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Resumo alargado

A crescente escassez de agua e os desafios ambientais gerados por efluentes
industriais, juntamente com o aumento populacional projetado pelas Nagoes Unidas,
evidencia ainda mais a necessidade da aplicacao de tecnologias para reduzir o consumo
de agua e tratar adequadamente os efluentes industriais, visando evitar a contaminacao
dos cursos de agua e solos, além de viabilizar a reutilizagdo, fomentando a economia
circular.

A industria da producdo de azeite e a industria téxtil sdo dois exemplos de
inddstria consumidora intensiva de dgua e geradora de efluentes com elevada carga
poluente. Na industria da producao de azeite, para produzir 1 kg de azeite extra virgem,
sdo necessarios cerca de 3600 L de agua, gerando grandes volumes de 4dguas residuais
(OMW) altamente poluentes. Na industria téxtil, o processo de tingimento consome
entre 100-180 L de 4gua por kg de fibra processada, originando efluentes com carga
poluente elevada e recalcitrante, que é agravada quando o efluente é submetido a
processos de tratamento por membranas, originando os concentrados membranares de
efluente téxtil (MCTW). Sem tratamento adequado, estes efluentes nao podem ser
descartados ou reutilizados.

Diversas tecnologias de tratamento, incluindo processos biologicos, quimicos e
de oxidacdo avancada, tém sido estudadas. Nas tultimas décadas, a oxidacao
eletroquimica (OE) ganhou destaque pela sua elevada eficiéncia no tratamento de
efluentes com propriedades recalcitrantes, sem a necessidade de reagentes adicionais ou
producao de lamas. Na sua forma mais simples, a OE ocorre através de dois elétrodos
conectados por um circuito externo. O material dos elétrodos pode variar de acordo com
as caracteristicas do efluente e os objetivos do tratamento.

No presente estudo, foi aplicada a OE no tratamento de OMW e MCTW. O
tratamento do OMW teve como objetivo reduzir a carga organica e a toxicidade do
efluente, para reutilizagdo em agricultura hidropénica. O tratamento do MCTW visou a
geracao de espécies reativas de cloro, como o hipoclorito, para reutilizacao como agente
anti-incrustante em processos de membranas da propria industria téxtil. Os efluentes
utilizados foram recolhidos em duas industrias localizadas em Portugal.

No tratamento do OMW, foi utilizado um anodo de diamante dopado com boro
(BDD) e um catodo de ago inoxidavel. A escolha do material de anodo prendeu-se com a
sua elevada eficiéncia na oxidacdo da matéria organica, reportada na literatura. Os
ensaios de tratamento eletroquimico tiveram a duracdo de 8 horas e foram realizados a

trés intensidades de corrente distintas, 300, 500 e 700 mA. Resultado das trés condicoes
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de corrente estudadas, foram obtidos trés efluentes tratados, com caracteristicas
diferentes. O consumo energético especifico do tratamento variou de acordo com a
corrente aplicada, sendo o menor consumo obtido para 300 mA. A remocao da caréncia
quimica de oxigénio (CQO) foi de, aproximadamente, 83%, 93% e 98% para 300, 500 e
700 mA, respetivamente. O pH dos efluentes tratados resultantes dos processos a 500 e
700 mMA apresentaram-se alcalinos, o que nao favorece o cultivo hidropoénico. No
entanto, o indice de biodegradabilidade aumentou consideravelmente para estas
correntes. Para os trés efluentes tratados, a taxa de adsorcao de so6dio (SAR) apresentou
nives dentro do adequado, mas a condutividade elétrica apresentou valores que
poderiam causar danos moderados ao cultivo. Ainda assim, a diluicao dos efluentes
tratados possibilita a sua reutiliza¢do no cultivo hidroponico.

Para o tratamento do MCTW, foi utilizado um anodo de 6xidos metalicos mistos
(MMO), uma vez que, de acordo com a literatura, este tipo de material favorece a reacao
de oxidacao do cloro e, consequentemente, a producao de espécies reativas de cloro.
Foram realizados ensaios de tratamento eletroquimico com duas amostras distintas:
MCTW_1, que consiste no concentrado da ultrafiltracao, e MCTW_2, que consiste no
concentrado da osmose inversa. Para MCTW_1, os ensaios tiveram a duracao de 40
horas, com corrente aplicada de 0.5 A durante as primeiras 32 horas e 2.5 A nas 8 horas
finais. Para MCTW_ 2, os ensaios tiveram a duracao de 75 horas, com corrente aplicada
de 1 A durante as primeiras 40 horas e 0.75 A nas 35 horas finais. O tratamento
eletroquimico dos concentrados téxteis resultou na geracao de hipoclorito, alcancando
62% da producao tedrica maxima de ClO- na amostra MCTW_1 e 54% na amostra
MCTW_2. A producdo de clorato aumentou com a corrente aplicada, que também
resultou no aumento do consumo energético do processo. A remocao de CQO foi de 61%
para MCTW_1 e 68% para MCTW__2, mostrando que o processo foi mais eficiente para
a segunda amostra, devido a maior carga organica inicial.

A OE mostrou-se uma técnica promissora para a remoc¢ao de compostos
organicos e producao de efluentes com potencial de reutilizacao. No caso dos efluentes
da industria de producao de azeite, a corrente de 500 mA foi considerada a mais
adequada, de entre as estudadas, para a reutilizacdo do efluente tratado em cultivo
hidropo6nico, embora a sua diluicdo seja necessaria. Para os efluentes téxteis, o
tratamento gerou hipoclorito com potencial para reutilizacao industrial, requerendo o

processo otimizac¢ao para minimizar o consumo energético e a formacao de clorato.
Palavras-chave

Economia circular; BDD;MMO;hipoclorito;cultivo hidroponico
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Abstract

This study aims to electrochemically oxidize (EO) industrial wastewater, namely
olive mill wastewater (OMW) and membrane concentrate of textile wastewater (MCTW),
to produce treated effluents that can be reused in hydroponic agriculture (treated OMW)
and as an anti-fouling agent in membrane processes (treated MCTW).

OMW treatment was performed using a boron-doped diamond (BDD) anode
suitable for mineralizing organic compounds. Three different applied current intensities
were studied, 300, 500, and 700 mA. EO removed up to 98% of the chemical oxygen
demand (COD). The biodegradability of the treated OMW increased considerably,
especially at 500 and 700 mA. The specific energy consumption increased with the
applied current intensity. Considering the overall results, the OMW treated at 500 mA
was considered the most suitable for hydroponic cultivation. However, it must be diluted
in fresh water to adjust pH and electrical conductivity.

MCTW treatment used a mixed metal oxide (MMO) anode, which is prone to
generating active chlorine species from chloride oxidation. Two different MCTW samples
were studied: ultrafiltration retentate (MCTW_1) and reverse osmosis retentate
(MCTW_2). With both samples, hypochlorite (ClO-) was generated by EO, leading to
treated MCTW samples rich in oxidizing agents with potential for industrial reuse. COD
removal was 61% for MCTW_1 and 68% for MCTW__2. Further process optimization is
required to minimize energy consumption and chlorate formation.

The obtained results showed that EO is a promising process for treating industrial
wastewater. It enables the reduction of the pollutant load and the reuse of the treated

wastewater in a circular economy approach.

Keywords

Circular economy; BDD;MMO;hypochlorite;hydroponic cultivation
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Chapter 1

Introduction

This chapter presents the framework and motivation that led to the development of the
study. It also describes the specific objectives and the strategy followed to achieve the main

objective. At the end of the chapter, a description of the content of this dissertation is presented.

1.1 Framework

According to the United Nations (UN), the global population is expected to increase from
8 billion persons in 2022 to approximately 9.7 billion in 2050. This, and other trends happening
at the same time, will have implications, mostly about water scarcity, for many generations to
come [1]. Therefore, it is imperative to seek solutions and improvements to reduce the amount of
water required in industrial processes, as well as treatments for the wastewater they produce. An
adequately treated wastewater will prevent watercourses and soil contamination in case of
disposal, but it will also allow its reuse in the industry itself or other applications, promoting a
sustainable and circular economy, which is the aim of this study. In this context, olive oil and
textile industries are responsible for extremely high water consumption and the generation of
highly toxic wastewater, requiring an effective treatment [2,3].

The olive oil industry consumes about 3600 L of water to produce 1 kg of extra virgin oil
(agricultural stage not included), generating 0.5-1.8 m3 of olive mill wastewater (OMW) per ton
of olive oil and, in terms of polluting load, 1 m3 of OMW is equivalent to 200 m3 of domestic
sewage [4—6]. OMW has high levels of chemical oxygen demand (COD) and biochemical oxygen
demand (BOD) and can contain organic and inorganic compounds, many of them recalcitrant,
being a very complex phytotoxic wastewater. Therefore, it cannot be discharged or reused without
being treated [7].

Regarding the textile industry, known as one of the most intensive water consumers and
responsible for the generation of pollutants around the world, the dyeing of 1 kg of fiber requires
an average of 100-180 L of water [8]. Just like in the olive oil industry, wastewater from the textile
industries has high levels of polluting load, containing recalcitrant compounds and other
characteristics that do not allow its disposal or reuse without treatment [9]. This pollutant and
recalcitrant load is even more aggravated when the wastewater is submitted to membrane
treatment processes, leading to membrane concentrates from textile wastewater (MCTW).

