 L/min.

Thus, a slight increase in the acidification (Fig. 4.3b) for the WW treatment with O, was
observed, and the consumption of H,O, was nearly complete after 30 min of reaction

(Fig. 4.3c), even if a slight increase of DOC removal until the end of process was
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observed. Regarding the temperature profile, a steeper increase was observed (above
9 °C) when O was used, reaching ~ 35 °C (Fig. 4.3d) under the same conditions of gas
flow rate, probably due to the increase of the mineralization under these conditions.
However, the COD removal after 60 min of treatment was similar (above 80%)
regardless of the gas phase composition (Fig. 4.3e), which might be due to the formation
of inorganic oxidation by-products.

Some effects on the Fenton process with O, and N2 had already been reported by Du et
al. (2006) and Du and Lei (2007); however, the continuous air bubbling for the treatment
of real wastewaters by Fenton’s oxidation was never reported. Even so, as demonstrated
by these authors and our data, the best efficiency of Fenton’s oxidation was reached
when O; was present in the liquid medium. Nevertheless, aiming for the application at
WWTPs, the use of gas bubbling using pure gas streams is more expensive. So, in the
next sections, the Fenton process is employed with continuous air bubbling under the

best conditions previously identified.

4.3.2.3 Influence of the mixing mode

The efficiency of the Fenton’s process is promoted by a good mixing of the liquid phase
(Farshchi et al., 2019), which can be reached through different strategies. Usually, the
Fenton’s process is performed with continuous mechanical stirring. To assess the
efficiency of the air bubbling along the Fenton’s process, the BR was compared with

another mixing mode, where air bubbling was replaced by mechanical stirring.

Figure 4.4 shows the influence of the reactor configuration (two mixing modes) in the
WW treatment by Fenton’s oxidation. It was observed that regardless of the mixing mode
(bubbling or stirring), the DOC removal was similar (Fig. 4.4a). The mineralization was
initially quite fast in both processes, and, for this reason, the reduction of the pH (Fig.
4.4b) and consumption of H>O (Fig. 4.4c) followed the same trends in both reactors.
The results reinforce the usability of the BR to ensure an effective and efficient mixing
along the Fenton process for the treatment of a real WW. Regarding the temperature
profiles (Fig. 4.4d), the results showed that they are considerably affected by the reactor
configuration employed. For the run with mechanical stirring, the temperature reached
by the liquid as a consequence of the oxidative process was superior (although almost
not affecting the mineralization — see Fig. 4.4a), reaching an increase of more than 17 °C
in only 5 min (Fig. 4.4d). After this time the temperature decreased slowly along the
process, never reaching Tt (25 °C), even after 120 min. In opposition, for the run with

air bubbling, the temperature increased only ~ 5 °C and the T, was achieved after 30
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min, allowing to conclude that the gas bubbling promoted an excellent heat transfer
along the treatment (a primary advantage of bubbling processes (Rollbusch et al., 2015;
Shah et al., 1982; Zehner and Kraume, 2000)), which is crucial in what concerns

industrial processes safety.

To evaluate the effect of the reactor configuration on the heat released along the HO®
formation (i.e., exclude the organics oxidation), two blank runs using only Fenton’s
reagent in water (under the same conditions tested for WW treatment) were carried out;
results are shown in Fig. A. 2.4. For both experiments, a change in the thermal profile
was observed due to HO® formation; however, a superior increase in temperature was
again registered for the mechanical stirring process. Although temperature increased
due to the exothermic Fenton reaction, degradation of organics is considerably much

more exothermal (compare temperature profiles in Fig. A. 2.4 and Fig. 4.4d).

So, considering that it was obtained a similar DOC and COD reduction for both
configurations (Figs. 4.4a and 4. 4e, respectively), the BR proved to be more efficient in
terms of thermal control during highly exothermic reactions, and this further increases
the interest in gas bubbling for WWTPs.
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Figure 4.4 Influence of the reactor configuration mixing mode on the evolution of the DOC
removal (a), reduction of pH (b), consumption of H20:2 (c), and temperature profile (d) along the
oxidation process, and COD removal (e) after the WW treatment (t = 60 min) performed in the
bubble reactor with and without air bubbling. Experimental conditions: [H202] = 22.50 g/L; [Fe?*]
=0.75 g/L, pH = 4.6, V=0.5 L, Tret. = 25 OC, Qairat Br = 1.0 L/min or Vbatch reactor = 250 ropm.

4.3.3 Scale-up to a bubble column reactor (BCR)

Considering the possible future application of the Fenton’s process with continuous air
supply in WWTPs, a scale-up from the BR to a BCR (with a capacity ca. 1 order of
magnitude higher) was performed. Due to experimental limitations, different air
dispersers have been used (i.e., a cylindrical gas diffuser in the BR, and a dispersive

plate with nine holes in the BCR), but with the same reactor diameter (9.8 cm).
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Figure 4.5 shows the results obtained with the scale-up. A very slight increase of the
mineralization was observed when the process was carried out in the BCR, being this
effect noticed after 5 min of reaction (Fig. 4.5a). However, the reductions of the pH (Fig.
4.5b) and H20: (Fig. 4.5c) were similar for both reactors. The temperature increase was
more pronounced in the BCR, being that after 5 min the temperature increased 9 °C
above T (Fig. 4.5d), demonstrating an effect of the bubble size and reactor aspects
ratios in the heat dissipation. The increase of the liquid volume in the BCR implied a less
efficient contact between the gas and the liquid phase, thus affecting the dissipation of
heat generated by the Fenton and oxidation reactions (both exothermic processes). In
spite of the change in the thermal profile, the COD removal was similar in both bubbling
reactors (above 80%) — Fig. 4.5e. So, it is concluded that the process was effectively
scaled-up, although larger scales are still required for application in WWTPs. Besides, it
is worth noting that this process has the advantage of being able to be applied in tanks
already equipped with bubbling systems, as in dissolved air flotation (Rubio et al., 2002)

and air stripping (Fang and Lin, 1988) units present in WWTPs.

The presence of solids in suspension in the raw WW (TSS ~ 53 mg/L) was detected,
which is possibly associated with the industrial process (cf. Table 4.1). The increase of
the TSS content after the Fenton’s process is related with the dosage of catalyst salt
used, yielding an iron-containing sludge. Turbidity of the WW was considerably
eliminated because coagulation occurs together with the Fenton’s process with
subsequent sedimentation of the flocs upon neutralization of the final effluent. Such final
effluent was non-toxic (0.0% of Vibrio fischeri inhibition) and its biodegradability
increased (BODs:COD raised from 0.007 to 0.04 — see Table 4.1). In spite of the high
reduction of organic matter (52% in terms of DOC and 83% in terms of COD), the COD
concentration at the end of this process (above 1000 mgO./L) was above the emission
limit value imposed by the decree-law number 236/98 of the Portuguese Legislation

(Portugal 1998)) for wastewater discharge, so another treatment process was required.
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Figure 4.5 Evolution of the DOC removal (a), reduction of pH (b), consumption of H20: (c), and
temperature profile (d) along the oxidation process, and COD removal (e) after the WW treatment
(t = 60 min) performed in the bubble column and in the bubble column reactor. Experimental
conditions: [H202] = 22.50 g/L; [Fe?*] = 0.75 g/L, pH = 4.6, Vatsr = 0.5 L, V atecR = 4.0 L Trer. =
25°C, Qar=1.0 L/min.

4.3.4 WW oxidation with UV-vis assisted processes

In order to obtain an effective treatment of the WW, the photo-Fenton process was
performed. Photo-Fenton’s oxidation is a process based on the formation of HO® species
by interaction of the Fenton’s reagents with UV-visible radiation (Eq. 4.9) (Gao et al.,
2013; Oturan and Aaron, 2014; Rodrigues et al., 2013; Will et al., 2004). Apart from that,
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one should also consider the photolysis of H.O. that also allows the formation of further
HO' species (Eqg. 4.10) (Haber and Weiss, 1934).

Fe>* + H,0 + hv— Fe?*+HO +H" (4.9)
H,0,+hv—2HO" (4.10)

The UV-assisted processes were carried out in a photo-reactor without air supply,
because the reactor configuration available did not allow an efficient gas bubbling, and,
as shown above, there is no increase in the mineralization using air bubbling along
Fenton’s oxidation under the conditions tested (see section 3.3). So, the process was
carried out with mechanical stirring at 250 rpm, and reagents concentrations used were

the same optimized for the Fenton process.
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Figure 4.6 Evolution of the DOC removal (a) along the oxidation processes and COD removal
(b) after the WW treatment (t = 60 min) performed using different AOPs (UV-vis, UV-vis/H20z,
Fenton, and photo-Fenton). Experimental conditions: [H202] = 22.50 g/L, [Fe?*] =0.75 g/L, | = 500
Wi/m2, pH =4.6,V=0.5L, Trr. = 25 °C.
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Figure 4.6 reports the influence of the different AOPs along the WW treatment.
Mineralization increased when the WW was treated with the photo-Fenton process,
reaching ~ 80% of DOC removal (Fig. 4.6a) and nearly 90 % of COD removal after 60
min (Fig. 4.6b). Regarding the treatment performed with the UV-vis radiation (without
any reagents — direct photolysis), the DOC removal achieved only 10% after 5 h of
treatment and increased to 30% when the treatment was realized with UV-vis/H,O: (Fig.
4.6a). The COD removal also increased with the UV-vis/H,O; process (Fig. 4.6b).

The photo-Fenton process under the conditions tested improved the characteristics of
the WW to values closer to the emission limits imposed in the Portuguese Legislation
(Portugal 1998) (cf. Table 4.1). However, the process must be optimized to further
improve its performance and reduce the Fenton’s reagents doses, thus inherently
decreasing the cost associated with the treatment process, which will be the aim of future

work.

4.4 Conclusions

Some insights about the treatment of real industrial wastewater using Fenton’s oxidation

in bubble reactors were presented in this study, being the main conclusions the following:

e In the parametric process study, it was verified that only the H2O> concentration
affected considerably the Fenton process efficiency in the BR (in the ranges
tested), reaching, approximately, 50 and 80% of DOC and COD removal,
respectively, under the best conditions found.

e The gas phase composition influenced the process, being that the maximum
DOC removal (56% after 60 min) was obtained when the Fenton process was
performed in the BR with continuous oxygen bubbling.

e The BR shows to be useful to perform the WW treatment by the Fenton process
and better temperature control was reached when compared with a classic batch
reactor with mechanical stirring.

e The scale-up for a bubble column reactor shows reproducibility and feasibility of
the process;

e The treated wastewater was more biodegradable and non-toxic, however, the
organic load, in terms of COD, exceeds the emission limits established in

Portuguese Legislation, requiring further treatment.
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e The photo-Fenton process under the same conditions improved considerably the
mineralization and allowed to remove nearly 80% of DOC after 60 min of

treatment.
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Part lll: Waste Gas Treatment

This part presents the experimental data relative to the treatment of a gas stream
containing a model volatile organic compound (toluene) by Fenton’s process in
bubbling reactors, and a study concerning the treatment of toluene gaseous
stream and a real wastewater simultaneously, by the Fenton’s process, in a
bubbling reactor.
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Chapter 5. Sequential Gas-Liquid Treatment
for Gaseous Toluene Degradation by
Fenton’s Oxidation in Bubble Reactors

Sequential Gas-Liquid Treatment by Fenton's Process

Bubbling Reactor
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e The toluene treatment by Fenton’s process was optimized;

e The absorption + oxidation process decreases when increased temperature;
e The liquid treatment stage increased the mineralization and biodegradability;
¢ Bubbling column reactor was selected to scale-up the process;

e The sequential gas-liquid treatment reached three gas treatment stages.

The contents of this chapter were adapted from: Lima, V. N., Rodrigues, C. S., and Madeira,
L. M. Sequential gas-liquid treatment for gaseous toluene degradation by Fenton’s oxidation

in bubble reactors. (2020). Journal of Environmental Chemical Engineering, 8(3), 103796.
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Abstract: A lab scale bubble reactor (BR) configuration was employed to
evaluate the degradation of gaseous toluene by Fenton’s oxidation under semi-
batch mode operation (i.e., with continuous gas bubbling in the liquid phase
where organics oxidation is carried out). A parametric study was performed for
evaluating the effect of Fenton’s process operating parameters, such as
temperature and concentration of Fe?* and H,Ox, in the removal of toluene from
the gas stream. The maximum amount of toluene transferred (0.041 mol per liter
of solution) was reached when the optimal conditions ([Fe**] = 2.5 mM, [H20;] =
20 mM, and T = 25 °C, at pH 3.0) were used after 120 minutes of reaction,
yielding the highest average toluene absorption rate (5.78 x 10-6 mol/L.s). The
treatment of the gas stream increased, however, the organic load in the aqueous
phase, so a subsequent treatment stage of the liquid was performed.
Additionally, a scale-up of the sequential gas-liquid treatment for a bubble column
reactor (BCR) was carried out for several cycles, up to almost 20 h. This strategy,
making use of the Fenton’s process for treating the toluene gas stream, with
intermediate liquid oxidation stages, allowed to reach more gas treatment stages,
while providing a final effluent that is non-toxic (0.0% of inhibition of Vibrio

Fischeri) and biodegradable.
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5.1 Introduction

The chemical industries discharge gaseous emissions containing volatile organic
compounds (VOCs) into the atmosphere, and thus severe problems for the air quality
are generated around the world (Lee et al. 2002; Cerqueira et al. 2003; Orlando et al.
2010). VOCs such as benzene, toluene, ethylbenzene, and xylene (BTEX) stand out as
chemical species that present severe risks to the environment and human health
(Durmusoglu, Taspinar, and Karademir 2010; Hinwood et al. 2007; Bolden et al. 2015;
Correa et al. 2012). Some of these compounds, e.g., toluene, exhibit high toxicity levels
(US EPA 2005), so they are sorted in the list of priority pollutants (US EPA 2014) that
should be removed. Therefore, measures must be taken to reduce the levels of these

pollutants in the atmosphere (Ciccioli 2011).