Several treatment technologies have been and continue to be studied to treat these
effluents, such as biological, chemical, and other treatments [10—12]. Electrochemical processes
have gained space in the scientific field in the last decades. Electrochemical oxidation (EO) has
shown high efficiency in the treatment of effluents with recalcitrant properties, achieving high

levels of treated water quality without requiring the addition of reagents or resulting in the



production of sludge or concentrates [13]. It is possible to select a more effective anode material,

considering the characteristics of the wastewater and objectives for the treated wastewater.

1.2 Objective/Strategy

The main objective of this study was to develop strategies for reusing industrial effluents
with recalcitrant properties, involving treatment by electrochemical oxidation. To achieve that, a
four-step strategy was outlined and applied, comprising:

Step 1) Select two industrial wastewaters with high environmental impact that are
difficult to treat: OMW and MCTW;

Step 2) Propose a reuse strategy: (a) OMW — treat by EO under different operating
conditions to obtain 3 different quality indexes of treated OMW and evaluate the influence of the
quality index on hydroponic lettuce cultivation; (b) MCTW — treat by EO under different
operating conditions with the objective of obtaining a solution rich in oxidizing species
(hypochlorite, etc.) for reuse in the membrane process of the textile industry itself, aiming to
improve it.

Step 3) Carry out the electrochemical treatments and evaluate the influence of different
operating conditions;

Step 4) Send treated wastewaters for their respective reuse.

1.3 Dissertation structure

This dissertation is structured into five main chapters. In the first chapter, the work is
framed and the motivations for carrying it out are presented. The objective of the work is
presented, as well as the strategy followed to achieve it, and a summary of the dissertation
structure is made.

In the second chapter, a literature review is made on the electrochemical method used in
this work, EO, and its application in the treatment of OMW and MCTW, and on studies already
published regarding the reuse of such wastewaters. The fundamentals of electrochemical
oxidation are presented to understand better its advantages and limitations in the treatment of
OMW and MCTW and the effect of the main variables on process efficiency. It also presents a
brief explanation of how the industries function. Regarding the studies already published on
reuse, a brief contextualization is carried out, as well as the importance of developing strategies
to promote treatment aimed at reuse.

In the third chapter, the characterization of the wastewaters used in this work is
presented, as well as a description of the electrochemical oxidation experiments performed and
the analytical methods used to monitor them.

The fourth chapter describes the experimental work carried out and the results obtained,
as well as discusses the results.

Finally, the fifth chapter presents the main conclusions and perspectives for future work.



Chapter 2

Fundamentals and literature review

This chapter presents a literature review on the industries that generate the wastewaters

used in this work and the fundamentals of the electrochemical method used in this study.

2.1 Olive oil industry

The olive tree has an important role in culture, health, and economic levels of society and
has coexisted with humans since ancient times [14,15]. Records indicate that olive trees were
grown around the Mediterranean basin six millennia ago, being one of the oldest cultivated trees
in the world and linked to the emergence of ancient civilizations due to its use in multiple areas
of the economic chain [16,17]. Its use in different spheres among the population and the exploring
events of important empires, namely The Roman Empire, spread the cultivation of olive trees,
extraction, and use of its products, mostly olive oil, throughout Europe [18].

Spread throughout Europe, Oceania, Asia, and Africa, the wild olive or oleaster (Olea
europaea subsp. Europaea var. sylvestris) and the ‘European’ or cultivated olive (Olea europaea
L. subsp. europaea var. europaea) are often found coexisting [16,18,19]. The last is considered by
some researchers a representative of one big group of diverse plants located in different
geographical areas [16,18]. On the other hand, other researchers believe that it is a hybrid among
two or more different species [15,18,19].

Regardless of the actual genetic origin of the species, the olive tree had and still has
immense cultural and economic importance in the world, and since the knowledge of health
benefits of olive oil, such as reducing the incidence of major cardiovascular events, was disclosed,
even more attention was drawn to the production of this commodity [20]. To meet the demand,
the olive oil industry had to improve its extraction processes to increase production and maintain
the oil quality. The European Union (EU) is responsible for approximately 67% of the world’s
olive oil production and 50% of the consumption of olive oil per year, with Spain, Italy, Greece,
and Portugal as the most significant producers [21]. However, larger productions generate more
significant amounts of OMW, which is estimated to be around 6x106 m3 worldwide, being 98%

produced in the Mediterranean basin [22].

2.1.1 Production process

For centuries, the traditional process has been used to extract the oil from the olives,
undergoing small changes over time [11,23]. In ancient times, the process consisted of crushing
the olives in a stone mortar, adding hot water to the paste formed, and collecting the oil from the
surface since it is lighter than water. However, as the demand increased, the Romans introduced
presses to the process, which led to the traditional process, improving the extraction system [14].

Therefore, currently, there are two methods of extraction of olive oil: the traditional process

3



(Figure 1 (a)) and the modern process (Figure 1 (b)), which are mechanical methods that,
according to the European Commission Regulation No. 1513/2001 [24], are the only methods

allowed to be used for extraction, to preserve the natural organoleptic characteristics [11].

Defoliation
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Olives wmmm) Crushing s (ambiant s Pressure F oil
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L OMW
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Figure 1. Extraction processes of olive oil: (a) traditional process and (b) modern process. Adapted from

[11].

The traditional process (Figure 1 (a)) is a discontinuous process in which the crushing or
milling of the olives, aiming to tear apart the plant tissue to liberate the oil contained in the cells,
is performed by cylindrical or conical-shaped stone mills that rotate in a granite base [25]. The
paste formed is kneaded (malaxation) and then put in fiber disks that, after being placed on top
of the other, are pressed by a hydraulic press, compacting the solid phase and allowing the liquid
phases to flow in a container (water is added to increase the speed of the flow). These liquid phases
are separated by decantation or vertical centrifugation, resulting in the oil itself and OMW [11].
Some advantages of the traditional process, like no metal contamination that can affect color and
flavor, reducing oxidative stability, and avoidance or minimization of emulsion formation,
contribute to the production of higher quality oil, but nowadays, only small producers still use
this system, since it has a low capacity of production and requires large spaces [11,25].

The modern process (Figure 1 (b)) is a continuous process in which the extraction can be
performed by a three-phase method or a two-phase method [11,25,26]. The first was developed
in 1970 to increase production capacity. This process uses a centrifugation system with a decanter,
producing three phases (Figure 2): oil, solid residue, and OMW [11,25]. The disadvantage of this
method is the higher water consumption, which generates a higher amount of wastewater
[11,26,27]. Hence, to maintain a high production capacity and reduce the generation of
wastewater, the manufacturers developed the two-phase (Figure 2) method that delivers only oil
and a humid substrate (OMW + pomace) [11,25,27]. This process has the advantage of using less

water and, consequently, produces less wastewater [11,28].
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Pomace
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Figure 2. Three and two-phase centrifugation scheme. Adapted from [25].

2.1.2 Characterization and environmental impact of OMW
Each olive oil production process uses different amounts of water, generating different
amounts of OMW. Table 2.1 shows the approximate amount of water used, as well as olive oil and

OMW produced by each process when 1000 kg of olives are processed.

Table 1. General oil and wastewater quantities produced by each process. Adapted from [26].

Mill type Olives / kg Water / L Olive oil / kg OMW /L
Traditional 100-200 230.4 650
Three-phase 1000 100-1000 256.4 1200
Two-phase 100-120 247.4 200-300

The characteristics of wastewater from olive oil production depend on several factors,
such as olive type and degree of ripeness, but the most important is the extraction technology
used [7,10]. In general, OMW is a dark-colored and foul-smelling liquid, being the composition
by weight of 83%—96% water, 3.5%—15% organic constituents, and 0.5%—2% mineral
compounds, also containing inorganic ions and suspended solids [4,10,29]. Table 2.2 presents the

general values for the most commonly analyzed parameters of OMW.

Table 2. General characterization and composition of OMW reported by different researchers.

Parameters Unit oMW References
pH - 4-6 [4,5,26]
EC mS cm! 1.5-81 [11,30]
COD gLt 4 — 356 [5,11,26,31]
BOD; gLt 35 —132 [26,32]
Potassium gLt 2.5-6.2 [5,31]
Sodium mg L? 1.320 — 2060 [31,33]
Calcium mg L? 240 — 780 [5,34]
Magnesium mg Lt 580 — 2.600 [5,31]
Chloride mg L1 4.620 [31]

5



The high content of organic compounds (aromatic and aliphatic), of which 2-15% are
phenolic compounds, including antibacterial substances that make OMW resistant to
biodegradation, results in COD and BOD values of 4 to 356 g L'* and 35 to 132 g L1, respectively,

which are strongly linked to environmental pollution [35—38].

2.1.3 Treatment technologies for OMW
Over the years, treatment methods have been developed to reduce the pollutant load of
OMW, mitigate environmental damage, enable the reuse of treated effluent, and remove nutrients

for further use. Table 3 shows the main treatments described in the literature for OMW treatment.

Table 3. Treatment methods for OMW.