Regarding the technologies available for toluene (and all other BTEX compounds)
removal from gas streams, the literature reports the application of non-destructive
processes like adsorption (Daifullah and Girgis 2003; Standeker et al. 2009), absorption,
condensation, and filtration (Corsi and Seed 1995). Despite their proven efficiency on
BTEX removal, these methods only transfer the pollutants from the gas to another
phase, not providing an effective degradation; destructive processes are more

interesting, potentially minimizing the risks.

There are several destructive processes, but the advanced oxidation processes (AOPS)
have received increasing attention (Bekbolet 2011). The works presented in the open
literature report excellent performance of different AOPs for the removal of these
contaminants from liquid effluents (Oturan and Aaron 2014) by the action of oxidizing
species like HO® (hydroxyl radical). The Fenton reaction is one of the classic AOPs that
makes use of HO" (oxidation potential of 2.80 V (Legrini et al. 1993)) for pollutants
mineralization/degradation (Gligorovski et al. 2015). In such a process, the radicals are
formed through the catalytic decomposition of hydrogen peroxide (H-O-) by ferrous ion
(Fe?*) according to Eg. 5.1 (Barb et al. 1949; Walling 1975), which is regenerated
according to Eq. 5.2:

H,0,+Fe?* »OH +HO +Fe’* (5.1)
Fe®*+H,0,—Fe®*+H"+HOO' (5.2)

Fenton’s reaction has low risks since it makes use of environmental friendly reagents
and operates under moderate conditions of temperature and pressure — close to room
temperature and atmospheric pressure (Fenton 1894; Babuponnusami and Muthukumar

2014). The oxidation and mineralization of the organic polluting compounds (e.g., VOCSs)
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through the action of the hydroxyl radicals in a liquid medium yields oxidized products
as intermediate species, which can be subsequently oxidized up to CO» and water — Eq.
5.3 (Ramirez et al. 2007).

HO® (liquid ph HO® (liquid ph
VOCs Ho Maudpnase)  ducts — " M9PN) o +H,0 (5.3)

For these reasons, the Fenton process has been frequently applied to treat wastewaters
produced from many chemical processes (Pliego et al. 2015). Nevertheless, to treat
organic compounds present in the gas phase by the Fenton’s process, firstly one needs
to transfer the pollutants from the gas to the liquid. It is in the latter, which contains
Fenton’s reagents, that the degradation of the pollutants occurs; such a process can be
carried out in a bubble reactor (Handa et al. 2013; Tokumura et al. 2013; Lima et al.
2018).

The bubble reactors (BR) that are commonly employed in the chemical industries for
different processes (Kantarci et al. 2005) can be extremely efficient in gas streams
treatment by Fenton’s oxidation due to the good mass and heat transfer rates (Lima et
al. 2018). In addition, the BRs have the advantage of flexibility with different modes
operation, namely continuous (Rosales et al. 2009; Nidheesh and Gandhimathi 2015),
wherein the liquid and gas phases are fed co-current or counter-currently, or semi-batch
mode (Rodrigues et al. 2018), wherein the liquid phase is fed discontinuously and the
gas stream continuously. Thus, various alternatives of gas treatment may be performed
in BRs, ensuring new opportunities for AOPs and particularly for the Fenton process.
The effectiveness of VOCs (namely toluene) treatment in BRs by different AOPs has
already been reported for UV/peroxymonosulfate (Xie et al. 2019), UV/H20; (G. Liu, Ji,
et al. 2017), and photo-Fenton (Tokumura, Shibusawa, and Kawase 2013). However,
photo-reactors are required in such AOPs, which increases the cost of the treatment

process by the required UV-assisted oxidation.

The research in the field of gas streams treatment by Fenton’s oxidation has emerged
in the last decade, but only a few works have been reported in the open scientific
literature with focus on bubbling reactors (Zhao et al. 2014; Y. Liu et al. 2015; G. Liu,
Huang, et al. 2017; Guo et al. 2011). Even so, the treatment of toluene from the gas
phase by oxidation and the assessment of its implications, such as the formation of
intermediate compounds and the increase of the organic load which remains in the liquid
phase, has been only sparsely reported (Choi et al. 2014; Yan et al. 2016; G. Liu, Ji, et
al. 2017; Xie et al. 2019). Still, the effect of several important process parameters like
the reaction’s temperature were disregarded in most of the previous studies that address

the treatment of BTEX by Fenton (or photo-Fenton) processes in BRs.
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So, in this study, two different BRs operating in semi-batch mode were chosen to
evaluate the effects of the Fenton process on the treatment of a gas stream containing
toluene. Firstly, the optimization of the process was carried out in a lab-scale BR to
assess the influence of the main parameters of the Fenton reaction. Then, a scale-up
into a bubble column reactor (BCR) with a 10 times superior volumetric capacity was
performed, under the conditions optimized in the BR, to proof the concept at a larger
scale and particularly to proceed, for a longer time, with a sequential treatment with
intermediate stages of absorption + oxidation of toluene followed by the treatment of the
liquid effluent produced. To the best of our knowledge, there are no studies reported that

adopted this approach of sequential gas-liquid treatment in bubbling reactors.

5.2 Material and methods

5.2.1 Simulated toluene gas stream

The removal of the model compound (toluene) was evaluated using a simulated gas
stream containing toluene in air. Such stream was produced by the stripping of toluene
following the method described by other authors (Tokumura et al. 2008; G. Liu, Huang,
et al. 2017); for that, a clean air stream was bubbled into a 500 mL washing bottle
(Duran) containing pure liquid toluene (99 %, from JMGS) - see Fig. 5.1a. The
temperature of the solution was kept at 25 °C (using a Polystat CC1 thermostatic bath
from Huber) and kept slightly above atmospheric pressure. The air stream was supplied
continuously with an air pump (model air 550R plus from Sera Precision) at a flow rate
(Qair) of 0.5 L/min. Then, the concentrated toluene was taken to a mixing bottle where a
new clean air stream was fed at the same flow rate to dilute the toluene-containing
stream. The resulting gas that was fed to the bubbling reactors had a toluene
concentration of 0.04 g/L, for a total gas flow rate (Qgas) of 1.0 L/min. All gas flow rates

were measured at room temperature and atmospheric pressure.

5.2.2 Bubbling reactors

Fenton’s oxidation of the toluene-containing simulated gas stream was carried out in two
distinct acrylic reactors that were operated under semi-batch mode, at atmospheric
pressure: the first was a 0.9 L—capacity acrylic bubble reactor (BR) (Fig. 5.1b), and the
second a 9.0 L-capacity bubble column reactor (BCR) (Fig. 5.1c). Both reactors were

equipped with a temperature control system using water recycling through a thermal

131



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

jacket connected to a thermostatic bath (Polystat CC1 from Huber); this allowed keeping

the temperature constant along the process (+ 0.5 °C).
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Figure 5.1 Scheme of the experimental set-up for the treatment of gaseous toluene by the
Fenton’s process (a), and details of the bubbling reactor (b) and bubble column reactor (c).

The bubbling of the gas stream, in both the BR and BCR, was performed by gas
diffusers. In the BR, a cylindrical gas diffuser (coarse-grain inert stone with 2.5x1.4 cm,
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HxD, respectively) was placed axially centred, while in the BCR a dispersive plate with
holes of g = 0.5 mm was located in the bottom of the reactor (for more details please
refer to previous works (Rodrigues et al. 2018; Lima, Rodrigues, and Madeira 2018)). In
all runs, the gas stream containing toluene was continuously bubbled inside the liquid
phase. For the liquid phase treatment stages, a clean air stream was fed instead of
toluene at the same gas flow rate. In all the experiments the bubbling of toluene or clean
air promotes turbulence inside the reactor and has shown to be effective in liquid
homogenization, so no mechanical stirring was required. In such stages, no stripping of

organic oxidation products apart from toluene has been observed.

5.2.3 Fenton process procedure and process efficiency

indicators

Initially, the reactors were filled with a volume (Viiquid) of 0.5 L or 5.0 L (for the BR and
BCR, respectively) of distilled water (with a dissolved organic carbon — DOC — content
less than 0.1 mgC/L) and the desired temperature to be reached set in the control
system. Then, the pH was adjusted to 3.0 with 1 M H>SO. (99 %, VWR), which was
measured using a pH-meter (Inolab model pH level 2); this pH value was selected
because it is commonly recognised to be the optimum for Fenton’s reaction
(Babuponnusami and Muthukumar 2014; Deng and Zhao 2015). After pH adjustment,
the desired amount of ferrous sulfate (FeSO,4.7H-0, 99%, Panreac) was added. Finally,
the reactor was closed, and the desired volume of hydrogen peroxide (30 % w/v, VWR)
introduced; at the same time, the feeding of the toluene stream was started (this instant

corresponds to the initial reaction time - t = 0 min).

Along all runs, gas samples were periodically collected at the outlet of the reactors to
assess the presence of volatile compounds (toluene and gaseous organic intermediates
—e.g., benzene or ethylbenzene) in the gas phase. Apart from toluene, no other organic
products have been detected by GC in the outlet stream. The average toluene
absorption rate (N, in mol/L.s) by the liquid phase during a given time period of operation

(top) was calculated following Eq. 5.4:

t
— ans foop(cin'oout)dt

Mtoluenevreactortop

N

(5.4)

where Cin and Cou represent the gas inlet and outlet toluene concentrations, in g/L,

respectively, Qgas represents the gas feed flow rate, in L/min, Moiene Stands for the
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molecular weight of toluene, Vieacor represents the liquid phase volume inside the

reactor, in L, and t means the process time, in s.

On the other hand, the overall amount of toluene transferred (n — mol/L) was calculated

following Eq. 5.5:

t
= ans foop(cin'cout)dt

Mioluene Vreactor

(5.5)

The liquid phase was also sampled in pre-established reaction times. To measure the
residual H>O, concentration and the chemical oxygen demand (COD), samples were
immediately analyzed after sampling. The residual dissolved organic carbon (DOC) was
determined after stopping the homogeneous Fenton reaction in the sampling flasks with
an excess of sodium sulfite (98%, Panreac), which instantaneously consumes any

residual hydrogen peroxide.

The biodegradability and acute toxicity of the final liquid effluent were analyzed after pH
increase up to 10 using 5 M NaOH (99 %, Vencilab) to stop the Fenton reaction because
under such conditions H,O; quickly decomposes (Rodrigues, Madeira, and Boaventura
2014).

5.2.4 Analytical Methods

Toluene concentrations in the gas streams were measured by gas chromatography
(Agilent 7820A, column HP-5M S) with flame ionization detection (GC-FID). A sample of
50 pL of the gas was inserted into the GC injector using a manual gas-tight syringe
(Agilent). The injector, detector, and oven column were operated at 220, 250, and

100 °C, respectively. Helium was used as carrier gas at a flow rate of 25 mL/min.

DOC concentration (that represents the carbon fraction of the intermediate compounds
formed and accumulated in the liquid phase) was measured according to method 5310
D (APHA 1988) using a TOC-L analyzer (Shimadzu); this method is not enough to

determine the volatile carbon fraction in liquid samples.

COD was measured according to the closed reflux method (Method 5220 B (APHA
1988)) using a Nanocolor Vario 4 digester and a Nanocolor 500 D photometer (both
apparatus from Macherey-Nagel). These analyses were performed immediately after
collecting the samples, aiming to reduce the loss of volatile compounds that can remain

in the liquid.

134



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

Residual H>O. concentration in the liquid phase was determined by the potassium
titanium (IV) oxalate spectrophotometry method, being that the absorbance of the
complex formed at 400 nm (Sellers 1980) was measured in a Helios y

spectrophotometer (from Thermo Electron Corporation).

Biodegradability of the final effluent was quantified by the specific oxygen uptake rate (k’
— mgO2/gvssh), which was calculated from the ratio between the decline of the curve of
dissolved oxygen vs. time and the volatile suspended solids (VSS) of the activated
sludge (APHA 1988). For this procedure, biomass was collected from an activated
sludge tank of a municipal wastewater treatment plant. A biological oxygen monitor (YSI
Model 5300 B) was used to measure the consumption of dissolved oxygen in the

degradation of the biodegradable organic matter by the biomass at 20 °C for 30 min.

Acute toxicity of the liquid phase was measured in samples collected at the end of the
experiments, according to standard DIN/EN/ISO 11348-3 (ISO 2005), i.e., by inhibition
of the bioluminescent bacterium Vibrio fischeri. In this quantification, the bacterium was
put in contact with samples during 5, 15, and 30 min, at 15 °C, and after these periods,
the bioluminescence was measured in a Microtox apparatus, model 500 (Modern
Water).

All analytical methods were measured in duplicate, and the coefficient of variation was

less than 2% for DOC determination and 4% for the other parameters.

5.3 Results and discussion

5.3.1. Parametric study in the lab-scale BR

The optimization of the Fenton’s process for the treatment of a gas stream containing
toluene was carried out in this study. For that, a parametric study was performed
(operating the process in the lab scale BR), which aimed to evaluate the influence of the
process parameters (reaction’s temperature, Fe?* and H.O. concentrations) in the
transfer of toluene (gas-to-liquid), with its simultaneous oxidation in the liquid phase
(where Fenton’s reactants have been previously introduced). For all runs, the initial pH
was fixed at 3.0 because it was the optimum value for the oxidation of several pollutants
by the Fenton process, as mentioned above, although any effect of this parameter on

toluene mass transfer was noticed in the pH range of 3.0-5.0 (data not show).
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5.3.1.1 Influence of the reaction’s temperature

Two runs were carried out to evaluate the influence of the reaction’s temperature, being
chosen values of 25 and 40 °C. These reaction temperatures were selected because
they are in the optimal range (25 to 50 °C) reported in the literature for Fenton’s oxidation
(Lima et al. 2018). While temperatures below 25 °C could slow down the reaction rate
and the efficiency of the process (Wang 2008; Guedes et al. 2003), temperatures above
40 °C could induce the presence of water vapor and organics in the gas outlet stream
(compromising the GC analyses), and promote the self-decomposition of the hydrogen

peroxide (Lucas and Peres 2009).