Treatment COD .
Type Observations References
method removal
OMW has to be
diluted and the
Aerobic 80% process can take 90
Biological Anaerobic 80-85% days to be [39,40]
Composting 52% completed
Some methods have
a high cost
Evaporation 20-80%
Distillation 20-80% )
Thermal Combustion ) High energy cost [5,11]
Pyrolysis -
Centrifugation 21%
o Some methods
Neutralization 30-50% .
. . . require pre-
Physicochemical Adsorption 30-50% [22,29,41,42]
. treatment,
Fenton reaction 86% . .
increasing the costs
AOPs 30-100%

The biological treatment uses microorganisms and their mechanisms to break organic
compounds and remove nutrients. The choice of microorganisms and their adaptability is
essential for satisfactory results since the phenolic compounds, some organic acids, long-chain
fatty acids, and polyphenols present in OMW can inhibit the action of some microorganisms
[10,11]. The aerobic way uses bioreactors that, with the addition of oxygen and other essential
nutrients, promote ideal conditions for the growth of bacteria, fungi, and others, allowing these
microorganisms to decompose by oxidation, complex organic compounds, reverting them into
simpler molecules that can return to the environment more safely [43,44]. There are also
composting and vermicomposting treatments. The first uses aerobic microorganisms in the
environment and biomass to produce compost via natural bioxidative activity on organic
molecules, performed in mesophilic and thermophilic. The last, function similarly, but uses
earthworms as bioxidative agents. The limitations of these treatment methods are the long
duration of the process and the attention needed to have an effective treatment [40]. The

6



anaerobic treatment uses limited or no oxygen at all, requires little energy, and in the process of
compounds degradation biogas is created, which can be used to produce energy [10,40]. However,
it usually requires a pretreatment to reduce the organic load and dilution (due to the inhibitor
ingredients) since, for bioconversion to be effective, the OMW must have a balanced level of
C/N/P and pH between 6,5-7,5 [10,29].

There are also thermal treatments, the most common of which are combustion,
evaporation, distillation, and pyrolysis. Due to the moisture content of OMW, the thermal
treatments must be performed indirectly, as in the combustion treatment, olive solid waste can
be added to OMW to impregnate lignocellulosic biomass and produce green pellets. Pyrolysis is a
promising technique that produces liquid, solid, and gaseous products that can be recovered. The
limitations of these methods are the high energy consumption and, consequently, the high cost
and the production of toxic gases [5,11].

Physicochemical treatments, such as adsorption, precipitation, lime treatment, Fenton
oxidation, and advanced oxidation processes (AOPs), have been studied for the OMW treatment
[45]. A combined treatment method using centrifugation and filtration as pre-treatment, to
remove total suspended solids, followed by clay adsorption, was reported to remove 70% of COD
and 80% of phenolic compounds [42]. A study applied lime coagulation and adsorption on
bentonite as OMW pre-treatment, obtaining 99.5% removal of oleic acid, 43% removal of
polyphenols, and 55% removal of COD [46]. In a different study, color total removal and 40-70%
removal of COD were reported when using lime or ammonium iron sulfate as a coagulant,
depending on the dosage of the coagulant employed [47].

AOPs are oxidation processes associated with the production of hydroxyl radicals,
promoting the oxidation of pollutants, mainly by these very powerful radicals [29,48]. Some AOPs
have been studied for treating OMW, namely Fenton’s process, ozonation, and electrochemical
oxidation [29,30,49]. Fenton’s process promotes the production of oxidative species through the
decomposition of H,O, by iron source [48]. Ozonation occurs when ozone interacts with electron-
rich molecules, producing hydroxyl radicals [50]. Electrochemical oxidation is based on the
electrolysis of the wastewater, and it can be performed using different anode materials, in which
the oxidation of pollutants can occur by direct exchange of electrons between the surface of the
anode and the pollutant molecules (direct anodic oxidation), or through the reaction of the
pollutant molecules with electroactive species generated on the surface of the anode (indirect
anodic oxidation) [51,52]. Apart from the anode material, other variables affect the efficiency of
the EO process, such as initial COD and current density [29]. Table 4 shows a literature review of
the most utilized anode materials, with initial COD from 700 to 250,000 mg L and current

densities from 150 to 13,500 A m-2.



Table 4. A summary of the main research results previously reported for OMW treatment by electrochemical oxidation using different anode materials.

A Initial COD / mg Sample Applied Current density or X
Anode material COD removal / % Time / h Ref.
Lt volume / L voltage
20500 4 500 A m=2 94 16 [41]
Boron-doped .
. 700 0.6 300 A m2 =100 Not informed [53]
diamond .
3000 0.6 30 mA cm2 =100 Not informed [29]
1300 0.11 0 mA cm2 =20 . [54]
Ti/IrO- 3 > 75 >4
60 20
50000 0.8 7.69 MA cm -2 23 5 [55]
. 65000 0.5 25-35 mA cm2 40-55 2,4 and 10 [56]
Ti/Pt
250000 15 500 Am2 93 10 [57]
42000 0.3 350 Am 40 5 [58]
1220 0.11 500 A m=2 52 5 [59]
Ti/RuO- 150 Am™ 54
41000 0.4 13500 A m™ 99.6 7 [60]
1475 10 5V 5 2 [61]
7V 25
9V 35
3060 25
5180 15
18100 45 14V 58.9 8 [62]
Ti/Ta/Pt/Ir
16V 70.8
18V 63.4
38100 20 7
20200 16V 39.1 7
20V 45.2
24V 60.2
26750 0.4 ~617 Am= =89 33 [63]
Ti/TiRuO: 75
=96 21



Only a few studies presented COD removals higher than 90%. The current intensities (and
anodes) used in these studies were 30 (BDD), 300 (BDD), 500 (Ti/Pt), 617 (Ti/TiRuO.), and
13500 A m=2 (Ti/RuO,). Although metallic anodes are cheaper than BDD, only the latter can
achieve high COD removal at a low current density, which highlights the superior efficiency of
BDD in removing COD. When using a diamond-based material as boron-doped diamond (BDD)
as anode, the organic matter is oxidized by hydroxyl radicals generated at the BDD surface [29].
Total COD removal has been reported when treating OMW with this process [29]. In a case study
aiming at the reduction of COD in OMW through EO with BDD anode, it was observed that, during
the first hours of EO, the process was kinetically controlled due to the high COD levels of OMW.
However, as the COD decreased, the process became diffusively controlled, reducing the EO
efficiency. The authors concluded that it is essential to control, as much as possible, the process
variables, such as current density, to obtain maximum efficiency with the lowest treatment cost
[41].

OMW has a high organic load, which implies high COD levels, and some treatment is
required to reduce these levels. Even at safe levels for disposal in water courses, it is possible to
recover some nutrients for further use due to the OMW richness in essential elements (carbon,
phosphorus, potassium, etc.). [22]. Another option, which has been extensively studied in recent
years, is the reuse of treated OMW as a part of a circular economy strategy [5,11,22]. Following
this line of thought, and considering that OMW is an agricultural product, a study was carried out
in which OMW was pretreated using immediate one-step lime precipitation (IOSLP) followed by
carbonation and then used for lettuce cultivation in a hydroponic system [64]. According to the
same study, some parameters need to be monitored to guarantee the quality of the water used in
the hydroponic system, such as: approximately neutral pH; electrical conductivity (EC, in mS cm-
1), which is expressed according to the damage it can cause to the plant (None: <0.75; Some: 0.75—
1.5; Moderate: 1.5—3; and Severe: 3—7.5); sodium adsorption ratio (SAR) < 10 (mmol L1)°:5
[64,65]. The authors found that, although the size of the plants was smaller than the control ones,
indicating that some supplementation might be required, sensorial analysis showed no significant
differences between them [64].

Despite the promising features of electrochemical oxidation, especially when using a BDD
anode, the use of OMW treated by EO with BDD for hydroponic crop cultivation has never been

reported.

2.2 Textile industry

The beginning of the textile industry dates back to the end of the 4th millennium BC when
it became an essential part of the worldwide economy [66]. Sheep and their wool were the main
pieces of this industry, along with cotton and silk. Nonetheless, the expansion of this industry
over the years and the importance given to its production boosted research and development of
new technologies. In addition to natural fibers, synthetic fibers were developed due to social and
economic demands [67]. Differently from natural fibers, synthetic ones are man-made fibers, i.e.,

they do not occur naturally, and the raw material for their production comes from petroleum,



chemicals, or petrochemicals, which are polymerized. More than half of all fiber usage is from
synthetic fibers [68].

Being recognized as a primordial activity since it meets one of man’s basic needs, the
textile industry transforms natural and man-made fibers into yarns and fabrics, fabrics into
garments, household items, domestic and technical use [69]. On the other hand, it is also
identified as a problematic sector for the environment due to its intensive water consumption
(~200 L of water to produce 1 kg of fiber), the elevated organic load, and the recalcitrant
properties of the wastewater generated during production. This industry consumes 30 million m3
of water per year, being 88% discarded as wastewater [70]. China, USA, India, and the EU are the
leading textile producers. The most significant textile and clothing production in the EU is in Italy
(40%), but also Germany, Spain, France and Portugal are big producers within the EU [71]. More
than 65% of the textile production is to meet the demand of the fashion market, followed by

technical textile and household products [67].