First of all, it was evaluated the effect of temperature in the transfer of toluene from the
gas to the liquid phase; for that, blank runs (where the liquid phase was only water,
without any of the Fenton'’s reagents) were performed. Figure 5.2 a) presents the results
obtained in terms of the ratio between the toluene concentration in the gas phase at the
outlet and inlet of the BR (Cow(t)/Cin) along process time. For both temperatures tested,
just after 5 minutes of bubbling the presence of toluene in the outlet stream was
observed. This concentration (Coyu) continuously increased up to 32 and 45 min for 25
and 40 °C, respectively. Saturation of the water is reached at this point, i.e. when the
concentration at the outlet is equal to the inlet one. The mass transfer is associated with
the solubility of toluene in water, which depends on the temperature. Sanemasa et al.
(1982) reported solubilities of toluene in water of 0.516 g/L at 25 °C, close to that
obtained in this study under the same temperature (0.006 mol/L, equivalent to 0.59 g/L
— cf. Table 5.1). However, the solubility of VOCs increases with the rise of the
temperature. So, the time for saturation is higher for 40 °C; inherently, the amount of
toluene transferred per liter of solution (as well as the average absorption rate) increased
from 25 to 40 °C (Table 5.1), which is associated to the increase of the VOC

concentration in liquid phase (Xie et al. 2019).

136



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

: 15 .
1.0+ S0 e g e . ® TEBC
—_— — ® T=4070C
£ o ] = 12 1
Q o8 o 1 E
= e * o c le
3 . ¢ 2 o |
Gosy  ° - g
g ® t 1 i
3 8 &
o 0.4 1 Process at 25 °C b [=
> . < without reagents 8 : . i
@ i # Fenton's process | o~ 'Y L J .
5 0.2 Process at 40 °C ON 3{ o ¢ *
= 1 O without reagents I 1 ° . 4
Q 00{®e ® Fenton's process | *
[ 0 e
T T T v T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
(a) 0 15 30 45 60 7 90 105 120 (b) 0 15 30 45 60 75 90 105 120
time (min.) time (min)
3.2 250
® T=25°C ¢ T=25%C
e T=40°C 3200' e T=40°C
- U A
3.0 e =2
E 4
150
E c
S ‘ .
2.8+ =
g_ . = 100 .
4 5 4
] * 3 . *
2.6 . . . & 504 o e
i o e ¢
8 ]
a 0qe ]
24 T T T ¥ T T T T T T T u T T T v T T T T ¥ T T T T T T T T T T T ¥ T
0 15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120
time (min) time (min.)
(©) (d)

Figure 5.2 Influence of temperature in the toluene concentration at the outlet of the BR along the
blank runs (without reagents) and Fenton’s runs (a), and in the concentration of H20:2 (b), pH (c)
and concentration of DOC (d) in the liquid phase along time. Experimental conditions: V=0.5 L,
pHo = 3.0, T = 25 °C, and Qtoluene = 1.0 L/min, [H202]o when used = 10 mM, and [Fe2*Jo when used =
2.5 mM.

The effect of temperature (25 and 40 °C) in the simultaneous transfer and degradation
of toluene (absorption + oxidation) by Fenton’s reagent was assessed. In these two runs
the concentrations of H,O, and Fe?* were fixed at 10 and 2.5 mM, respectively, yielding
an Fe?":H,O.: molar ratio equal to 1:4, identical to that used in another study, where it
was treated a gaseous effluent containing BTEX by the homogeneous Fenton process
(Yan et al. 2016). While transferring toluene from the gas to the liquid, simultaneous
oxidation occurs in the latter due to the action of the hydroxyl radicals (Eq. 5.3),
increasing the driving force for further toluene transfer. In both experiments it was
observed that the toluene outlet concentration increased gradually along time, reaching
at 25 °C Cou(t)/Cin close to 1 at 75 min (against 60 min at 40 °C) of treatment (see Fig.
5.2 a), which leads to more toluene transferred for the liquid phase. The average

absorption rate for a fixed time increased almost two-fold when compared to the process
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without reaction (e.g. from 6.51 x 10® to 1.01 x 10° mol/L.s after 30 min at 40 °C, cf.
Table 5.1). As expected, the average toluene absorption rate along the reactions
decreased regardless of the temperature tested. Therefore, when Cou(t)/Cin reached 1.0
(Fig. 5.2a), the average absorption rate reduced to 4.90 x 10 and 5.19 x 10 mol/L.s at
25 and 40 °C, respectively — see Table 5.1. The overall amount of toluene transferred
per liter of solution was lower at 40 °C compared to the one reached at 25 °C (0.019 vs.
0.022 mol/L) because the process lasted less time (cf. Table 5.1). This is related with
the fact that the kinetics of the reactions are improved for higher temperatures (Guedes
et al. 2003), which leads to a higher amount of HO® radicals formed in a short time, and
to the rapid oxidation of the toluene (that was transferred to the liquid phase).
Consequently, an abrupt decrease in the concentration of hydrogen peroxide in the
agueous phase was observed (see Fig. 5.2b); so the oxidant was in solution less time.
Some authors reported that at higher temperatures the decrease of H.O, available is
driven by the acceleration of the molecular decomposition into O, and water (Guedes et
al. 2003; Lucas and Peres 2009). In addition, the reduction of the medium pH for the
process at 40 °C (Fig. 5.2c) was slightly faster, which proved the increase of the oxidation
rate. Actually, the acidification is often associated with the formation of carboxylic acids,
as described in other works (Qiu et al. 2014; Kavitha and Palanivelu 2005; Lima,
Rodrigues, and Madeira 2018), which are among the most refractory species formed
during oxidation of organic compounds (Martinez et al. 2007). This fact was corroborated
by the higher amount of organic compounds formed, possibly benzoic acid (reported as
intermediate of the toluene oxidation (Choi, Bae, and Lee 2014)) or short-chain organic
acids, in shorter reaction times and that remained in solution for the run at 40 °C, since
the DOC for a reaction time of e.g. 60 min was higher at 40 °C (150 mgC/L) than at 25
°C (~ 70 mgC/L) — see Fig. 5.2d. As stated above, it was found that the Fenton process
did not generate new organic pollutants in the gas phase, i.e., no gaseous intermediates
commonly reported in the literature (e.g., benzene or ethylbenzene) have been identified

in the outlet stream.
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Table 5.1 Experimental conditions, process duration, average toluene absorption rate, and
amount of toluene transferred after all experiments of the parametric study in the lab-scale
bubbling reactor.

Average absorption rate

Process Toluene
T [Fe**] [H20] _ (mol/L.s)
duration transferred
(°C) (mM)  (mM) _ _ Overall
(min) At 30 min (mol/L)
process
Gas treatment in the BR
Blank runs
25 32 4.99 x 10® 3.32x 10° 0.006
40 45 6.51 x 10°® 4.74 x 10 0.012
Fenton’s runs
25 25 10 75 8.17 x 10® 4.90 x 10 0.022
40 25 10 60 1.01 x 10° 5.19 x 10°® 0.019
25 0.0 10 35 5.38 x 10® 5.38 x 10°® 0.009
25 1.0 10 36 5.47 x 10® 4.56 x 10 0.010
25 2.5 10 75 8.17 x 10°® 4.90 x 10 0.022
25 5.0 10 64 7.22 x 106 3.69 x 10°® 0.014
25 2.5 5 36 5.76 x 106 3.87 x 10°® 0.008
25 25 10 75 8.17 x 10°© 4.90 x 10 0.022
25 2.5 20 >120 1.21 x 10° 5.78 x 106 0.041

5.3.1.2 Effect of the ferrous ion dose

Figure 5.3 reports the performance of the toluene treatment by Fenton’s oxidation using
different concentrations of iron (at 25 °C). In this study, an experiment using only H>O,
(10 mM) was performed, for which Cou increases quickly along the process (Fig. 5.3a).
The average absorption rate in the first 30 min and overall toluene transferred increased
slightly as compared to the blank run (only water without reagents), being that after 35
min, liquid saturation occurred (see Table 5.1). A reduction in the oxidant concentration
has been observed in the experiment without iron (Fig. 5.3b), which can be due to the
hydrogen peroxide self-decomposition, stripping and consumption in the oxidation
process. Actually, a very low accumulation of organic species occurred (represented by
the DOC concentration that reached only ca. 10 mgC/L after 30 minutes (Fig. 5.3d)).
This minor increase in the organics concentration in the liquid phase might be ascribed
to the much smaller oxidation potential of the H.O5 (i.e., 1.78 V (Legrini et al. 1993)) as
compared to the hydroxyl radical (i.e., 2.80 V (Legrini et al. 1993)). For that reason, the

pH remained nearly constant during the process (Fig. 5.3b).
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Figure 5.3 Effect of the catalyst dose in the toluene concentration at the outlet of the BR (a), and
in the concentration of H202 (b), pH (c) and concentration of DOC (e) in the liquid phase along
Fenton’s reaction time. Experimental conditions: V =0.5 L, pHo =3.0, T =25 °C, [H202]o = 10 mM,
and Qtoluene = 1.0 L/min.

For all catalyst concentrations tested, Co.: increased along reaction time until reaching
the liquid's saturation. This time increases with the dose of iron up to 2.5 mM (t = 75 min)
and then decreases for a higher catalyst dose (down to 64 min) — see Fig 5.3a, leading
to a higher amount of toluene transferred per liter of solution for 2.5 mM (0.022 mol/L)
against 1.0 (0.010 mol/L) and 5.0 mM (0.014 mol/L) of Fe?" — see Table 5.1. As
compared to the blank run (water without any reagents), when employing increasing iron
doses the process time is enlarged because the driving force for toluene mass transfer
is increasingly favoured by the higher amount of HO® species formed in the liquid,
inherently increasing the average absorption rate (Table 5.1). The inversion observed at
5 mM of ferrous ion may be explained by scavenging of the hydroxyl radicals by the
excess of iron in solution (Eqg. 5.6) (Walling 1975); this promotes the decrease of the
oxidative species available to degrade the toluene transferred and consequently the
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amount of oxidized compounds formed in the liquid phase decreases for 5 mM of Fe?* —
cf. Fig. 5.3d.

HO' + Fe** - HO™ + Fe*' (5.6)

The concentration of H.O, that remained in solution along the process was similar for
both 1.0 and 2.5 mM of catalyst (Fig. 5.3b), being that more than 60% of the H.O, dosed
was consumed in the first minutes of reaction. However, the largest reduction in the H20,
concentration was observed when using more catalyst ([Fe?*] = 5.0 mM), reaching a

consumption above 75% in the first 5 min (Fig 5.3b).

During Fenton’s reaction, the pH of the medium decreased up to 60 min and then
remained nearly constant (see Fig. 5.3c). As previously mentioned, the acidification of
the medium along the Fenton process is associated with carboxylic acids formations; for
this reason, some authors report this parameter to be indicative of the oxidation stage
along Fenton’s reaction and a way to indirectly follow the process. Yet, the addition of
the iron sulfate also promotes acidification of the medium. The highest reduction of pH
observed for the highest iron dose may be associated with the increased amount of
ferrous species added. Regarding the organic compounds formed along the process,
the DOC was similar for all concentrations tested (Fig 5.3d), reaching values ranging
from 90 to 120 mgC/L for 1.0 and 2.5 mM of Fe?*, respectively, at 120 min of reaction.
The optimum Fe?* dose found corresponds to a [Fe?']:[H.02] molar ratio of 0.25, the
same of the study by Liu et al. (G. Liu, Huang, et al. 2017) when treating a gas stream

containing benzene by Fenton’s oxidation.

5.3.1.3 Effect of the oxidant dose

Figure 5.4 reports the performance of Fenton’s oxidation to degrade toluene using
different H,O, concentrations. An experiment using only [Fe?*] was not performed, taking
into account that G. Liu, Huang et al. (2017) did not report any effect of it on the VOCs
mass transfer to an aqueous FeSO. solution; still, no oxidation at all should occur without
oxidant present in solution. When increasing the H.O, dose, the time to reach the
solution saturation increased (Fig 5.4a), reaching the highest amount of toluene
transferred (and toluene absorption rate) for an H.O, dose of 20 mM - Table 5.1; so, the
performance of the overall treatment increased. Similar results were reported by G. Liu,
Huang, et al. (2017), who observed an increase in the removal of benzene from the gas

phase when more oxidant was dosed.

141



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

25
= [H,0,]=5mM
1.0 4 Og # B o ¢ o b 4 [H,0]=10mM
Ss o5 @ N A g 2044 A [H,0,]=20 mM
hé ' * * A R §-
2 N € 15 i
o’ 06 ¢ *u 1 2
] g Ao & =
° = i
Eo4] = ] 5 10 . |
§ 5 .
@ ool < without reagents | O 54m A
s - ® [HO]=5mM o ** e ., .
= ] ¢ [HO]=10mM ed e
C 00 @ 4 [H0,]=20mM - o4 " " " . |
T ¥ T T T T T T T T T T T T T T T T T T T T
0 30 60 90 120 160 0 30 60 90 120 160
(a) time (min.) (b) time (min.)
32 500
= [HO]=5mM ® [H0,]=5mM
& [H0]=10mMm | - 1 * {:zgz} = ;g mm
; O 400 4 MHoj=20m
30de A [H0]=20mMm = i
i E A
i . £ 300+
2.8+ - = ]
T S
S o 1A £ 200+ -
* A ] @
g A *
2.6 . . _
] g 100+ s e
O
3 |
[a] 0= i
24 T ¥ T ¥ T T T T T T T T T T T T M T T T T T T T
0 30 60 90 120 150 0 30 60 90 120 150 180
time (min) time (min.)
(©) (d)

Figure 5.4 Effect of the oxidant dose in the toluene concentration at the outlet of the BR (a), and
in the concentration H202 (b), pH (c) and concentration of DOC (d) in the liquid phase during
Fenton’s reaction time. Experimental conditions: V=0.5L, pHo = 3.0, T =25 °C, [Fe?']o = 2.5 mM,
and Qtoluene = 1.0 L/min.