2.2.1 Production process

Textile industries are classified according to the type of fiber processed, which can be
obtained from plants (cellulosic materials), animals (protein fibers), and synthetic fibers
(produced artificially). The textile factories are made up of dry and wet processes, with the wet
processes the most environmentally hazardous [70]. Figure 3 shows a general flow chart of the
production process using natural fibers and the primary pollutants in the wastewater discharge.
One or more pretreatment steps might be required, depending on the type of fiber and its
posterior use. The objectives of the pretreatment are to remove any undesired content from the
natural fibers and provide the required level of fiber property (whiteness of the fabric, absorption,

softness, resistance, weight, width, etc.) for further processing of the textile substrate [67,70].

BOD from sizes, NaOH, surfactants, soaps, H;0;, Na,8i03, organic
enzymes, starch fats, pectin, oils, sizes and stabilizer and alcaline
and waxes waxes conditions

Pretreatment
SiZiNG ey DeE-SiZING mumsp SCOUTING mummmmd Bleaching

Finishing ¢e= Printing  ¢=— Dyeing 4= Mercerising

Softners, solventes, Colour, metals, urea, Metals, salt, surfactants,
resins and waxes H,CO and solventes colour and alcaline/acidic
conditions

Figure 3. Steps of textile production using natural fibers and the main pollutants discharged during the
wet process. Adapted from [52].

Synthetic fibers also generate by-products during their processing due to the use of

catalysts and reagents. Some of these by-products are toxic and are discharged in the wastewater.
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Figure 4 presents the general steps of synthetic fiber processing and some compounds discharged

during this action [72].

Antimony and ethylene glycol ]

- ) Polymer
FEPArAtION oy Polymerisation = recovery and s Spinning
of agents i

extrusion

Finishing G Printing ¢ Dyeing dm— Pretreatment

Flame retardants

Unreacted monomers, dispersed
dyes and sodium chlorite

Figure 4. Steps of textile production of synthetic fibers and the main pollutants discharged during the
process. Adapted from [54].

2.2.2 Characterization and environmental impact of the textile industry

High water and energy consumption, CO. emission, solid waste, and liquid and gaseous
effluents make the textile industry one of the most polluting sectors. Concerning energy
consumption, this industry consumes 0.5 — 7.5 kWh/kg of product, and in terms of thermal
energy, it consumes 11 — 65 MJ/kg of product [73]. More than 8000 chemical products, many of
them toxic and harmful, directly or indirectly, to human health, are consumed in this industry.
Also, the emission of 3.5 g/kg of product of CO,, volatile organic compounds, nitrogen oxides,
sulfur oxides, CO, and particulate matter, contributes to the greenhouse effect [73]. Still, the
textile industry's most concerning environmental hazard aspect is the amount of wastewater
produced and its chemical load [74].

The generation of textile wastewater (TWW) can reach 300 L kg of produced material,
making this industry one of the main producers of wastewater [75]. The contaminants and
pollutants contained in TWW threaten environmental protection because of their toxicity and
recalcitrant characteristics. TWW qualitative and quantitative characterization varies, depending
on the type of fibers used and the desired final product [76,77]. TWW generally has a high COD
and salinity, low biodegradability, and variable pH values. TWW with different characteristics can
be produced in the same plant due to the variability and quantity of chemical products used

[72,76]. Table 4 presents the range of import parameters for TWW.

Table 5. General characterization and composition of textile wastewater reported by different

researchers.
Parameters Unit Concentration range References
pH - 5-12.9 [78,79]
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EC mS em-? 0.739 - 6.8 [77,79,80]

COD mg L1 61— 225084 [77,79]
BOD; mg L 6 — 2895 [77,78,81]
Chloride mg L 64 — 942 [77-79]

Due to its characteristics, TWW disposal must be preceded by some treatment method to
mitigate its environmental impact. The next sub-section will discuss these treatments and provide

details about them.

2.2.3 Treatment technologies for TWW

The treatment of TWW has some limitations regarding the possible methods to be used.
The biological method is not viable, since the presence of dyes prevents aerobic microbial attack.
However, the anaerobic pathway is capable of degrading some dyes; meanwhile, sometimes it
produces compounds that are more toxic and more difficult to degrade than the dye itself, making
this method not viable as well [82].

Despite their many disadvantages, processes based on physicochemical treatments are
the most widely used in the textile industry. Among these processes is coagulation-flocculation,
which uses coagulation agents, usually salts of aluminum and iron because of their capability to
neutralize negatively charged particles, destabilizing it [83,84]. COD and color removal can reach
72% and 84.7%, respectively. Nevertheless, this process has a high sludge formation, which also
requires treatment, as well as high chemical usage and minor mineralization of dyes [83,84].

Adsorption is also used for TWW treatment, which involves transferring a molecule in a
fluid bulk to a solid surface. The adsorbent must fit some characteristics to make the process as
efficient as possible being the presence of large functional groups, tunable internal architecture,
and large surface area essential to achieve that [83]. This process can reduce 90% of the color
from TWW, depending on the adsorbent agent used, and it is simple and cheap to perform. Its
disadvantages are the need for the disposal of the adsorbent agents, regeneration issues, and low
mineralization of dyes [83].

Membrane-based processes, namely microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO), have been considered the most efficient processes
for obtaining water with quality for reuse. Some of these processes achieve COD and color
removals of over 90% [85]. Figure 5 shows the porosity of the membrane used in each process,
hence, choosing the correct membrane is the key to obtaining an effective treatment. Although
membrane processes are very efficient, some disadvantages have been difficult to overcome.
Membrane fouling and the production of membrane concentrate from textile wastewater are a
concern for the environment and process costs. Several strategies, such as the deposition of
different materials on the surface of the membrane to improve anti-adhesive properties,
disinfection methods for removing the biofilm from the membrane surface, and optimization of
operational parameters, have been investigated to mitigate the membrane fouling problem [86—
89].
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Figure 5. Membrane porosity according to each type. Adapted from [72].

As shown in Figure 5, each membrane has selective permeability, trapping in the system
all the compounds that do not permeate it, generating MCTW, which presents high values of COD
and salinity, and usually are colored [72,76]. Hence, regardless of the destination given to this
concentrate, disposal, or reuse, there must be some prior treatment. In that way, electrochemical
treatment, namely the AOPs, are a great and well-known technology, capable of eliminating
persistent pollutants, enabling safe disposal, reuse, and/or resource recovery [90,91].

Among the AOPs, ozonation, Fenton’s process, and photocatalysis are effective in
degrading dyes and decolorizing colored effluents. In this regard, EO has been showing high
efficiency in removing organic compounds and color, with the advantage of not requiring the
addition of any reagents to generate hydroxyl radicals and not generating any sludge or
concentrate [92]. In addition to the production of hydroxyl radicals, reactive chlorine species
(RCS, as ClO-) and sulfate radicals, among others, can be produced using cheaper electrode
materials than BDD, such as mixed metals oxide (MMO) anodes [93].

As previously mentioned, other factors influence the efficiency of the EO process. Table 6
presents a compilation of EO studies carried out with TWW with different characteristics and
using different anode materials. Only one study showed a removal rate higher than 90%. The
current intensity (and anode) used in this study was 20 mA cm-2 (BDD), the initial COD was 350
mg L, and the EO process lasted 12 hours. However, metallic anodes also performed well. For
example, Ti/RuO,-IrO, (similar initial COD) removed 25% of COD in a 10-minute treatment using

the same current density.
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Table 6. A summary of the main research results previously reported for TWW treatment by electrochemical oxidation using different anode materials.

Anode material

Ti-TiO2/RuO-
Ti-TiO2/Sn0O-
Ti-TiOz/RllOz-PbOz

Ti/CoOx-Ru0:-Sn0:-Sb-05

Ti/Sn0.-Sb-Pt

Ti/RuO:-IrO-

Ti/IrO=-RuQ--Sn0-

Ti/Pt

Ti/SIlOz'szOs

Graphite rod

Ti/PbO-

BDD

Initial COD /
mg L1t

350

1280

520-1768

320
1020

Not informed

3325

225

20840

178

350
2154

1650

Sample volume / L

0.075

1.0

0.42

0.50

0.25

5.0

Not informed

1.0

1.2

0.30
5.0

0.50

Applied Current density
or voltage

3 A dm=

50 mA cm™

125 mA cm

20 mA cm2

20V
0,89 A cm2
1 mA cm

8V

124 mA cm2

20 mA cm2
20 mA cm™
40 mA cm
60 mA cm™
100 mA cm~2
2.8 mA cm2

COD
removal / %

>77

40.2
25-59
25
3.82
60
86

83

68

74

97
46
61
78
88
84

Time

150 min

2h

1-3h

10 min

40 min

oh

18 min

30 min

60 min

50 min

12h
6h

6h

Ref.

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]
[104]

[105]



In addition to the good performance in removing COD, metallic anodes produce RCS
more easily than BDD. Contrary to hydroxyl radicals, RCS has enough stability to be stored and
utilized ex-situ. Thus, this study aims to apply EO on MCTW, using MMO electrodes to
electrogenerate RCS and remove COD, simultaneously promoting the possibility, in addition to
treating the MCTW, of using the treated MCTW (rich in RCS) as a membrane antifouling and
disinfectant, aiming to increase the efficiency of the membrane treatment itself [93]. There is no

literature on this yet.