Regardless of the oxidant concentration added, the reduction of the H.O, available was
fast in the first minutes of reaction (Fig 5.4b), being that in the experiment carried out
with 5 mM of H,O, it was completely consumed in only 30 min of reaction —
approximately the same time that Cou(t)/Cin = 1 was reached (see Fig 5.4a). Meanwhile,
when increasing the concentration of H.O2 to 20 mM, more than 75% of the oxidant was
consumed after 60 min of reaction, but its concentration was continuously reduced until
120 min. In this experiment, the process was interrupted at 120 min because it was
observed a high formation of intermediate compounds, which increased the turbidity of
the liquid phase and provoked the formation of a dense foam that compromised the GC
analyses of the outlet gas stream. For this reason, Cou(t)/Cin did not reach the maximum
value of 1. The pH reduction in the liquid phase was more significant when the H,O,
dose was increased up to 10 mM (Fig 5.4c), so it is expectable that more carboxylic

acids have been formed in such run. For 20 mM of H,O,, equivalent to an [Fe?*]:[H.Oz]
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molar ratio of 0.125, it is expectable (according to other reports) that the oxidation rate
and mechanism change, favouring the formation of intermediate compounds with higher
molecular weight (as, for example, cresol and benzaldehyde (Long et al. 2014;
Tokumura et al. 2013; Choi et al. 2014), and hydroquinone (Ardizzone et al. 2008)) that
remain in the liquid phase along the treatment, and do not induce such a strong medium
acidification. Consequently, the DOC concentration in the liquid phase increased along
the treatment process, and for the experiment that was carried out with the highest
concentration of H.O, (20 mM), it was reached a DOC level of ~ 340 mgC/L after 120

min of Fenton’s process (see Fig 5.4d).

It is worth noting that no H2O- concentrations above 20 mM were tested because of the
high amounts of organic compounds formed in the liquid phase under such conditions,
which produced the problems reported above; moreover, it would increase the operating

costs. Therefore, the H,O, concentration was fixed at 20 mM for the next runs.

The partial (or incomplete) mineralization of the toluene along the Fenton process had
already been reported, and some authors point out the accumulation of intermediate
compounds in the liquid phase as a drawback of the discontinuous process (Moulis and
Krysa 2013), advising the use of a continuous operation system or recycling of the liquid
phase. In our work, the organic load of the liquid effluent (COD > 850 mgO./L) was
clearly above the maximum emission limit (COD = 30-100 mgO./L) required by the
Commission Implementing Decision (EU) 2016/902 under Directive 2010/75/EU of the
European Parliament and of the Council (Directive 2010; 2016). Therefore, we decided
to perform intermediate stages of liquid treatment, as discussed in the following section.
Decreasing the organic load of the aqueous phase would also provide the opportunity
for new (subsequent) cycle(s) of toluene transfer, allowing for a continuous process

operation in the same device — such possibility will be also addressed hereinbelow.

5.3.2 Sequential treatment of the gas stream containing toluene

and liquid effluent produced

5.3.2.1 Sequential treatment in the lab-scale BR

In order to reduce the organic load that remains in the liquid effluent after treatment of
the toluene-containing gas stream under the best conditions reported above (i.e., [H20:]o
= 20 mM, [Fe?*]o = 2.5 mM, and T = 25 °C), a liquid phase (effluent) treatment was

performed. In this new stage, i.e., after stopping the treatment of the gas containing
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toluene, air bubbling was started to promote mixing. Afterwards, one more entire cycle
was carried out — gas treatment stage with subsequent oxidation of the liquid.

Figure 5.5 reports the performance of Fenton’s oxidation along the gas-liquid treatment
stages (2 cycles, 4 stages in total). The first toluene treatment stage (stage 1) replicated
efficiently the results obtained using the optimized conditions (see the previous section
and results shown in Tables 5.1 and 5.2). Effectively, Cou increased until nearly 120 min
(Fig 5.5a). During this time H»O, had been fully consumed (Fig 5.5b), while the DOC
accumulated in the liquid phase reached almost 350 mgC/L (Fig. 5.5c); then, the gas
treatment was finished. Considering the COD concentration accumulated in the liquid
(932 mgO./L — Table 5.2) and the full oxidant consumption on stage 1, more H>O,
(58 mM, calculated by the stoichiometric amount required for the complete oxidation up
to CO; of the remaining organic matter (Lucas and Peres 2009)) was added to the
effluent to proceed with the liquid treatment (stage 2). In the meantime, toluene bubbling
has been replaced by air bubbling (at the same flow rate) that ensures efficient mixing,
as reported before (Lima et al. 2018; Rodrigues et al. 2018). During the 2" stage, the
concentrations of H.O, (Fig 5.5b), DOC (Fig 5.5¢) and COD (see Table 5.2) were
gradually reduced. The DOC and COD removals reached 25 % and 63 % at the end of
stage 2, respectively; besides, the biodegradability of the effluent produced increased
from 33.0 (end of stage 1, or beginning of stage 2) to 93.5 mgO./gvssh (cf. Table 5.2).

Taking into account the characteristics of the effluent at the end of the 2" stage, a new
toluene treatment (stage 3) was started in order to evaluate also the performance of the
overall process (toluene absorption and Fenton’s oxidation) in a liquid phase containing
organics. For this, the same H>O, concentration (58 mM) was added, and the toluene
bubbling was initiated again. It is worth noting that, for the sequential process, no more
catalyst was added, because the iron dissolved in the liquid phase (FeSO. was added
at the beginning of stage 1) is regenerated. So, the application of a sequential treatment
reduces the formation of iron sludge. The toluene bubbling lasted 30 min only, i.e., when
Cout reached the feed concentration (Fig 5.5a); in this period, H>O, was gradually
consumed, remaining nearly 48 mM in solution at the end of this step (Fig 5.5b). The
DOC concentration accumulated in the liquid phase reached 396 mgC/L (Fig 5.5c), while
the COD concentration reached 477 mgO./L (Table 5.2) by the end of stage 3. So, the
2" liquid treatment cycle (stage 4) was performed, but in this case, no further oxidant
was introduced in the reactor, making use of the remaining one. During this last stage,
a gradual reduction in the H>O, concentration down to 10 mM after 2.5 h of treatment
was observed (Fig 5.5b). Simultaneously, the DOC concentration was reduced to
224 mgC/L (Fig 5.5c¢), and the COD to 376 mgO./L (Table 5.2); the performances
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reached during the 2" liquid treatment stage represent a reduction of more than 21 %
in terms of COD, and a mineralization of 43% (see Table 5.2). The treatment process
was interrupted when the oxidant consumption was reduced to a very low rate. It is
noteworthy that the final effluent produced was non-toxic and the biodegradability further
increased, up to 103.3 mgO2/gvssh (Table 5.2).
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Figure 5.5 Performance of the sequential gas-liquid treatment in the BR in terms of the toluene
concentration at the outlet of the BR (a), and concentration of H202 (b) and DOC (c) along the
Fenton process. Experimental conditions: V = 0.5 L, T = 25 °C, pHo = 3.0, [Fe?]o = 2.5 mM,
[H202]o = 20 mM, and Qtoluenerair = 1.0 L/min.
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Table 5.2 Gas treatment stages indicators, and characterization of the liquid effluent (and its
treatment efficiency) along the sequential gas-liquid treatment in the bubbling reactor.
Gas treatment stages indicators

Duration of Average absorption rate Toluene
Stage the treatment (mol/L.s) transferred
stage (min) At 30 min  Overall process (mol/L)
1% toluene
treatment stage 120 1.24 x10° 5.81 x 10° 0.041
(Stage 1)
2" toluene
treatment stage 30 5.57x10°® 3.71x10° 0.009
(Stage 3)
Liguid characteristics and its treatment efficiency
COoD DOC Biodegradability Acute toxicity?
Stage (mgO2/L)* (mgC/L)!  (mgOa2/gvssh) (%)
Beginning of
stage 2 932 346 33.0 0.0
End of stage 2 339 [63 %] 258 [25 %] 93.5 0.0
Beginning of
stage 4 477 396 64.4 0.0
End of stage 4 376 [21 %] 224 [43 %] 103.3 0.0

1 9% removal values of the liquid treatment stages shown between square brackets.
2Value of % inhibition of Vibrio Fischeri at 30 min of contact time.

In what concerns the levels of toluene absorption rate and amount of toluene transferred
to the liquid, both decreased from the 1% to the 2" gas treatment stage — Table 5.2.
These results indicate an adverse effect towards toluene absorption due to the presence
of organic matter in the liquid phase after the 1% cycle of treatment. Even so, the
proposed sequential treatment, i.e., a gas treatment stage followed by a liquid treatment

stage, has shown to be effective in toluene treatment by Fenton’s oxidation.

Upon the proof-of-concept of the sequential gas-liquid treatment, it was decided to work
with a bubbling reactor with a higher volumetric capacity in order to extend the sequential
treatment process for several cycles. So, a scale-up from the BR (0.5 L) to a BCR (5.0
L) was considered, i.e., using 10 times more of liquid volume. The sequential toluene-
liquid treatment was carried in the BCR, also aiming to enable adequate liquid sampling
throughout the treatment (therefore reducing possible effects associated to volume

reduction), and the results obtained are described in the following section.
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5.3.2.2 Sequential treatment in a BCR

Figure 5.6 reports the sequential gas-liquid treatment in the BCR. The gas-liquid
treatment stages were sequentially numbered, so that after each gas (toluene) treatment
stage (1, 3, and 5), a liquid treatment stage occurred (2, 4 and 6), as reported in section
3.2.1 for the BR. During the gas treatment stages, toluene bubbling was kept, while
during each liquid treatment stage, the gas (toluene) was replaced by clean air at the

same flow rate.

To start the 1% gas treatment stage the experimental conditions optimized in the
parametric study (reported in section 5.3.1) were adopted — pHo = 3.0, T = 25 °C, [H202]o
=20 mM and [Fe?*]o = 2.5 mM.

Along the 1% toluene treatment stage (stage 1), Cou increased gradually (Fig 5.6a), while
the H.O> concentration (Fig 5.6b) and pH (Fig 5.6¢) decreased along the process.
Inherently, both DOC and COD accumulated in the liquid along this gas treatment stage,
reaching values above 200 mgC/L and 700 mgO./L (Fig 5.6d), respectively. The
treatment stage was stopped after 2 h, and at this time, the toluene transferred reached
0.008 mol/L (Table 5.3). At this point, the 1% liquid treatment step (stage 2) was initiated
making use of the remaining H20: in the solution, and the treatment was extended for
more 2 hours. Along the first 15 min of this 2" stage, it was observed that Co. decreased
quickly down to zero (Fig 5.6a) as a consequence of the air bubbling that promoted the
stripping of the dissolved toluene not yet converted. Therefore, for the effective treatment
of the toluene transferred, in future works one should consider other strategies to recover
and oxidize such lost toluene (e.g., by gas recirculation). Even so, some oxidation of the
organics present in the liquid should have occurred, as proved by the slight reduction of
pH (from 2.60 to 2.53 — Fig 5.6¢) and H»O; concentration (which was fully consumed —
Fig 5.6b), while the COD concentration decreased a little bit (Fig 5.6d); still, the
biodegradability of the effluent increased from 77 to 111 mgO./gvssh while exhibiting no
toxicity (see Table 5.3).

For the 2" gas treatment stage (stage 3), it was adopted the strategy of reusing the
initial conditions of pH and oxidant concentration to achieve an efficient toluene
treatment. So, the pH was adjusted to 3.0, and H>O, (20 mM) was added to the effluent
at the same time that the toluene bubbling was started. Along this gas treatment stage,
the Cou increased quickly during the first 45 min of treatment (4.75 h of sequential
treatment — Fig 5.6a), which might be due to the interference of existing organics in
toluene absorption. However, it was observed a very fast reduction of the H;O,

concentration with almost full consumption (Fig 5.6b) while the pH was reduced from 3.0
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to 2.6 (Fig 5.6¢). For this reason, and in order to increase the toluene absorption, H20>
was added again to the effluent, which extended the toluene treatment for more 40 min
(corresponding to 5.4 h of sequential treatment — Fig 5.6). In the meantime, the COD
increased substantially, achieving more than 1000 mgO./L at the end of stage 3 (Fig
5.6d), which promoted the increase of the turbidity and the formation of a dense foam
(as previously reported). So, for this reason, this gas treatment stage was interrupted.
At this instant, a hydrogen peroxide concentration of ca. 10 mM remained available in
the liquid phase. In such 2" gas treatment step (stage 3), the toluene transferred (as
well as the average absorption rate) decreased as compared to stage 1 (see Table 5.3),
which was attributed to the effect of the organics accumulation. The 2™ liquid treatment
step (stage 4) was then performed, and during the first 2 h of oxidation, the existing H2O-
was gradually consumed (Fig. 5.6b); at this point, the concentrations of DOC and COD
were above 300 mgC/L and 1000 mgO-/L, respectively, and for this reason it was
adopted the strategy of establishing again the initial conditions of pH (with adjustment to
3.0) and H20- (with addition of more oxidant) at 8 h of the sequential gas-liquid treatment
(see Fig. 5.6). So, the 2" liquid treatment stage was prolonged, and the COD and DOC
concentrations decreased to nearly 750 mgO./L and 300 mgC/L (Fig. 5.6d), respectively,
at ca. 8.5 h. However, because the H,O, was fully consumed (Fig 5.6b), and in order to
further promote the organic load oxidation, more oxidant was added again until the same
concentration, thus being possible to extend the treatment (until 12 h). The new oxidant
dose was enough to reach a DOC and a COD reduction down to ca. 280 and 520 mg/L,
respectively. The mineralization of the organic load existent in the liquid phase during
this stage of treatment was 12 %, and COD decreased 52% (Table 5.3). However, the
biodegradability decreased (from 60 to 32 mgO./gvssh — Table 5.3), although the effluent

is still non-toxic (see Table 5.3).
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Figure 5.6 Performance of the sequential gas-liquid treatment in the BCR in terms of the toluene
concentration at the outlet of the BCR (a), concentration of H202 (b), pH (c) and concentrations
of DOC and COD (d) along the Fenton process time. Experimental conditions: V =5.0L, T =
25 °C, pHo, pH adjust steps = 3.0, [Fez+]0 =25 mM, [HZOZ]O, oxidant dose steps = 20 mM, and Qtoluene/air =
1.0 L/min.

The 3 toluene treatment stage (stage 5) was performed after re-establishing the initial

conditions of pH and H>O. concentration. The gas treatment was carried for almost 70
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min (Fig. 5.6a), providing an increase in the toluene absorbed (Table 5.3). The H20>
concentration was reduced to about 10 mM (Fig 5.6b), and the pH decreased to 2.7 (Fig
5.6¢). The organic load increased, as expected, being reached more than 850 mgO./L
of COD, with a negligible variation on the DOC (Fig. 5.6d). So, the 3" and final liquid
treatment step (stage 6) was implemented without adding further H.O>, and proceeded
along 5 h; during the effluent oxidation the H20. concentration decreased only very
slightly (from 10 to 7.5 mM — Fig. 5.6b), and the same occurred with the pH that hardly
changed (Fig. 5.6c). Even so, the DOC and particularly the COD concentrations were
reduced to nearly 260 mgC/L and 550 mgO./L (Fig 5.6d), respectively. The treatment
was interrupted when the H,O; concentration remained nearly constant, suggesting that
it was no longer being efficiently used to oxidize the organic matter. The final effluent,
after the last liquid treatment stage, was even more biodegradable than upon the

previous stage, and still non-toxic (see Table 5.3).

Regarding the overall performance of the sequential gas-liquid treatment, it was
observed that the proposed strategy was efficient, allowing to implement three
consecutive gas absorption + oxidation stages with intermediate liquid oxidation, lasting
in total almost 20 h. However, the final effluent has a COD level above the emission limit
value (30-100 mgO./L) imposed by the European Parliament and the Council (Directive
2010; 2016). So, the liquid treatment steps still need to be optimized, for instance,
through new additions of catalyst and/or oxidant; this will be the goal of future works.
Alternatively, one may consider to couple downstream a biological unit for the liquid

effluent management, because it is non-toxic and biodegradable.

One of the drawbacks of the process is the loss of some non-oxidized toluene during the
liquid treatment stages (Fig. 5.6a). For this reason, for future work, it is suggested to
promote the gas phase recycling, so that the untreated volatile pollutant is not dragged

from the liquid to the gas phase by air stripping.
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Table 5.3 Gas treatment stages indicators, and characterization of the liquid effluent (and its
treatment efficiency) along the sequential gas-liquid treatment in the bubbling column reactor.
Gas treatment stages indicators

Duration of the Average absorption rate Toluene
Stage treatment (mol/L.s) transferred
stage (min) At 30 min  Overall process (mol/L)
1% toluene
treatment stage 120 1.01x10® 2.14x10° 0.008
(Stage 1)
2" toluene
treatment stage 45 7.12x107 9.86 x 107 0.003
(Stage 3)
3" toluene
treatment stage 68 1.96 x10® 1.14x10° 0.006
(Stage 5)
Liquid characteristics and its treatment efficiency
] o Acute
COD DOC Biodegradability o
Stage toxicity?
(mgO2/L)* (mgC/L)!  (mgO2/gvssh)
(%)
Beginning of
723 239 77 0.0
stage 2
End of stage 2 676 [7 %] 228 [4 %] 111 0.0
Beginning of
1085 315 60 0.0
stage 4
End of stage 4 516 [52 %] 278 [12 %] 32 0.0
Beginning of
865 298 18 0.0
stage 6
End of stage 6 551 [36 %] 263 [11 %] 42 0.0

1 9% removal values of the liquid treatment stages shown between square brackets.
2Value of % inhibition of Vibrio Fischeri at 30 min of contact time.

5.4 Conclusions

The treatment of a gaseous effluent containing toluene by Fenton’s oxidation in bubbling
reactors has been evaluated in the present study, as well as the sequential gas-liquid

treatment in the same reactor configurations; it was concluded that:
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The rise of the temperature of the reaction medium (an important operating
parameter) promoted an increase of the toluene mass transfer and average
toluene absorption rate from the gas to the liquid when there is no reaction.
However, for Fenton’s oxidation, the rise of the temperature (from 25 to 40 °C)

did not favor the overall process.

Under optimized conditions ([Fe?'] = 2.5 mM, [H202] = 20 mM, and T = 25 °C),
the average toluene absorption rate increased, and the toluene transferred from

the gas to the liquid phase achieved 0.041 mol/L after 120 minutes of reaction;

The gas treatment strategy proposed was responsible for the generation of an
effluent with a high amount of organic compounds, and so a subsequent

treatment of the liquid phase was required;

In the preliminary sequential gas-liquid treatment carried out in the BR two
toluene (and liquid) treatment stages were successfully implemented, being that
during each of the two stages the liquid treatment was enough to mineralize 25
and 43 % of the effluent produced after each gas treatment stage;

The process under optimized conditions was successfully implemented in a
larger scale device (BCR), which allowed to extend the sequential gas-liquid
treatment for almost 20 h, with three toluene treatment stages and subsequent
steps of liquid oxidation; this yielded a final effluent that is non-toxic and

biodegradable.
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Chapter 6. Simultaneous Treatment of
Toluene-Containing Waste Gas and
Industrial Wastewater by the Fenton Process

Bubbling reactor configuration

Treated gas stream r\ (\

Industrial
Wastewater

VOCs stream Simultaneous

gas-liquid
treatment

Real effluent

Eenton’s oxidation
Gas absorption 4| H0; + Fe2* — HO'+ HO- + Fe®*

] HO" + organic matter — CO, + H,O

Fenton’s reagent

1

Contaminated gas stream

e First study concerning the simultaneous gas-liquid treatment using Fenton‘s
reagent;

e The organic matter present in the wastewater affects the toluene absorption;

e A bubbling reactor proved to be useful to perform the simultaneous treatment;

e The partial toluene oxidation increases the organic matter content in the liquid

phase.

The contents of this chapter were adapted from: Lima, V. N., Rodrigues, C. S. D., and Madeira,
L. M. Simultaneous treatment of toluene-containing waste gas and industrial wastewater by the

Fenton process (submitted).
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Abstract: This study reports a new perspective for the simultaneous oxidation
of a volatile organic compound (VOC) — a toluene gas stream — and a real
industrial liquid effluent by the Fenton’s process; for that a lab-scale bubbling
reactor, operating in semi-continuous mode, was used. A parametric study was
carried out to evaluate the effect of the aqueous matrix (water vs. real effluent),
catalyst species nature (Fe** vs. Fe®"), concentration of organic matter in the
liquid and inlet toluene concentration in both removal of toluene from the gas
stream and wastewater mineralization. The presence of organic matter in the
liquid phase decreased toluene absorption, but the simultaneous oxidation in the
liquid phase extended the period of absorption until saturation (and inherently the
amount of toluene transferred) while still oxidizing 25% of the organic matter
present in the industrial effluent. The application of the Fenton-like (H.0 + Fe*")
process yielded a slightly reduced toluene transfer as compared to the Fenton
one (H202 + Fe?") — ca. 10 %, although the overall mineralization has been
similar. As expected, increasing the inlet toluene concentration reduces the
process duration until liquid saturation, at the same time that higher accumulation
of by-products in the liquid from oxidation was observed. Finally, a sequential
treatment strategy was performed, wherein liquid oxidation follows the previous
simultaneous gas-liquid treatment, representing a strategy for long term
operation, providing opportunity for further VOC abatement in subsequent
cycles. The main compounds resulting from oxidation remaining in the liquid
phase after each stage were identified, allowing to close the carbon balance by
ca. 80%.
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6.1 Introduction

The interest in advanced oxidation processes (AOPs) for the treatment of effluents has
increased significantly in recent years, once these technologies are quite efficient from
the environmental point of view, reducing significantly the risks associated with the
pollutants emissions/discharges of organic toxic contaminants (Oturan and Aaron 2014;
Deng and Zhao 2015; Lima et al. 2018a). This applies for the treatment of either liquid
or gas pollutants, such as volatile organic compounds (VOCSs) (G. Liu, Ji, et al. 2017; Mo
et al. 2009; Xie et al. 2019; Moulis and Krysa 2013; J. Zhao et al. 2020).

The AOPs involve the formation, in situ, of an oxidizing species (e.g., the hydroxyl radical
- HO® (Walling 1975; Gligorovski et al. 2015)) that are responsible to perform the total,
or partial, degradation of organic pollutants (RH) through their oxidation with possible

subseqguent mineralization into CO; and water (Eqg. 6.1).

aqueous solution

HO*
RH + HO® ———  by-products ———— CO,+H,0 (6.1)

Among the numerous AOPs, the Fenton’s process (Fenton 1894) stands out because it
can be operated under moderate conditions of temperature and pressure (atmospheric
pressure and room temperature), making use of environmentally friendly reagents. Such
process is in short based on the reaction between hydrogen peroxide (H-O2) and a
catalyst, typically iron (e.g., ferrous - Fe?* or ferric - Fe3* - salt), whose reaction produces
the hydroxyl radical (Eq. 2) (Walling 1975; Barb et al. 1951a), which has an oxidation
potential as high as 2.8 eV (Papadopoulos et al. 2007). Along the reaction, the
regeneration of the catalyst also occurs as described in Eq. 6.3 for the ferric to ferrous
iron conversion (Walling 1975; Barb et al. 1951b; 1951a)), although at a much smaller
rate than Eq. 6.2 (Rivas et al. 2004, Beltran De Heredia et al. 2001; Walling and Goosen
1973):

Fe?*+H,0,—~HO +HO +Fe’" , k;= 13.01-10° M’.s (6.2)
Fe* +H,0,—Fe?*+H" +HO"; , k= 0.01 M1.s (6.3)

Apart from the advantages referred above, this process has shown to be suitable for the
treatment of a wide range of effluents, from model compounds (Ma et al. 2000; Lima et
al. 2018b; Rodrigues et al. 2018), with low complexity, till real effluents (Esteves et al.
2019; Lucas and Peres 2009), which are typically more difficult to remediate and far

more complex.

Typically, when the Fenton’s process is used the pollutants are in the same phase (liquid)

where the treatment is processed. However, such AOP can also be used in the
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remediation of gaseous effluents (e.g., gas streams containing VOCs), being firstly
necessary to transfer the pollutant from the gas to the liquid phase where the Fenton’s
reagents are initially present and where oxidation occurs. The pollutant transfer from the
gas to the liquid phase can be reached using bubbling reactors (BRs) (Hernandez et al.
2011), which are multiphase devices with exceptional performance in terms of both mass
and heat transfer (Kulkarni and Joshi 2011; Heijnen and Riet 1984). Therefore, for such
kind of application, the process involves the absorption of the pollutant(s) in the liquid
phase and a simultaneous oxidation by an oxidizing species (e.g., the HO" species
formed by the Fenton reaction (Eq. 6.2)), in an integrated process with simultaneous

absorption and oxidation (Tokumura et al. 2008).

The application of the Fenton’s process for gas treatment in BRs has already been
reported in the literature, and includes the treatment of waste gas containing species like
NO (Guo et al. 2011), NO, and SOx (Y. Zhao et al. 2014), elemental mercury (Hg°) (Y.
X. Liu etal. 2015; Y. Liu et al. 2015), or hydrogen sulfide (H.S) (Wang et al. 2019; Wang
et al. 2019). On the other hand, for VOCs degradation other AOPs such as photo-Fenton
(Tokumura et al. 2013; Tokumura et al. 2008; Handa et al. 2013), UV-Fenton (Chen et
al. 2018) and UV/H»0; (G. Liu, Ji, et al. 2017), UV/peroxymonosulfate (Xie et al. 2019)
have been studied instead. Although these studies reveal that such configurations are
in general extremely effective for diverse gas removals, when it comes to treating gas
streams containing VOCs the incomplete oxidation yields the accumulation of organic
intermediate compounds in the liquid phase (cf. Eq. 6.1), which has been poorly or
scarcely addressed by other studies. Therefore, such issue must be clearly taken into
account. If a solution is found, it opens the door for the simultaneous treatment of gas
and liquid effluents in the same device, which is herein addressed, up to the authors’

knowledge, for the first time.

The aim of this study is therefore to perform the proof-of-concept of the simultaneous
treatment of a gas stream containing toluene (a model compound with high toxicity (US
EPA 2005)), and a real industrial wastewater by Fenton’s oxidation in the same device.
The effects of the agueous matrix nature (water vs. real effluent), iron species used as
catalyst (ferrous vs. ferric salt), concentration of organic matter initially present in the
liquid phase and the inlet toluene concentration were evaluated during the simultaneous
gas-liquid treatment in terms of toluene removal (from the gas to the liquid) and organic
load mineralization (in the liquid phase); still, the main compounds resulting from

oxidation remaining in the liquid phase after each stage were identified.
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6.2 Material and methods

6.2.1 Contaminated gas stream

The gas stream containing toluene has been simulated following the experimental set-
up shown in Figure 6.1. For that, air (at a predetermined flow rate) is fed continuously
into a 0.5 L glass washing bottle (Duran) containing 0.4 L liquid toluene (C;Hs, 99 wt.%,
from JMGS) submerged in water at 25 °C using a Polystat CC1 thermostatic bath
(Huber) to yield a saturated toluene gas stream. This saturated stream is fed to a second
bottle where it is mixed (and inherently diluted) with a clean air stream at a predetermined
flow rate. The inlet toluene concentration - Ci» (measured using a GC following the
procedure described in section 6.2.4.2) - was determined in sampling point no. 5 in Fig.
6.1. The air flow rate was pumped using an air pump (model air 550R plus from Sera
Precision), and the gas flow rate in each line controlled using two direct-reading
flowmeters (Cole Parmer) coupled with non-return valves (Swagelok). For all
experiments, the gas flow rate fed into the reactor was maintained at 1.0 L/min
(measured at room temperature and atmospheric pressure), which ensured perfect
mixing inside the reactor without resorting to any mechanical stirring device (Lima et al.
2018b; Rodrigues et al. 2018). The inlet toluene concentration range (from 0.016 to
0.060 g/L) has been changed by dilution of the saturated toluene stream with air, keeping

constant the total gas flow rate at 1.0 L/min.