2.3 Electrochemical oxidation

Electrochemical oxidation usually occurs in a cell of two electrodes connected by an

external circuit (Figure 6).

Applied current

clx =
r -

Cathode
reduction

Anode «—+—
oxidation

Figure 6. Schematic of an electrochemical cell. Adapted from [77].

This process is based on the electrolysis of water contained in wastewater, generating
hydroxyl radicals (Equation (1)) [51]. The oxidation of pollutants takes place through the transfer
of electrons between the surface of the electrodes and the species present in the solution. Hence,
it depends on the physical and chemical processes taking place at the interface between the anode
and the solution, the diffusion of species to the surface of the anode, and the kinetics with which

the species are reduced or oxidized [106].
M+ H,0 —» M(s OH) @)

The hydroxyl radical is a highly reactive and non-selective oxidant, capable of promoting
the mineralization of a wide range of organic species in effluents, depending on the operating
conditions, especially the anode material. Two types of anodes (M) are considered to exist: active
and non-active ones. In active anodes, there is a stronger interaction between the hydroxyl
radicals and the electrode surface, leading to the formation of a superoxide (MO), as shown in

Equation (2), which acts as a mediator in the oxidation of pollutant molecules (R) (Equation (3))
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[51,107]. Platinum, IrO,, and RuO2 are examples of active anodes. The oxidation mechanism
mediated by “active anodes” generally leads to the electrochemical conversion of pollutants, in
which organic compounds are partially oxidized and transformed into simpler organic products

[106,107].
M(e OH) > MO+ H* + e~ (2)
MO +R - M+RO 3)

The non-active anodes, on the other hand, establish weak interactions between the
surface of the anode and hydroxyl radicals, allowing the direct reaction of the pollutant molecules
and the radicals adsorbed on the anode surface (Equation (4)). The oxidation mechanism using
non-active anodes generally leads to the complete mineralization of organic compounds,
producing water, carbon dioxide, and inorganic compounds [51,106,107]. BDD, PbO,, and SnO.

are examples of non-active anodes.
aM(e OH) + R - aM + mCO, + nH,0 + (a —2n)H* + (a — 2n)e~ (4)

The studies on the use of BDD anode for wastewater treatment have shown its high
efficiency [29,30,106]. Being a non-active electrode, BDD has a high reactivity towards organic
compounds due to the weak interaction of hydroxyl radicals with the surface of the electrode,
having better use for higher COD values. In addition to the high efficiency of organic matter
oxidation, which promotes efficient use of energy, BDD contributes to the decolorization of the
wastewater, improving the visual aspect.

The use of MMO as material for active electrodes has been extensively studied [108]. In
samples with high concentrations of ions, the oxidation of organic matter and ions occurs
simultaneously. Although this type of reaction has slower kinetics, the oxidation of specific ions,
namely chlorides, will produce stronger oxidants (e.g., ClO-), making it possible to reuse the

treated wastewater, instead of discharging it.
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Chapter 3

Materials and methods

This chapter presents the characterization of the samples used in this work, describes the
electrochemical oxidation experiments, and describes the analytical methods used to monitor

them.

3.1 Characterization of OMW and MCTW

The OMW sample used in this work was collected from an olive oil mill in Beja, Portugal.
This plant uses a two-phase cold extraction system, and the samples were collected during the
2023 campaign, specifically in November. After collection, the samples were transported to the
laboratory and stored at -18°C until they were used, then kept in a refrigerator at 4°C. Table 5

shows the characterization of the OMW sample used in this study.

Table 7. Characterization of the OMW sample used in this study.

Parameter Mean value (+ SD)
Chemical oxygen demand / g L 5.90 £ 0.01
Biochemical oxygen demand / g Lt 2.28 + 0.05
Biodegradability index 0.55
Ecotoxicity (ECs0-48h / TU) 2% / 49.8
Dissolved organic carbon / g Lt 0.80 + 0.03
Dissolved inorganic carbon / mg L1 18+9
Total suspended solids / g L 3.1+ 0.4
Total dissolved solids / g Lt 2.2 £ 0.1
pH 5.48 + 0.04
Electrical conductivity / mS ecm 1.9 £ 0.2
Potassium / mg L 196 + 4
Sodium / mg L 172 + 3
Calcium / mg L 151 + 4
Magnesium / mg L 58 +1
Chloride / mg Lt 3190+ 6
Sulfate / mg L 9.1+ 0.3

The MCTW samples used in this study came from a textile industry located in Portugal,
as part of the project Lusitano running at the Universidade da Beira Interior. The MCTW samples
from membrane treatment equipment comprised an ultrafiltration unit followed by a reverse
osmosis unit. MCTW__1 corresponds to the retentate from the ultrafiltration unit, and MCTW_2

corresponds to the retentate from reverse osmosis. After collection, the samples were kept in a
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refrigerator at 4°C until their use. Table 6 presents the characterization of the MCTW samples

utilized in this study.

Table 8. Characterization of MCTW samples.

Parameter MCTW_1 MCTW_2
Chemical oxygen demand / mg L 305+ 3 1045 + 8
Dissolved organic carbon / mg L 80+1 307+ 3
Dissolved inorganic carbon / mg L1 79.8 £ 0.4 344 + 2
pH 7.54 £ 0.04 7.49 + 0.02
Electrical conductivity / mS em- 3.2+0.2 8.1+0.2
Chloride / mg Lt 659 + 4 1599 + 6

3.2 Electrochemical experiments

The electrochemical experiments with the OMW sample were carried out in batch mode
with stirring (250 rpm), using an anode and cathode placed vertically and parallel to each other,
with a distance between them of ~0.5 cm, immersed in 200 mL of solution. Figure 7 shows a
picture of the electrochemical cell used. The anode material was BDD, a commercial anode
purchased from Neocoat (Switzerland), with a useful area of 10 cmz2. A stainless-steel plate with a
similar area of the anode was used as the cathode material.

Three different applied current intensities were studied, 300, 500, and 700 mA. A
Multimetrix XA3033, triple output adjustable DC power supply, was used as a power supply. The
experiments had a duration of 8 hours, and samples were taken every 2 hours for analytical

determinations and experiment monitoring.

Figure 7. Electrochemical oxidation schematic for OMW tests.
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The electrochemical experiments with MCTW samples were carried out in batch mode
with recirculation, using a Pan World CO pump, model NH-30PX; an electrochemical cell from
APRIA Systems, model PElab ¢/M-M25, comprised of Ti/IrO,—RuO, anode and cathode with an
area of 182.25 cm2 each; a GW, Lab DC, model GPS-3030D (0-30 V, 0—3 A) as the power supply;
and a Multiparameter waterproof meter, model HI98194, from Hanna Instruments for measuring
pH, conductivity and oxidation-reduction potential (ORP). Figure 8 shows a picture of the

experimental setup. The experimental conditions utilized are presented in Table 7.

|

Figure 8. Electrochemical oxidation schematic for MCTW tests.

Table 9. Experimental conditions applied in MCTW electrochemical experiments.

Parameter MCTW_1 MCTW_2
Sample volume / L 7.5 10
Recirculation flow rate / L h 60 60
Experiment duration / h 40 75
Applied current intensity / A 0.5(32h) +2.5(8h) 1(40h) +0.75(35h)
Sampling interval / h 4 8

3.3 Analytical methods

Several parameters were used to characterize the samples and to follow the
electrochemical experiments, namely COD, BOD;, biodegradability index, dissolved organic
carbon (DOC), dissolved inorganic carbon (DIC), pH, EC, ORP, ecotoxicity towards Daphnia
magna (D. magna), chloride (Mohr method), hypochlorite, total suspended solids (TSS), and
total dissolved solids (TDS). Also, chloride, chlorate, perchlorate, potassium, sodium, calcium,
and magnesium concentrations were determined by ion chromatography (HPLC). In
the subsections below, a brief description of the analytical methods and equipment used to

determine each parameter is presented.
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3.3.1 Chemical oxygen demand

Used to indirectly measure the amount of organic matter present in water and effluents,
the COD values are expressed in terms of oxygen concentration, since it represents the amount of
oxygen equivalent to the portion of organic matter present in the water or effluent that can be
oxidized by a strong chemical oxidant.

As described in the Standard Methods [109]COD was determined by the closed reflux
titrimetric method, which involved oxidizing the samples using excess potassium dichromate.
Dichromate (a strong oxidizing agent) oxidized the organic matter in the samples, producing H.O

and CO, and reducing chrome from hexavalent to trivalent, according to Equation (5).

a+8c

C,H,0p + 8cH' + Cr,05 — 2cCr’* + -

Hzo +n COZ (5)

The samples were digested in a strongly acidic solution, with a silver catalyst to oxidize
resistant organic compounds and mercury sulfate to reduce interference from the oxidation of
chloride ions. Closed reflux digestion was carried out using a Merck Spectroquant TR 420 thermo-
reactor for 2 h at 150 °C. After digestion, the unreduced dichromate was titrated with ammoniacal

ferrous sulfate (Equation (6)), using ferroin as an indicator.
Cr,05 + 14H" + 6Fe** — 2Cr** + 7H,0 + 6Fe* (6)

The amount of dichromate consumed was calculated based on the amount of unreduced
dichromate, which is equivalent to the amount of oxygen needed to oxidize the organic matter.

The COD was determined in milligrams of oxygen per liter of sample.