-y Toluene
saturated
 stream

1) air pump 6) lab-scale bubbling reactor

2) flowmeters 7) gas diffuser

3) toluene saturated solution 8) liquid sampling / oxidant inlet port.
4) gas mixing vessel 9) outlet gas sampling port.

5) inlet gas sampling port. 10) thermostatic bath connection

Figure 6.1 Experimental set-up used for the simultaneous gas-liquid treatment in the bubbling
reactor.

163



Simultaneous treatment of gaseous and liquid streams containing organic compounds by Fenton’s oxidation.

6.2.2 Real industrial effluent

The real liquid effluent was collected in a chemical industry located in Portugal, in 4.5 L-
capacity plastic bottles that were frozen at -15 °C till use. For all experiments, after being
defrosted (at room temperature), samples were homogenized, and diluted with distilled
water (dissolved organic carbon - DOC < 1.0 mg C/L), if necessary, in a range of dilution

factor (DFww) between 0.25-1.0; a value of DFww = 1 means a non-diluted effluent.

6.2.3 Bubbling reactor and experimental procedure

In this study, an acrylic bubble reactor (BR) with a 900 mL-capacity was used — Fig. 6.1.
The BR was equipped with a recirculated water jacket connected to a thermostatic bath
(Hubber, model Polystat CC1) to control the temperature inside it at 25.0 + 1.0 °C.

In a typical simultaneous gas-liquid treatment experiment, 500 mL of the industrial
effluent (or water) was introduced in the reactor and, after the desired temperature has
been reached, a predetermined mass of ferrous sulfate (FeS0O4.7H.O, 99% from
Panreac), or ferric chloride (FeCls.6H.O, 98% from Labchem), was added into the
reactor, which was then closed. Subsequently, a predetermined volume of H>O, (30 %
w/v from VWR) was added into the liquid phase through the liquid sampling port located
at the bottom of the reactor and, at the same time, the toluene gas flow started bubbling
into the aqueous solution; this corresponds to the time zero of the simultaneous gas-
liquid treatment process. The bubbling of the gas phase was reached by using a
cylindrical gas diffuser (coarse-grain inert stone of H = 2.5 cm and D = 1.4 cm) located
centrally inside the reactor (cf. Fig. 6.1).

Along the experiments, gas samples were collected through the gas sampling port of the
reactor to determine the toluene concentration in the outlet (Cou) Stream. Moreover,
liquid samples were also collected, through the sampling liquid port located at the bottom
of the reactor, to measure immediately the pH and the residual concentration of
hydrogen peroxide, as well as the DOC, COD, BODs, acute toxicity and biodegradability
of the effluent after stopping the homogenous reaction in the sampling flasks by
increasing the pH to 10 (which promotes the decomposition of residual H,O, and
precipitation of the dissolved iron (Rodrigues, Boaventura, and Madeira 2014)); this was
followed by effluent neutralization for the biological analyses described in the following

section.
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In stages of the process in which only the treatment of the liquid effluent was carried out,
the same procedure described above for the simultaneous gas-liquid treatment was
adopted but replacing the bubbling of gas phase containing toluene by air.

6.2.4 Analytical methods

6.2.4.1 Gas phase analysis

The concentrations of toluene (Ci» and Coui), and the presence of other gaseous aromatic
by-product (i.e., benzene (99 %, JMGS) (Mo et al. 2009; Huang et al. 2011)), were
determined by gas chromatography with flame ionization detection (GC-FID) with a GC
from Agilent (model 7820A) coupled with a HP-5ms column (30 m, & = 0.320 mm, film
0.25 pm, from Agilent) whose oven was operated at 100 °C. The carrier gas was helium
at a flow rate of 25 mL/min, and the injector and FID detector were operated at 220 and
250 °C, respectively. For these determination gas samples (50 pL) were manually
sampled and injected using a manual gas-tight syringe (Agilent). No gas by-products

were found along the experiments.

The average toluene absorption rate (N, in moles/L.s) from the simulated gas stream to
the aqueous solution was calculated following Eqg. 6.4:

t
- Q foop(cin'Cout)dt

M*Vreactor*top

N (6.4)

where Q represents the gas feed flow rate, in L/min, Ci, and Cou represent the gas inlet
and outlet toluene concentrations, in g/L, respectively, M stands for the molecular weight
of toluene, Vieactor represents the volume of the liquid phase inside the bubble reactor, in

L, tis the process time and t,, means the overall operation time, in s.

The overall amount of toluene transferred per volume of liquid phase (n — mmol/L) was

calculated following Eq. 6.5:

t
_ Q™ (Cin-Coudt
M*Vreactor

x 1000 (6.5)

6.2.4.2 Liquid effluent analysis

The residual concentration of H,O, was measured according to the method developed
by Sellers (1980). In this quantification, the absorbance at 400 nm was measured in a

Helios y spectrophotometer (Thermo Electron Corporation).
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For the DOC determination, after filtrating the samples with a syringe filter of PTFE (0.45
pm, from VWR), it was proceeded according to the method 5310 D (APHA 1988) using
a TOC-L analyzer (Shimadzu) — it should however be noted that this method not is
adequate to determine the volatile organic fraction in liquid samples. The COD
determination was performed in closed reflux (Method 5220 B (APHA 1988)). CBOswas
determined according with the procedure described in method 5210 D (APHA 1988)
using an OxiTOP Box apparatus (WTW) for samples incubation at 20 °C during 5 days.

Acute toxicity was determined by inhibition of the bioluminescence of Vibrio fischeri
bacterium, according to standard DIN/EN/ISO 11348-3 (ISO 2005) in a Microtox
apparatus, model 500 (Modern Water). The biodegradability (k’) was determined
according to the method reported in Standard Methods (APHA 1998); for that, it was
used a biological oxygen monitor (YSI Model 5300 B). More details about these

methodologies can be found elsewhere (Rodrigues, Boaventura, and Madeira 2014).

By-products formed in the liquid phase were identified using a high-performance liquid
chromatography apparatus (from Hitachi Elite LaChrom) equipped with a diode array
detector (HPLC/DAD) also from Hitachi (model Elite LaChrom). Columns Purospher
STAR RP-18 (5 mm, 250 x 4.0 mm) from Merck, and Rezex ROA-Organic Acid H+ (8%)
(250 x 46 mm) from Phenomenex, were used for the identification of hydroquinone and
p-benzoquinone (common toluene oxidation products), and carboxylic acids (i.e., oxalic,
maleic, fumaric, succinic, formic, acetic, and pyruvic acid), respectively, according with
the method described elsewhere (Lima et al. 2018b). All standard solutions were
prepared using reagent grade with 99 % of purity, purchased from Sigma-Aldrich.

All analytical methods were measured in duplicate, and the coefficient of variation was

less than 2% for DOC and 4% for the other parameters.

6.3. Results and discussion

Table 6.1 reports the main characteristics of the raw wastewater and after dilutions to
ca. %2 and % - DFw 0Of 0.50 and 0.25, respectively). Regardless the dilution factor used,
the chemical oxygen demand (COD) is clearly above the maximum limit for effluents
discharge reported by the Portuguese Legislation (150 mg O,/L — Decree-Law n°® 236/98
(Portugal 1998)), indicating that this effluent requires a treatment. The samples also
have low biodegradability (as inferred from the BODs/COD ratio < 0.4 (Chamarro, Marco,
and Esplugas 2001)), indicating the possible inhibition of a biological process. So, an

AORP is the more suitable option for their treatment.
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Table 6.1 Characterization of the real effluent and after dilution to ca. ¥ (dilution factor, DFww, of
0.50) and ¥ (dilution factor, DFww, of 0.25).

Parameters DFww=1.00! DFww=0.50 DFww=0.25
pH 46x0.1 44+£0.1 43+£0.2
DOC (mg C/L) 2600 = 20 1300 £ 20 650 £ 10
COD (mg O2/L) 8000 + 50 4450 + 50 2200 = 20
BODs (Mg O2/L) 7 14 21
BODs/COD 0.0009 0.0031 0.0175
Biodegradability (mg O2/gvssh) < 0.005 < 0.005 < 0.005
Toxicity? (%) 0.0 0.0 0.0

1 Original wastewater, which was not diluted.
2 Determined by Vibrio Fischieri inhibition after 30 min of contact time.

For the proof-of-concept of the simultaneous gas-liquid effluent treatment by the Fenton
process, the effects of some parameters, i.e., aqueous matrix, catalyst species nature,
concentration of organic matter and toluene concentration in the gas phase in the

efficiency of the process were assessed and are discussed in the following sections.

6.3.1 Influence of the agueous solution in the toluene absorption

and oxidation

Firstly, the toluene mass transfer from the waste gas to the liquid was determined using
two different aqueous matrices: industrial effluent and distilled water; this was carried
out for experiments without (blank run) and with oxidation (Fenton’s process). The blank
experiments aim to determine the toluene absorption by the liquid phase. For all runs,
the pH was fixed at 4.6 (original pH of the effluent, cf. Table 6.1), and the inlet toluene
concentration was Ci» = 0.04 g/L. For the Fenton experiments, i.e., in which absorption
occurs at the same time that oxidation occurs in the liquid phase, the concentrations of
the reagents were fixed for maintaining the COD:H,O, and Fe?*:H,O, concentration
ratios of 0.04 and 0.033, respectively (values previously optimized for the maximum
DOC removal of the same effluent using Fenton’s oxidation, without toluene bubbling
(Lima et al., 2020a)).

Figure 6.2 reports the ratio between the outlet and inlet concentration of toluene
(Cou(t)/Cin) and the organic matter evolution (in terms of DOC) for the experiments
performed using both agueous matrices. For both blank runs it can be seen, in early

process times, a gradual increase in the toluene outlet concentration regardless of the
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aqueous solution nature (Fig. 6.2a) until Cou(t)/Cin = 1.0, corresponding to the instant at
which the process was stopped because the liquid was saturated and the absorption of
toluene finished. An effect of the aqueous matrix was observed, being that the amount
of toluene transferred (as well as the average absorption rate — Table 6.2) reduced from
9.58 mmol/L to 5.21 mmol/L when the absorption occurs with water and wastewater,
respectively (Fig. 6.2b); it is worth mentioning that the fist value (~ 540 mg/L of toluene)
is close to its reported solubility in water — 516 mg/L at 25 °C (Sanemasa et al. 1982).
Characteristics of real effluents, e.g., their diverse chemical species composition, and
factors such as density, viscosity and surface tension regulate the gas-liquid mass
transfer (Akita and Yoshida 1973). Even so, the bubbling system proved to be feasible

for the toluene transfer for both aqueous matrices under the conditions tested.

The application of the Fenton’s process increased the amount of toluene absorbed per
liter of solution during the simultaneous gas-liquid wastewater treatment when compared
with the blank run (Fig. 6.2b) due to positive effect of the process of absorption +
oxidation as also reported by other authors (Tokumura, Shibusawa, and Kawase 2013);
similarly, the average absorption rate along the whole process raised from 3.78 x 10 to
4.49 x 10°® mol/L.s — Table 6.2. During the process, the continuous bubbling of toluene
promotes the mass transfer at the same time that the pollutant is oxidized by the HO*
species (Eg. 6.1), reducing its concentration in the liquid phase (G. Liu, Ji, et al. 2017,
Tokumura et al. 2013; G. Liu, Huang, et al. 2017), and consequently the driving force for
mass transfer is increased in the direction of improving the toluene absorption. This
occurs until the formation of hydroxyl radicals was stopped once the oxidant has been
completely consumed. At this time, Cou(t)/Cin reached 1.0, and the gas treatment was
interrupted. However, the presence of organic matter in the liquid effluent can lead to a
competition with the absorbed toluene for the formed hydroxyl radicals that are non-
selective (Lee and von Gunten 2010). So the HO' radicals produced by Fenton'’s reaction
(Eqg. 6.2) promote the oxidation of the organic matter (including the toluene transferred),
yielding a final DOC removal of 25 % after 60 min of the process (Fig. 6.2c). For this
experiment, the toluene transferred accounts to 17.3 mmol/L (~ 1.45 g C/L), which is

considerable as compared to the DOC of the industrial effluent (2.6 g C/L — Table 6.1).
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Figure 6.2 Effect of the aqueous matrices (water vs. real effluent) in the toluene removal (a),
toluene transferred (b), and DOC removal (c) along the blank (without Fenton’s reagents) and
Fenton’s experiments carried out in the bubbling reactor. Experimental conditions: Vwater or ww =
0.5L, pHo=4.6, T =25 °C, Qtoluene = 1.0 L/min, Cin = 0.040 g/L, [Fe?*] = 0.75 g/L, [H202] = 22.5 g/L
(Fe?*:H202 = 0.033).
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Table 6.2 Average absorption rate after overall process for each experiment processed using
water and the effluent.