3.3.2 Biochemical oxygen demand and biodegradability index

Although BOD is not a precise quantitative determination, it is widely used as an index of
biodegradable organic matter in water or effluent. It is an important parameter for assessing the
quality of effluent treatments. BOD represents the amount of oxygen required for microbial
metabolism of dissolved organic matter in water and effluent samples. BOD; was determined
using the respirometric method, according to the Standard Methods [109]. This method provides
a direct measurement of the oxygen consumed by microorganisms from an air-enriched
environment after 5 days of incubation in a closed container under conditions of constant
temperature (20 + 1 °C) and continuous stirring. The BOD; determination tests were carried out
using commercially available PolySeed freeze-dried biomass. OxiTop® measuring heads were
used, which relate oxygen uptake to the pressure change caused by oxygen consumption at
constant volume. Constant temperature and continuous stirring were ensured using a WITW TS
606-G/2-i incubator and a WTW Oxitop IS 12 inductive stirring system, respectively.

The biodegradability index allows one to assess the effluent's suitability for biological
degradation. The higher the index, the easier it is to biodegrade. It relates BOD; to COD and is
given by the ratio of these two parameters (BOD;/COD).

3.3.3 Dissolved organic and inorganic carbon
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The determination of these parameters was performed using a Shimadzu TOC-VCPH
carbon analyzer, according to the Standard Methods [109]. Before the samples were analyzed,
they were filtered using an LLG Glass microfibre filter of 1.2 pm, meaning that the amounts of
inorganic and organic carbon analyzed correspond to the dissolved fractions in the samples.

To determine DIC, the sample is injected, using an automated process, into a reaction
chamber, where it is acidified. All the inorganic carbon is converted into CO2, which is quantified
in a detector. Its value is given directly in mg C L.

On the other hand, DOC determination is an indirect value given by the difference
between the DIC and the total carbon (also measured by the analyzer), being its value given

directly by the equipment in mg C L.

3.3.4 Conductivity, pH, and oxidation-reduction potential

The conductivity and pH measurements were carried out using a Mettler Toledo
SevenEasy S30 and a Mettler Toledo SevenEasy S20. Before the measurements, the samples were
thermostatized at 20°C.

A Multiparameter waterproof meter, model HI98194, from Hanna Instruments, was used
in the EO experiments with MCTW to measure the pH, EC, and ORP.

3.3.5 Ecotoxicity towards Daphnia magna

D. magna is a small freshwater crustacean that feeds on green algae, being at the bottom
of the food chain and thus playing a key role in the ecosystems’ health. Due to its short lifespan,
ease of rearing, and reproduction by parthenogenesis, it is widely used as a model species in
ecotoxicological tests andis recommended by major international organizations, namely
the American Society for Testing and Materials (ASTM), Organization for Economic Cooperation
and Development (OECD), and International Organization for Standardization (ISO).

The ecotoxicity towards Daphnia magna was evaluated using a Daphtoxkit F
microbiotest, DM311023, by measuring the number of immobilized D. magna neonates exposed
to different sample dilutions. The concentration responsible for 50% of immobilization, ECs,, was
calculated using the standard data processing method Daphtoxkit F spreadsheet. The toxicity

results were also expressed in terms of toxicity units, TU, according to Equation (7) [110].
TU =100/ (%ECso) (7)

3.3.6 Ion chromatography (Cl-, ClO;-, C10,~, K+, Na+, Caz+, and Mg2+)

Ions concentration was determined by ion chromatography using a Shimadzu
Prominance LC-20A system coupled to a Shimadzu CDD 10Avp conductivity detector. Anions
were separated using a Shodex IC I-524A anionic column (4.6 mm ID x 100 mm) at the
temperature of 40 °C. An aqueous solution of 2.5 mM phthalic acid and 2.4 mM
tris(hydroxymethyl)aminomethane was used as the mobile phase at a flow rate of 1.5 mL min-.
For the determination of cations, an IC YK-421 Shodex cationic column (4.6 mm ID x 100 mm)

was used at 40 °C. An aqueous solution of 5.0 mM tartaric acid, 1.0 mM dipicolinic acid, and 24
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mM boric acid was used as the mobile phase, at a flow rate of 1.0 mL min-.. For both cases, an
injection volume of 10 pL was used. The eluents were prepared with Milli-Q® water (Milli-
Qplus185 purification system), filtered through 0.45 pm hydrophilic polypropylene filters, and
the samples filtered through syringe filters with a 0.45 um polypropylene membrane.

3.3.7 Mohr’s method (Chloride)

According to the Standard Methods [109], Mohr’s method applies to determining
chlorides in neutral or slightly alkaline samples (pH between 6 and 9). The indicator (chromate
ion) won't work if the medium is too acidic. If it is too alkaline, the silver precipitates as silver
hydroxide instead of silver chloride.

For this determination, a suitable sample volume was titrated with a standard solution of
silver nitrate, using potassium chromate as the indicator. A blank, where the sample volume was
replaced by distilled water, was prepared, and the volume of the titrant was subtracted from the
volume used for the sample (the usual volume for the blank was 0.2-0.3 mL). The endpoint of the
titration occurred when silver chromate was formed, which gave the solution a brick-red color.

The chloride concentration (C / mg L) was determined according to Equation (8), where fygno,
is the correction factor, Cygyo, is the titrant concentration, in mol L, Vi is the titrant volume, in

mL, Vi, is the titrant volume used in the blank, in mL and Vg is the sample volume, in mL.

¢ = TAgnosx Cagnosx Weie Vbl 3 4c (®)

VS m

3.3.8 Iodometric method (Hypochlorite)

Hypochlorite was determined by iodometric titration following Vogel's Textbook of
Quantitative Chemical Analysis [111]. An appropriate sample volume was titrated with a standard
sodium thiosulfate solution, using a 2% starch solution as the indicator. In a 125 mL erlenmeyer
flask, distilled water was added to a suitable sample volume (5-10 mL) so that the final volume
was approximately 50 mL. Approximately 1 g of potassium iodide and 10 mL of glacial acetic acid
were added. The erlenmeyer flask was covered with a watch glass for five minutes, after which the
solution was quickly titrated with sodium thiosulphate until the brown color (characteristic of
iodine) faded. Finally, approximately 2 mL of the indicator solution were added, and the titration

continued until the solution was colorless. The hypochlorite concentration (C / mg L) was

determined according to Equation (9), where Cygq,s,0, is the titrant concentration, in mol L,

VNa,s,0, is the titrant volume, in mL, and Vi is the sample volume, in mL.

C = SNez%a03 X INesS203 x 51452 )

3.3.9 Total suspended and dissolved solids
The determination of TSS and TDS was carried out following the Standard Methods [109].
For TSS, the procedure consisted of the preparation of the glass-fiber filter disk (1.2 um), which
was washed, then transferred to a watch glass and dried in an oven at 103-105 °C for over an hour.
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After, it was cooled in the desiccator to room temperature and was weighed. Using a pipet, a
measured sample volume was transferred onto the glass-fiber filter through vacuum filtration
until it was completely drained. The filter was placed back into the watch glass and dried for over
an hour at 103-105 °C. After that, it was cooled in the desiccator to room temperature and was
weighed. TSS (mg L1) was determined according to Equation (10), where A is the final weight of
filter + dried residue, in mg, B is the weight of the filter, in mg, and Vs, is the sample volume, in

mL.

(A-B) x 1000

TSS = (10)

sm

For TDS, the procedure consisted of using a measured volume of the filtrated sample,
obtained above during the TSS procedure, onto a pre-weighed dish, which was dried in an oven
at (180 * 2) °C until constant weight. TDS was determined according to Equation (11), where A is
the final weight of dried residue + dish, in mg, B is the weight of the dish, in mg, and Vg is the

sample volume, in mL.

(A-B) x 1000

TDS = (11)

sm
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Chapter 4

Results and discussion

This chapter presents and discusses the results obtained in this study according to the

framework proposed in Chapter 1.

4.1 OMW treatment

OMW treatment by EO using a BDD anode was carried out at three applied current
intensities, 300, 500, and 700 mA. Figure 9 presents the COD and DOC decays with time for the
EO experiments performed. It can be seen that COD and DOC removal occurred, most of the time,
at current control, as COD and DOC removal rates increased with applied current. This increase
in the removal rates with applied current can be ascribed to the increased formation of hydroxyl
radicals and other oxidizing active species that enhanced the oxidation of the organic matter. At
700 mA, after the 4th hour of treatment, the process became completely diffusive controlled, losing
efficiency. This behavior was expected, considering the high organic load in the first hours of
treatment and its abatement during the EO experiments. After 8 h of EO treatment, COD
removals of 82.3%, 92.6%, and 97.6% were achieved at 300, 500, and 700 mA, respectively. As
for DOC, 78.4%, 89.8%, and 95.5% removals were attained at 300, 500, and 700 mA, respectively.
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Figure 9. a) COD and b) DOC variation with time for the EO experiments performed with OMW.

A different trend between COD and DOC decay can be observed in the first hours of
treatment, which can be ascribed to two factors: i) the incomplete oxidation of some of the organic
compounds, which leads to the formation of low molecular mass organic compounds that resist
further oxidation, contributing to the decrease in COD, but not a decline in DOC content [112]; ii)
the solubilization of suspended matter during the EO treatment. For DOC analyses, samples are
previously filtered through 1.2 um glass microfiber membranes and thus, the suspended solids

are not accounted for in the DOC results as they are for the COD results due to the acidic digestion
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procedure [113]. As the suspended matter is being solubilized during the EO process, it is no
longer retained in the filter, thus contributing to DOC concentration. Still, the high DOC removals
attained by the EO treatment indicate high mineralization of the organic compounds, in
compliance with the reported BDD anode capability to generate large quantities of weakly
adsorbed hydroxyl radicals that promote the complete mineralization of the organic compounds
[114].

Figure 10 presents the COD and DOC decay with applied electrical charge. For both COD
and DOC, the same trend can be observed for the different applied current intensities, indicating
similar current efficiencies, which confirms that the experiments took place under current control

most of the time.
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Figure 10. a) COD and b) DOC variation with applied electrical charge for the EO experiments performed
with OMW.

The pH variation during the EO experiments is shown in Figure 11 (a). An increase in pH
was observed for all applied current intensities studied, being more pronounced with the increase
in applied current. According to the literature, this increase results from the suppression of
reactions that contribute to the release of H+* in solution, along with the occurrence of secondary
reactions that lead to hydroxide ion formation, which are enhanced by the increase in current
intensity and by the decrease of organic matter susceptible to oxidation, as the hydrogen evolution
reaction. Although always present, these reactions are enhanced by the increase in applied current
[52].

Alongside pH, an increase in DIC during the experiments, more accentuated with the
increase in applied current, was observed (Figure 11 (b)). The DIC formation rate was higher
during the first hours of treatment, diminishing in the following hours. Indeed, a decrease in DIC

concentration during the last hours of experiments was observed at the highest applied current.
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Figure 11. a) pH and b) DIC variation with time for the EO experiments performed with OMW.

The increase in DIC can be ascribed to the organic compounds mineralization (Egs. (4),

(12), and (13)) [113].
€O, + HO™ = HCO;3 (12)
HCO; =C05~ + H (13)

The decrease in DIC concentration observed at 700 mA in the final hours of the treatment
can be explained by the occurrence of reactions, such as the one between HCO5- and active
chlorine species formed from chloride oxidation (Eq. (14)) [115]. Since the decrease in DIC
concentration only occurred when pH was higher than 9, it may also be ascribed to the
precipitation of calcium carbonate. The stagnation in DIC production at 500 mA in the 2 final

hours, when pH has slightly overcome 9, also corroborates this hypothesis.
HOCl + HCO; = CO0, + OCl™ + H,0 (14)

Figure 12 presents the biodegradability index, given by the BOD;/COD ratio, and the
ecotoxicity towards D. magna, expressed as EC50-48h, of the treated OMW samples.
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BOD5/COD EC,,-48h

Figure 12. (a) Biodegradability index and (b) ecotoxicity towards Daphnia magna of the OMW samples
before and after 8 h of EO treatment at different applied current intensities.
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At 300 mA, the biodegradability index remained practically the same as for the initial
OMW sample, although an increase in the EC5,-48h value was attained. For 500 and 700 mA, a
significant increase in both the biodegradability index and EC;,-48h was observed.

Table 8 presents the characterization of the OMW samples treated by EO at the different

applied current intensities studied.

Table 10. Characterization of the final OMW samples obtained from the EO treatment at different applied
current intensities.

Parameter Treated OMW

300 mA 500 mA 700 mA
COD/ gL 0.7 £0.1 0.31 £ 0.04 0.10 + 0.02
BOD; / g Lt 0.36 + 0.03 0.16 £+ 0.03 0.08 + 0.03
Biodegradability index 0.54 0.71 0.88
Ecotoxicity (EC5,-48h / TU) 9.1% / 11 40% / 2.5 52.4% /1.9
DOC/ gL+ 0.19 £ 0.04 0.06 + 0.01 0.04 + 0.02
DIC/ mg Lt 61+5 (8 £ 1)x10 (5 + 1)x10
TSS /gL 2.57 £ 0.09 0.625 + 0.004 0.816 + 0.001
TDS / g Lt 1.41 £ 0.03 1.53 £ 0.01 1.609 + 0.004
pH 7 +0.2 10 £ 0.3 11+ 0.2
EC/ mS cm 1.5+ 0.1 1.5+ 0.3 1.9 + 0.1
Sodium / mg L 171 £+ 4 1690+ 3 171+ 4
Calcium / mg L1 60 £ 2 20 + 4 38+3
Magnesium / mg L 332 332 24 +3
SAR / (mmol L)o5 4.42 5.51 5.37
Esp / kWh kgcop 197 285 462

A significant abatement in the OMW pollutant load was observed for all applied current
intensities studied. Still, at the lowest applied current (300 mA), the COD was far from the
desirable value for reuse of the treated wastewater in hydroponic culture. Although there was
a reduction in the ecotoxicity towards D. magna, from 49.8 to 11 TU, the toxicity classification
based on toxic units, according to Pablos et al. [110], was kept at the “very toxic” level (10 < TU <
100), in agreement with the unaltered biodegradability index. On the other hand, for the
treatments performed at 500 and 700 mA, a change in the toxicity classification from “very toxic”
to “toxic” (1 < TU < 10) was observed, being that, at 700 mA, the value was close to the “non-toxic”
level (TU < 1). According to the literature, this remaining ecotoxicity can be due to oxidation end-
products, such as acetic and propionic acids, that are toxic to D. magna [116]. These results agree
with the significant increase in the biodegradability index observed at this applied current.

The enhanced performance of EO treatment at 500 and 700 mA was also noticed in TSS
removal. While at 300 mA, TSS removal was meaningless, at the highest currents, it ranged from
74% to 80%, with the highest removal attained at 500 mA. As for TDS, there were no significant

removals at any of the currents studied, which is in agreement with the unaltered electrical
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conductivity. The sodium adsorption ratio was determined using Equation (15). According to the
literature [64]. Table 8 shows that the SAR values obtained for all the applied current intensities
comply with the range of the ideal SAR for lettuce cultivation.
[Na"]
SAR = - (15)
Jhitear + mgeny

The specific energy consumption (Eg,), in kWh kgcop?, was calculated according to
Equation (16), where U is the cell voltage, in V, I is the applied current intensity, in A, At is the
duration of the experiment, in s, V is the volume of the solution, in L, and ACOD is the removed
COD, in mg L, during At. Although the efficiency of the EO treatment was not changed by the
increase in applied current intensity (Figure 10), the specific energy consumption, and
consequently the treatment cost, was higher when operating at higher current. This increase,
owing to the increase in the cell potential with applied current, was significantly more pronounced
at 700 mA.

UXIxAt
Egp= - —
3.6 X V x ACOD

(16)

After 8 hours of EO treatment with a BDD anode at different applied current intensities,
three OMW-treated samples with different quality indexes were obtained. By proving a suitable
dilution and nutrient supplementation, these treated samples could be used for hydroponic
lettuce growth[64]. Although the sample obtained at 700 mA presented the lowest organic load
and the highest biodegradability index and ECs0-48h, it had a pH of 11, which is not feasible for
use in hydroponics, as a neutral pH is required. Additionally, the high E; attained at this current
impairs the use of this sample at a large-scale process. At 300 mA, the lowest Es, was observed,
with the treated sample presenting a neutral pH suitable for hydroponic lettuce growth. Still, the
COD was high, as were TSS and ecotoxicity, requiring a substantial sample dilution for its reuse
in hydroponics. Finally, the sample resulting from EO at 500 mA, with physicochemical
characteristics close to those observed for the sample obtained at 700 mA, but with a much lower
Esp. According to a study conducted on hydroponic crops, readily biodegradable organic matter
can be utilized in hydroponics as a source of nutrients [64]. Considering this and the overall
results obtained, the OMW sample treated at 500 mA seems to be the most suitable for reuse in
hydroponics. The three OMW-treated samples were sent to the Instituto Politécnico de Beja in

Beja, Portugal, for reuse in hydroponic lettuce cultivation.

4.2 MCTW treatment

This study, performed under the scope of project Lusitano, funded by the Recovery and
Resilience Plan, aimed to evaluate the feasibility of using EO to electrogenerate RCS (as ClO") to
be reused as an antifouling agent in membrane technology units for TWW treatment. As shown
in Figure 5, the porosity of the membrane varies for each process, directly reflecting the

composition of the retentates. This is confirmed by the characterization of MCTW_1 (UF
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retentate) and MCTW_2 (RO retentate) samples, with an initial COD of, respectively, 305 and
1045 mg L1 (Table 6).

Figure 13 presents the chloride and hypochlorite variation during the EO treatment of
MCTW_1 and MCTW_2. Considering the experimental chloride decay obtained, the theoretical
hypochlorite formation was calculated, assuming all the chloride was oxidized to hypochlorite. A
higher chloride oxidation rate is observed for MCTW_2 compared to MCTW__1, ascribed to the
higher initial chloride concentration and applied current intensity in MCTW_2. Consequently,
the hypochlorite formation rate was higher in MCTW_2.