Inlet toluene  Process Average
Aqueous ) ) ) )
- Experimental runs  concentration duration absorption
matrix
(g/L) (min) rate (mol/L.s)

Blank run 0.040 32 4.99 x 10
Water

Fenton process 0.040 139 8.17 x 10

Blank run 0.040 23 3.78 x 10°

Fenton process 0.040 51 4.49 x 10°
Wastewater ]

Fenton-like process 0.040 49 4.14 x 10°
(DFWW =
1.00) Only H;0O; 0.040 33 4.87 x 10°

' Only Fe? 0.040 19 4.41 x 10°

Only Fe® 0.040 23 4.54 x 10°
DFww = Blank run 0.040 28 5.23 x 10°
0.50 Fenton process 0.040 77 6.04 x 10°®
DFww = Blank run 0.040 35 6.04 x 10°®
0.25 Fenton process 0.040 57 5.56 x 106

Blank run 0.016 56 1.62 x 10°®
DFww = Fenton process 0.016 152 2.01 x10°
0.50 Blank run 0.060 26 9.19x 10°®

Fenton process 0.060 31 8.38 x 10

On the other hand, in water (where there are almost no organic species initially present
to compete with toluene for its oxidation), the amount of toluene transferred during the
Fenton process increased quite significantly as compared to the simple absorption —
blank run (from 9.58 to 68.12 mmol/L - cf. Fig. 6.2b). This results from the fact that the
process was extended enormously, until 144 min (Fig. 6.2a), boosted by the high
concentration of H.O> dosed (> 20 g/L) and the high oxidation kinetics of Fenton’s
reaction (Ramirez et al. 2009). Under such conditions, the accumulation of by-products
during oxidation leads to a DOC concentration increase, reaching >400 mg C/L at the
end of the process (Fig. 6.2c). Such increase is associated with the formation of
intermediate compounds from toluene oxidation (Eq. 6.1), e.g., cresols (Ardizzone et al.
2008), benzaldehyde (Xie et al. 2019), benzyl alcohol and benzoic acid (Huling et al.
2011).
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6.3.2 Influence of catalyst nature: Fenton’s vs. Fenton-like’s

process

Figure 6.3 reports a series of experiments that have been conducted to evaluate the
effect of the catalyst species nature, i.e. Fe(ll) vs. Fe(lll), in the toluene abatement and
organic matter oxidation. Experiments were carried, as in the previous section, with
toluene absorption only (i.e., without the presence of any of the reagents in the liquid
phase) or with the presence of: i) H,O only (without catalyst), ii) Fe?* or Fe®" (without
H.02) and iii) both H.O, and Fe?" or Fe3* (Fenton or Fenton-like process, respectively).
The concentrations of those reagents and the inlet toluene concentration were the same
as applied in the previous section (Fe**:H,O, = 0.033, wt.%) and Ci» = 0.04 g/L,

respectively.

For all experiments, an increase in the toluene absorption against the blank run (effluent
without reagents) was observed (Fig. 6.3a), and the overall toluene transferred from the
waste gas to the liquid effluent in each experiment increased following the order: Fenton

> Fenton-like > only H>O; > only Fe?* = only Fe®" > blank run (Fig. 6.3b).

In the experiments wherein only iron salts were initially loaded in the liquid effluent, the
toluene absorption was similar for both iron species, although a slight increase in the
overall amount transferred in both runs against the blank run has been observed (from
5.21 to 5.30 mmol/L — Fig. 6.3b). Other authors have reported a negligible effect of the
single Fe?* application for VOCs removal in water (G. Liu, Huang, et al. 2017; Choi et al.
2014). The slight effect observed in our work can be associated with the high
concentrations of Fe(ll) and Fe(lll) dosed (above > 0.50 g/L), which can originate
oxidizing actives species (e.g., generation of H2O- in situ (Santana-Casiano et al. 2006;
Stumm and Lee 1961)) upon interaction with the oxygen dissolved in the aqueous
solution (that increases with the continuous toluene-air stream bubbling (Yan et al.
2016)), performing some oxidation and therefore increasing the driving force for further
toluene absorption. However, no effect on the organic matter removal (data not shown)
was observed, and so one can infer that the presence of the iron salts on the

simultaneous gas-liquid treatment was negligible.
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Figure 6.3 Effect of the catalysts nature in the toluene removal (a), toluene transferred (b), DOC
removal (c), H202 consumption (d), pH reduction (e) and temperature profile (f) along the
experiments performed for the simultaneous gas-liquid treatment. Experimental conditions: V =
0.5L, pHo=4.6, T =25 °C, Qtoluene = 1.0 L/min, Cin = 0.040 g/L, Fe?* °or3+:H,0, = 0.033.

On the other hand, using only H>O> (without catalyst), the toluene removal extended for

more time (Fig. 6.3a), ca. 30 min, so that the overall toluene transferred reached ~ 9.60

mmol per liter (Fig 6.3b); this behaviour is related with the fact that H202is an oxidizing

species (although with a small oxidation potential — 1.77 eV (Papadopoulos, Fatta, and
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Loizidou 2007)). This can be confirmed by the oxidation of some of the organic matter
of the effluent initially present in the reactor that reached about 10% (Fig. 6.3c). To
assess the effect of the toluene treatment in the liquid phase, an experiment was carried
out in which the effluent oxidation was carried out with hydrogen peroxide alone but
without toluene bubbling (called “Single WW treatment” in Fig. 6.3c). It was observed
that the DOC removal was superior in the run without toluene bubbling, which can be
associated with the effect of the partial oxidation of toluene that was oxidized into by-
products, decreasing the apparent mineralization. In this experiment where
simultaneous toluene absorption and wastewater oxidation was carried out in the
presence of hydrogen peroxide alone, the H.O, concentration decreased until ca. 50 %
of the initial concentration (Fig. 6.3d), which reinforces the argument that it has been
used for the toluene + effluent oxidation. However, one cannot rule out some stripping
of the oxidant under the used bubbling conditions (Lima et al. 2018b), as well as the

possible H,O; self-decomposition (Eg. 6.6).
H2O02— 1/2 O2+H,0 (6.6)

Applying only H2O2, in the simultaneous treatment of gas-liquid effluent, the pH of the
solution hardly changed (cf. Fig. 6.3e), which can indicate that the by-products formed
and accumulated had not yet reached an advanced state of oxidation that is typically
reported as being responsible by medium acidification, namely short-chain organic acids
(Guerreiro et al. 2016; Zazo et al. 2005), or benzoic acid from toluene oxidation (Choi,
et al. 2014).

The VOC abatement profile for both Fenton’s reactions was similar (Fig. 6.3a), however
the application of the classic Fenton’s process (with Fe?*) permits reaching a slightly
increase in the overall amount of toluene transferred (13.73 mmol/L vs. 12.18 mmol/L as
compared to the Fenton-like process (with Fe®*") — Fig. 6.3b. For both processes, the
toluene removal increased, boosted by the HO® radicals formed. However, the initial
oxidation rate decreased when the process was catalysed by Fe(lll), as can be observed
in the slower DOC removal for short process times (Fig. 6.3c). This is related with the
rate constants reported above (cf. Egs. 6.2-3), which are much higher for the ferrous to
ferric ion conversion than the reverse. Even so, the final DOC removal reached similar

values for both experiments (ca. 25 % after 60 min — Fig. 6.3c).

Again, the apparent mineralization decreased for both experiments (from 50 to 25 %)
against the effluent treatment without toluene bubbling (single WW treatment — cf. Fig.

6.3c), which is due to the accumulation of by-products from toluene oxidation.
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In what concerns the H>O, consumption, it was accentuated for both processes, however
using Fe** a slightly less reduction rate was observed (for the reasons described above
— Fig. 6.3d. At the same time, the pH decreased abruptly from 4.6 until less than 2.0 in
only 5 min for either the Fenton or Fenton-like process, remaining practically unchanged
until the end of the reaction (Fig. 6.3e) for both experiments (it is worth noting that the
slightly higher acidification of the Fenton-like process is also a consequence of the iron
salt used, chloride vs. sulphate). Regarding the temperature, it changed along the
reaction (Fig. 6.3f), reflecting a release of heat, in agreement to what was previously
reported for this effluent treatment without toluene bubbling (Lima et al., 2020b). Such
behaviour is related with the fact that the organics oxidation are highly exothermic
reactions (San Sebastian Martinez et al. 2003; Esteves et al. 2019), but the
exothermicity of the Fenton and particularly of the Fenton-like process should not be
ruled out (data not shown). Even so, such heat release is only noticed for short process
times, coincident with medium acidification, hydrogen peroxide consumption and

organics mineralization (Fig. 6.3).

6.3.3 Effect of the organic matter load in the liquid phase

The organic matter load present in the liquid phase is a limiting factor for the VOC mass
transfer (absorption). Therefore, to better evaluate its effect in the simultaneous toluene
and effluent treatment by Fenton’s oxidation, a series of experiments was performed
wherein the aqueous solution was the raw effluent, or diluted (see Table 6.1). This way,
one is also able to simulate the effect of treating similar effluents, from the same industry,
but with different organic loads. The Fenton reagents doses were adapted to keep the
same Fe?":H,0, ratio previously tested (0.033, wt.%), and the H,O. concentrations in

each run were adjusted to keep the COD:H20 ratio of 0.40 in all experiments.

Figure 6.4 reports the influence of the concentration of organic matter in the wastewater.
It can be observed that, in the blank experiments, toluene absorption increased with the
extended dilution, i.e. the more diluted the effluent was (going from DFww = 1.00 —
undiluted — till DFww = 0.25 — diluted by a factor of 4), more time was required to reach
solution saturation (Fig. 6.4a), whereas the amount of toluene transferred varied from
5.21 to 12.69 mmol/L (Fig. 6.4b).
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In the Fenton’s experiments, the toluene transferred for all dilutions tested was increased
as compared to the blank experiments (Figs. 6.4a and 6.4b), although for the

intermediate dilution factor (DFww = 0.50) the efficiency of the gas treatment was the

highest; in this experiment, the toluene transferred reached 27.91 mmol per liter of
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solution (Fig. 6.4b), whereas the process extended for almost three times as compared
to the run without reagents (from 28 to 77 min, Fig. 6.4a and Table 6.2). Regardless of
the initial organic matter concentration, DOC removals reported the same tendency (Fig.
6.4c), proving the high oxidation rate. The most pronounced DOC removals have been
observed for the treatment using higher concentrations of organic matter, suggesting
that under such conditions the reaction accelerated the oxidation of the existing organic
matter to less oxidizable compounds (e.g., short-chain organic acids (Zazo et al. 2005)).
For all experiments, the apparent mineralization also decreased as compared to the runs
without toluene bubbling (cf. “simultaneous treatment” vs. “single treatment” — Fig. 6.4c)

once the by-products from toluene oxidation accumulated along the process.

Regarding the H.0O, evolution, for all experiments its reduction was extremely
accentuated in short process times (Fig. 6.4d), which reinforces the high oxidation rate
even for liquid effluents with less organic matter content. At the same time, the
acidification and the temperature profile also followed the tendency of the reduction of
organic matter content. Thus, the pH decreased more significantly in the experiment that
provided the highest DOC removal (Fig. 6.4€), i.e., the undiluted effluent, probably due
to short-chain organic acids formation, whereas the increase of temperature was also
most pronounced in such conditions (Fig. 6.4f). Even so, it does not exceeds ca. 5 °C,
much smaller to what has been observed in a conventional stirred reactor (~20 °C) for
the same effluent (Lima et al., 2020a), due to the excellent heat (apart from mass)

transfer/management in these bubbling devices.

6.3.4 Effect of the inlet concentration of toluene

The concentration of pollutant in the gas phase has a relationship with the VOC mass
transfer to the liquid phase, regulating the increased (or reduced) absorption (Tokumura
et al. 2008).

Figure 6.5 reports the effect of the inlet toluene concentration on its transfer/removal
from the gas stream to the liquid and on the organic matter load in the effluent. It can be
observed that upon increasing the toluene concentration in the gas phase, the saturation
of the effluent (without reagents) turns out to be faster (Fig. 6.5a). Even so, the overall
toluene transfer increased once the higher feed concentration (0.060 g/L) ends up

ensuring more toluene in solution (Fig. 6.5b, blank runs).
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Figure 6.5 Effect of the inlet toluene concentration in the toluene removal (a), toluene transferred
(b), DOC removal (c), H202 consumption (d), pH reduction (e) and temperature profile (f) along
the experiments performed for the simultaneous gas-liquid treatment by the Fenton process.
Experimental conditions: V = 0.5 L, T = 25 °C, Qtoluenre = 1.0 L/min, CODo:H202 = 0.40 and
Fe?*:H202 = 0.033.

For the simultaneous absorption and Fenton’s oxidation, when the more concentrated

toluene feed stream (0.060 g/L) was used, a similar overall toluene transfer, as

compared to the process without Fenton’s reagents, has been observed (Fig. 6.5b), at

the same time that the accumulation of by-products increased considerably in short
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process times (Fig. 6.5c). Therefore, to carry out the treatment under these extreme
conditions, an increase in the oxidant/iron dosing or changes in the parameters that
regulate the gas-liquid mass transfer (e.g., gas flow rate or bubble size) are required to
improve and extend the treatment. On the other hand, when bubbling the less
concentrated toluene stream, the process extended for more time, ca. 2.5 h (Fig. 6.5a),
although the overall toluene transferred was not as high as that obtained using the

intermediate feed toluene concentration of 0.040 g/L (Fig. 6.5b).

The H20: reduction also was again fast within the first 5 min of reaction (Fig. 6.5d),
demonstrating that the highest oxidant consumption occurs mostly to oxidize the organic
compounds already present in the effluent. At the same time, the pH decreased early in
the reaction, and no major changes were observed afterwards over time (Fig. 6.5€). In
parallel, the temperature profile of the liquid phase shows again the typical increase is

short reaction times (Fig. 6.5f).

Taking into account that after the simultaneous gas-liquid treatment under semi-batch
mode the liquid effluent still contains a significant organic load, it was decided to find a

strategy to increase the mineralization; this will be addressed in the next section.

6.3.5 Strategy to increase the toluene removal and the

mineralization

The simultaneous treatment of the gas-liquid effluent has been efficient in toluene
abatement, but the undesirable accumulation of by-products remains a problem to be
solved. Therefore, it was necessary to implement a new treatment stage that improves

the removal of organic compounds.

Figure 6.6 reports the strategy attempted to improve the removal of toluene and organic
matter from the liquid effluent. The strategy considers firstly the simultaneous gas-liquid
treatment (stage 1), followed by a liquid treatment stage (stage 2). After stage 1, the pH
of the aqueous phase was adjusted to 3.0 (an optimal value for Fenton’s oxidation (Lima
et al. 2018b; Yan et al. 2016)), and further H,O, was added (determined by the
stoichiometry of the reaction to oxidize the existing organic matter); in this stage, toluene
bubbling has been replaced by air (at the same flow rate), which ensures an efficient
mixing in the liquid phase. An important issue of this strategy is that in stage 2 no further

catalyst is required, as it remains dissolved along the process.
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Figure 6.6 Effect of the sequential treatment by Fenton’s oxidation in the toluene removal (a),
H202 consumption, DOC and pH reduction (b) in the gas and liquid treatment stages, and by-
products concentrations and carbon balance at the end of each treatment stage (c). Experimental
conditions: Stage 1 — V = 0.5 L, DFww = 0.50, pHo = 4.4, T = 25 °C, Qtoluene = 1.0 L/min, Cin =
0.040 g/L, CODo:H202 = 0.40 and Fe?*:H202 = 0.033; Stage 2 — pHo = 3.0 and H202=6.0 g/L.

The process was implemented using the above-mentioned average concentrations of

toluene and organic matter - since maximum toluene removal was reached under this
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conditions. The results obtained in phase 1 (Fig. 6.6a) replicated efficiently the profile of
toluene abatement previously reported (cf. Fig. 6.5a-b, ca. 30 mmol of toluene
transferred per liter). In general, the trends reported for the hydrogen peroxide
concentration, pH and residual DOC in Fig. 6.6 for stage 1 are similar to those described
before, being noteworthy that during stage 2, i.e. along the liquid treatment step (wherein
toluene has been replaced by air bubbling) that extended for 3 h, over 60 % of the
organic matter was mineralized (Fig 6.6b). Therefore, subsequent cycles of gas
absorption can be implemented, and the process operated continuously with several

cycles, as demonstrated to be feasible elsewhere (Lima et al., 2020b).

Apart from toluene, during the process the real industrial effluent has also been oxidized
in the bubble reactor. Due to its extreme complexity, it is nearly impossible to look for all
possible intermediates/oxidation products. Even so, oxidation products resulting from
toluene oxidation (like hydroquinone, and benzoquinone) and common short-chain
organic acids (oxalic, maleic, fumaric, succinic, formic, acetic, and pyruvic acid) have
been analyzed at the end of both stages (Fig. 6.6¢). At the end of stage 1 short-chain
organic acids were identified in the liquid phase (i.e., oxalic, pyruvic and maleic acids),
although other peaks of unidentified compounds also appeared in the chromatograms.
At the end of stage 2 oxalic and acetic acids were found. The concentration of oxalic
acid decreased during stage 2, at the same time that the acetic acid was formed (Fig.
6.6c), corroborating the oxidation of several organics into this last oxidation product,
including possibly the conversion of both pyruvic and maleic acid. In addition, the
organics identified represented above 70 % of the residual carbon at the end of the stage
1 (carbon balance represented if Fig. 6.6c, calculated by the ratio between the sum of
the total carbon of the intermediate compounds quantified and the DOC after each

stage). Such carbon balance increased to above 80 % after stage 2 — Fig. 6.6c¢.

6.4 Conclusions

This work reports a novel process for the simultaneous gas-liquid treatment using
Fenton’s reagent in a bubbling reactor. In particular, it was proved the concept of treating
a toluene-containing gas stream while the liquid phase was composed by a real and

complex industrial wastewater. It was concluded that:

o Toluene absorption by a real industrial effluent was effectively achieved, even
though against a clean matrix (water) the overall toluene transferred decreased

due to the presence of the organic compounds;
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The application of the Fenton process improved the toluene removal from the
gas stream at the same time that mineralization of the organic matter present in
the effluent was promoted;

Both Fenton and Fenton-like processes proved to be viable for the simultaneous
treatment, although for the latter the overall toluene transferred has slightly
decreased;

The reduction of organic matter in liquid phase increased the toluene absorption,
although with the simultaneous oxidation a maximum toluene removal has been
reached under average organic matter contents of the liquid effluent;

The increase of the inlet toluene concentration to high levels proved to be
disadvantageous for the simultaneous gas-liquid treatment since saturation of
the liquid phase can occur very quickly;

The application of the simultaneous gas-liquid treatment allowed the toluene
abatement although with an accumulation of by-products, which can be
effectively mineralized in a subsequent liquid treatment stage.
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Chapter 7. Final Conclusions and Future
Work

7.1 Final conclusions

This thesis focused on the proof-of-concept of a novel process for the simultaneous
treatment of gaseous and liquid organic effluents by Fenton’s oxidation in one
multiphase reactor, namely a bubbling reactor. In this sense, the applicability of this
reactor configuration was firstly and separately evaluated in the degradation of a model
volatile organic pollutant (toluene) present in a gas stream and in the mineralization of
organic compounds present in liquid effluents. Firstly, the oxidation of a liquid solution
containing hydroquinone (selected model compound) and the treatability of an industrial
wastewater were assessed. Afterwards, the abatement of a gaseous stream containing
toluene was studied; finally, the simultaneous treatment of gas and liquid effluents was
proved. The reactors selected (bubbling reactor - BR, and bubbling column reactor -
BCR) showed to be adequate to perform the Fenton'’s oxidation, being the following the

most relevant conclusions:

e For the hydroquinone treatment in the liquid phase within the BCR, the air flow
rate, as well as the liquid height, did not influenced the model compound removal
and mineralization, under the ranges tested. It was proved that the mixing inside
the BCR was efficient using only a continuous air supply during the reactions.
The main parameters of the process, i.e., Fenton’s reagent concentrations,
temperature, and initial pH, were optimized. The hydroquinone was completely
degraded, and total organic carbon (TOC) removal reached 55 % after the
treatment, resulting in a final non-toxic effluent. Besides, the mechanism of
hydroquinone degradation was proposed, based on intermediate compounds
identification.

e The treatment of a real (industrial) wastewater with high organic load was firstly
evaluated within the BR, and the optimization of key reaction parameters allowed
to reach dissolved organic carbon (DOC) and chemical oxygen demand (COD)
removals above 50 % and 80 %, respectively. Additionally, it was observed that
the composition of the gas phase influenced the organic matter removal,
especially when using a pure oxygen (O) stream, which yielded a slight increase
in the mineralization (from 50 to 56 % after 60 min of treatment, as compared to

air or nitrogen). The wastewater treatment within the BR proved to be
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advantageous for the temperature control along this exothermic process when
compared with conventional stirring (commonly used). The scale-up to BCR
provided similar mineralizations, which leads to the conclusion that both reactors
could perform the treatment of real effluents under optimized conditions.

The toluene treatment was optimized within the BR, and the effect of some
operating conditions (temperature, and Fenton’s reagent concentration) were
evaluated. It was observed that the increase in process temperature (from 25 to
40 °C) promoted a positive effect in the toluene transfer from the gas phase to
the water for the run without reaction; however, when the simultaneous oxidation
was carried out, it decreased the efficiency of the toluene absorption, as a
consequence of the effect of the Fenton process kinetics on the gas treatment.
In what concerns Fenton’s reagents dosing, an optimal value was determined for
the Fe?* concentration. On the other hand, the increase of the H,O» concentration
improved the toluene mass transfer to the water in a process of absorption +
oxidation. The partial toluene oxidation represented an accumulation of
intermediate oxidation compounds in the liquid phase, so a sequential gas-liquid
treatment was carried out which demonstrated to be satisfactory in both toluene
and organic compounds removal. The scale-up to a BCR promoted the extension
of the toluene abatement stages, while it was observed an effective removal of
the organic matter in the intermediate liquid phase treatment stages. Also, there
was an increase in the biodegradability of the treated effluent after each gas-
liquid treatment cycle.

Finally, the simultaneous gas-liquid treatment was performed under semi-
continuous mode within the BR. The toluene-containing gas stream was treated
together with an industrial wastewater. An effect of the aqueous matrix was
observed when the toluene stream was bubbled inside the effluent, which
provided a reduction of the VOC absorption (without reaction) when compared
with water. Even so, the application of the Fenton reagent increased the toluene
mass transfer in the absorption + oxidation process, proving the applicability of
the simultaneous gas-liquid treatment in bubbling reactors. Some parameters
were evaluated in this study, i.e., nature of employed catalyst species, organic
matter concentration in the liquid phase, and toluene concentration in the inlet
gas stream. The effects of the Fenton and Fenton-like processes were similar for
the organic matter oxidation in the liquid phase (~ 25 % of mineralization after
the treatment), although for the overall amount of toluene transferred, a slight
decreased has been observed using the Fenton-like’s reagent (Fe3* + H,0,). The

reduction of the organic matter concentration in the aqueous solution increased
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the toluene absorption in the run without reaction; however, during the oxidation
process, the results were not linear, showing the necessity to optimize the
process depending on the liquid phase organic load. The increase of the inlet
toluene concentration led to a reduction in the treatment duration, and an
increase in the by-products accumulation, which decreased the apparent
mineralization of the treated wastewater. Again, an optimization of the treatment
is required depending on the gas phase composition. Finally, the sequential gas-
liquid treatment was implemented, leading to an organic matter oxidation degree
of more than 60 % in the final treated effluent. The identification of the oxidation
by-products showed high concentrations of short-chain organic acids, which

were reduced effectively with the liquid treatment stage.

7.2 Future work

This thesis dealt with treatment processes for gaseous and liquids streams contaminated

with organic compounds within bubbling reactors operating under the semi-batch mode.

Given that it was possible to prove the concept and promote the treatment of both liquid

and gaseous streams simultaneously in the same device by Fenton’s oxidation, some

future work is suggested, namely:

Study the treatment with continuous gas recycling in order to allow the treatment
of the residual gas in the same operating system, which would lead to the
promotion of the VOC concentration reduction in the residual waste gas during
the liquid treatment stages;

From the industrial application perspective, the simultaneous gas-liquid
treatment should be carried out in a reactor operating under continuous mode,
i.e., with gas and liquid streams fed continuously, in counter-current mode. For
an efficient treatment, the Fenton reagents dosing (i.e., hydrogen peroxide and
iron) should be done continuously along the oxidation process, and the effect of
operating conditions (e.g., initial pH, temperature, flow rates, etc.) should be
evaluated and optimized,

Additionally, the treatment should be performed by a heterogeneous Fenton
process using supported catalysts in order to allow the catalyst recovery after the
treatment process, besides reducing the possible formation of iron sludge - a
limitation of the homogeneous Fenton process. For this process, it should be

considered the textural and chemical surface properties of the catalysts in the
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VOC absorption and reaction, and it would be necessary to optimize the
conditions. The use of monolithic structures could be considered,

o Finally, we should look into the application of oxidants with better stability, e.g.,
sodium persulfate, as an alternative to hydrogen peroxide, as a way to prevent
possible oxidant losses during the oxidation.
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Al Appendix for Chapter 3

This appendix shows some experimental results obtained in the evaluation of the

hydroquinone degradation using Fenton’s oxidation in a bubbling column reactor (BCR).
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Figure A.1.1 Evolution of pH along reaction time (a) and H202 consumption and efficiency of its
use at 120 minutes of reaction (b) for different air flow rates ([H202] = 500 mg/L; [Fe2*] = 45 mg/L;
T =24 °C; pH = 3.0; Veriwent = 7 L; Hz = 0.5 m); evolution of pH along reaction time (c) and H20:2
consumption and efficiency of its use at 120 minutes of reaction (d) for different sampling heights
([H202] = 500 mg/L; [Fe?*] = 45 mg/L; T = 24 °C; pH = 3.0; Veffiuent = 7 L; Qair = 2.5 mL/min).
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Figure A.1.2 TOC removal along reaction time for different volumes of effluent ([H202] = 500
mg/L; [Fe?*] =45 mg/L; T = 24 °C; pH = 3.0; Qair = 2.5 mL/min).

The gas holdup (gg) was calculated through Eqg. A.1.1 by measuring the internal clear
liquid (distilled water) height (Hci) and the aerated liquid height (Hav) for different air flow
rates and volumes of liquid initially present in the column. Data obtained are reported in
Table A.1.1.

HaL-H
gg= L —= (A.1.1)

HaL

Table A.1.1 Level of the liquid and liquid aerated in the BCR used.

Gas flow rate (mL/min)

Volume into 1.0 2.5 5.0

the BCR (L) HcL (cm) HaL (cm) HaL (cm) Hac (cm)
5.0 55.0 55.8 56.5 58.0
7.0 99.0 99.7 100.8 103.0
9.0 112.0 112.6 113.9 116.3
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A2 Appendix for Chapter 4

This appendix shows some experimental results obtained in the evaluation of the

wastewater treatment in bubbling reactors by Fenton’s oxidation.
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Figure A.2.1 Effect of the catalyst dose in the DOC removal (a), reduction of the pH (b),
consumption of H20:2 (¢) and temperature profile (d) along Fenton oxidation in a bubbling reactor.
Experimental conditions: [H202] = 22.50 g/L, pH = 4.6, V = 0.5 L, Trer. = 25 °C, Qair = 1.0 L/min.
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Figure A.2.2 Effect of the initial pH in the DOC removal (a), reduction of the pH (b), consumption
of H202 (c) and temperature profile (d) along Fenton oxidation in a bubbling reactor. Experimental
conditions: [H202] = 22.50 g/L; [Fe?*] =0.75 g/L, V= 0.5 L, Tret. = 25 °C, Qair = 1.0 L/min.
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Figure A.2.3 Influence of the air flow rate in the DOC removal (a), reduction of the pH (b),
consumption of H20:2 (c) and temperature profile (d) along Fenton oxidation in a bubbling reactor.
Experimental conditions: [H202] = 22.50 g/L; [Fe?*] = 0.75 g/L, pH = 4.6, V = 0.5 L, Trer. = 25 °C,
Qair = 1.0 L/min.
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Figure A.2.4 Influence of the mixing mode on the temperature profile along Fenton’s process
blank runs (only water) performed with and without gas bubbling. Experimental conditions: [H202]
= 22.50 g/L; [Fe?*] = 0.75 g/L, pH = 4.6 (adjusted), Vwater = 0.5 L, Tref. = 25 °C, Qairater = 1.0
L/min or Vbatch reactor= 250 rpm.
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