For MCTW__1, the increase in applied current intensity from 0.5 to 2.5 A in the last 8 h of
treatment enhanced the experimental hypochlorite formation. However, a loss in the efficiency of
this process was observed (higher distance between the experimental and theoretical curves). This
loss in efficiency can be ascribed to the formation of other chloride species, such as chlorate and

perchlorate, which are enhanced at higher applied currents.
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Figure 13. Chloride and hypochlorite variation with time for the EO treatment of (a) MCTW _1 (0.5A_32h
+ 2.5A_8h) and (b) MCTW_2 (1A_40h + 0.75A_35h).

For MCTW_2, although no significant change was observed in chloride decay with the
decrease in the applied current intensity from 1 to 0.75 A, after the 40th hour of treatment, a
significant loss in the process efficiency was noticed, with the experimental hypochlorite
concentration increasingly lower than the theoretical one. Chlorate formation from hypochlorite
(Equation (17)) depends not only on the applied current intensity but also on the hypochlorite

concentration, according to Equation (18).

Cl0O”+2H,0 > ClO; +4H " +4e” (17)
_ po_ RT [czos‘lx[m]“)
E=E - & ln( L (18)

Equation (18) shows that the required potential to produce chlorate from hypochlorite
decreases with increased hypochlorite concentration and pH. Hypochlorite concentration and pH
increased in both MCTW_1 and MCTW__2 experiments, meaning chlorate production became

favored along the treatment. Therefore, the difference in theoretical and experimental
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hypochlorite concentration should not be related only to the applied current intensity but also to

the pH and the hypochlorite concentration itself, which explains the observed behavior.

Table 9 presents the characterization of the final MCTW_1 and MCTW_2 samples

obtained from the EO treatment.

Table 11. Characterization of the final MCTW_1 and MCTW_2 samples obtained from the EO treatment.

Parameter

MCTW_1
COD / mg Lt 118 +1
pH 8.55 £ 0.02
EC/ mS cm™ 2.8 +£0.1
Chloride / mg Lt 145+ 2
Hypochlorite / mg L 590 * 4
Chlorate / mg Lt 215 + 2
Esp / kWh kgt 418

Treated MCTW

MCTW_2
336+ 2

8.96 + 0.03
7.7 £ 0.3
400 + 2
1241+ 3
412 + 2

56

Although no perchlorate was detected in the treated samples (data not shown), chlorate

concentration was much higher in MCTW_ 2 compared to MCTW__1, which can be ascribed to the

longer experiment duration, as explained above (i.e., if chlorate production became easier with

time, a longer experiment time will induce a higher chlorate production). ORP can be understood

as the activity or strength of redox species in a solution (rigorously, it represents the ability of a

solution to accept or donor electrons). Positive ORP values indicate an oxidizing capacity (i.e.,

ability to donate electrons), and negative ORP values a reducing capacity (i.e., ability to accept

electrons). Figure 14 shows the ORP variation during MCTW_1 and MCTW_ 2 treatment.
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Figure 14. ORP variation with time for the EO treatment of MCTW _1 (0.5A_32h + 2.5A_8h) and
MCTW_2 (1A_40h + 0.75A_35h).

MCTW _1 presented a higher initial ORP value than MCTW_2, indicating a solution's

reducing capacity. Since ORP is a qualitative method, its variation can be interpreted as a change

from a reducing solution to an oxidizing one. Although it can be related to the presence of
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reducing/oxidizing species in the solution, it should not be related to their concentration. Then,
the similar evolution trend along the treatment is just as expected since hypochlorite production
occurs in both treatments.

Alongside ORP, pH variation during MCTW_1 and MCTW_2 treatment (Figure 15)
showed a similar trend. An increase in pH from 7.5 to 8.5-9 was observed. The redox reactions of
aqueous chlorine species are pH dependent, explaining this increase in pH, as hypochlorite
predominates from 7.5 to alkaline conditions [117]. This behavior has already been reported in
the literature and is related to some conditions that disfavor the production of hydronium ions at
the anode by the oxygen evolution reaction [90]. Therefore, the hydrogen evolution reaction,

which takes place at the cathode and consumes hydronium ions, raises the pH.
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Figure 15. pH variation with time for the EO treatment of MCTW _1 (0.5A_32h + 2.5A_8h) and MCTW _2
(1A_40h + 0.75A_35h).

The COD decay with time for the EO treatment of MCTW_1 and MCTW__ 2 is presented
in Figure 16. A higher COD removal rate can be observed for MCTW__2, probably due to the high
initial COD of this sample and the high initial applied current. It can be noticed that the increase
in applied current intensity, from 0.5 to 2.5 A, during the last 8 h of MCTW__1 treatment has not
significantly affected the COD removal rate, indicating that the process is running at diffusive
control, which is consistent with the low initial COD of this sample.

For MCTW__2, the decrease in the applied current after the 40t hour of treatment was
performed to save energy since COD had been reduced from 1045 to 478 mg L-* (data not shown).
According to the initial chloride concentration of MCTW_1 and MCTW_2, a maximum
hypochlorite concentration of 746 and 1740 mg Lt could be produced. Experimental hypochlorite
concentration reached 62% (MCTW_1) and 54% (MCTW_2) of the theoretical one. Still, the
treated MCTW_2 sample had a much higher hypochlorite concentration than MCTW__1 (Table
9). Also, the specific energy consumption results, calculated from Equation (16) and presented in
Table 9, show that the EO treatment is more efficient when using the MCTW_2 sample,
presenting a much lower energy consumption (56 kWh kg-1cop) compared to MCTW_1 (418 kWh
kgcop).
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Figure 16. COD decay with time for the EO treatment of MCTW _1 (0.5A_32h + 2.5A_8h) and MCTW _2
(1A_40h + 0.75A_35h).

Although the process can be further optimized, using EO treatment as a tool to
electrogenerate RCS (as ClO-) is feasible. Besides promoting the increase in chlorate production,
the increase in applied current during MCTW_1 treatment significantly impacted Es.

The treated MCTW_1 and MCTW_2 samples were sent to the industry for testing in a

pilot membrane cell operating with TWW. The obtained results so far have been auspicious.
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Chapter 5

Conclusions and future perspectives

The population growth forecasted for the coming years and the increasingly realistic
possibility of water shortages worldwide have motivated the study described in this dissertation.
The high water consumption and the environmental threat the industrial sector poses highlight
the need to develop and apply technologies to reduce water consumption and mitigate
environmental impact. As the circular economy is the key that allows these two things to happen
simultaneously, the experiments presented in this study aimed to use wastewater from olive oil
and textile industries to produce treated wastewater that could be reused.

The OMW sample was collected from an olive mill in Beja, Portugal, and used to carry out
EO experiments using a BDD anode. Three different current intensities were applied, aiming
at the production of treated wastewater with varying levels of quality, to evaluate the feasibility of
its reuse in hydroponic lettuce cultivation. It could be seen that, for the range of applied current
intensities studied, the process efficiency did not vary significantly with the applied current. The
highest COD removals, biodegradability indexes, and ECs,-48h values, favorable for OMW reuse
in hydroponic cultivation, were achieved at the highest applied currents (500 and 700 mA).
However, the final alkaline pH was unsuitable for cultivation, and high Es, values were obtained
under these conditions. Contrarywise, the OMW treated at the lowest applied current (300 mA),
although presenting a neutral pH and a more acceptable Es, value, presented high ecotoxicity. It
is essential to carry out experiments using the treated solutions, with suitable dilution, for
hydroponic lettuce cultivation to determine the influence of the treated OMW quality index on
the crop’s growth.

The MCTW samples were collected from a Portuguese textile industry. Two samples were
collected: MCTW__1, a retentate from an ultrafiltration unit, and MCTW_ 2, a retentate from a
reverse osmosis unit. Aiming to evaluate the feasibility of using EO to electrogenerate RCS,
namely hypochlorite, and for COD removal, OE experiments were carried out using an MMO
electrode. MCTW_1 sample was treated for 40 hours, 32 hours at 0.5 A, and 8 hours at 2.5 A.
Although hypochlorite production was not negatively affected by the increase in applied current,
this led to an almost fourfold increase in chlorate production and a significant increase in Ep.
After 40 hours of EO treatment, hypochlorite concentration reached 62% of the maximum
theoretical value, with a COD removal of 61%. MCTW_2 sample was treated for 75 hours, 40
hours at 1 A, and 35 hours at 0.75 A. The reduction in applied current intensity decreased the
hypochlorite production rate. Still, hypochlorite concentration reached 54% of the maximum
theoretical value, with a COD removal of 68%, at a much lower E, value than the one observed
for MCTW_1. The obtained results allowed to conclude that it is feasible to use EO to

electrogenerate hypochlorite and, simultaneously reduce the MCTW organic load.
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Overall, it can be concluded that it is feasible for both OMW and MCTW to use EO to
generate treated wastewater for reuse. Although the treated wastewater obtained from OMW will
require dilution and nutrient supplementation, its use will reduce freshwater consumption during
hydroponic lettuce growing. Regarding MCTW, although the process requires further
optimization to increase the hypochlorite formation efficiency and decrease the treatment costs,
it is possible to obtain a solution rich in hypochlorite and with low COD values, allowing its reuse
as an antifouling agent in membrane processes of TWW treatment.

Following the studies carried out, besides optimizing the processes studied, it is suggested
that future work broaden the scope of research to other types of industrial effluents with potential

for reuse in industrial processes.
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