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SUMMARY

In developing countries, small cities such as Florencia-Caqueta (Colombia),
municipal wastewaters (MWW) are directly disposed on environmental aqueous
media without any treatment. Consequently, contaminants of emerging concern
(CECs) as pharmaceuticals reach natural water bodies. These CECs have the
potential risk for the environment due to their persistence properties and biological
activity. Under such context, research about technologies to treat MWW and
eliminate CECs are needed.

Considering the absence of efficient municipal wastewaters treatment plants in
Florencia-Caqueta, the present doctoral thesis was focused on the treatment of
MWW by alternative and conventional processes considering local economic and
environmental conditions. It was evaluated the combination of biological treatments
with solar photo-Fenton (SPF) at near neutral pH.

The thesis is organized in six chapters. Chapter 1 contains the research background,
l.e., the problem statement, the conceptual framework about biological processes
and photo-Fenton, the objectives as well as the new contributions of the thesis. In
Chapter 2 is presented the characterization of MWW from Florencia-Caqueta in
terms of global parameters (e.g., chemical oxygen demand, pH, organic matter
content, conductivity, etc.) and presence of relevant CECs (e.g., pharmaceuticals).
In Chapter 3 is depicted the treatment of MWW from Florencia through two biological
systems (aerobic or anaerobic) at lab-scale. Initially, the acclimatization of
microorganisms to the water sample was studied. Afterwards, the action of the
stabilized biological systems to remove four representative pharmaceuticals
(selected from Chapter 2) and biodegradable organic matter in the MWW from
Florencia was established. The processes efficiency was tested by monitoring the
concentration of pharmaceuticals, the removal of total organic carbon (TOC) and
evolution of nitrogen forms (NH4*, NOz").

In Chapter 4, the application of solar photo-Fenton process for treating the
representative pollutants at lab-scale is presented. Also, the improvement of SPF
performance by Amazonian fruit extracts is considered. This chapter analyzes the
limitations of classical photo-Fenton for degrading the target pharmaceuticals and it
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shows the possibility of addition of Amazonian fruit extracts (copoazu, canangucha
and coffee) as complexing agents of iron to enhance the degrading ability of SPF
process for treating MWW. The performance of process was evaluated as a function
of removal efficiency of organic matter and pharmaceuticals present in MWW from
Florencia. Additionally, the evolution of dissolved iron and peroxide consumption
were monitored.

Chapter 5 deals with the combination of the biological processes with SPF for
treating MWW from Florencia. It was evaluated the effect of combination order (first
biological process and second SPF or vice-versa) at lab scale. In Chapter 6, it is
initially described the acclimatization of a pilot biological reactor (which was operated
under non-controlled conditions of temperature, humidity and pH). Then, the
combination at pilot scale of the SPF process (in presence of an extract of
Amazonian fruit) and a biological system to treat MWW from Florencia is shown. It
was evaluated the ability of combination to remove target pollutants and organic
matter, in addition to evolution of nitrogen species.

The development of this research work provides new information about: i) the
occurrence of CEC in raw MWW from Florencia-Caqueta (which could be used as a
primary indicator of pollution of water environment of the Colombian Amazonia); ii)
A green solar photo-Fenton process at natural pH promoted by Amazonian natural
products as iron complexing agents; iii) the use anaerobic treatment in combination
with SPF for the elimination of CECs and mineralization of organic matter present in
MWW:; and iv) combination of an anaerobic biological process with SPF at pilot-
scale, which represents a useful background for the construction of systems at a
bigger scale and its subsequent application to MWW in Florencia or other towns
belonging to Colombian Amazonia.
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CHAPTER 1. THESIS BACKGROUND

1.1 Problem statement

Florencia-Caqueta is the largest urban settlement on the Colombian Amazonian
region. Consequently, this zone discharges high amounts of pollution into the aquatic
environment. Unfortunately, the most of the municipal effluents are disposed on La
Perdiz river (the local river), which flows into Hacha river (Figure 1). These rivers are
a hydrographic basin that surrounds Florencia city and flows into others regional
environmental waters. Hence, the presence of many contaminants in Amazonian-

Andean aquatic ecosystems could generate unbalance in the natural media.

It has been estimated that Florencia produces 0.6 m3 s of municipal wastewater
(MWW). Additionally, Florencia has no a central municipal wastewater treatment
plant (MWWTP), which generate a direct negative impact over its aquatic and land
biodiversity. This city suffers an enormous sanitation deficit and lack of qualified
personal for treatment of MWW (Manrique-Losada & Pelaez Rodriguez, 2010).
Florencia had two small MWWTP: “La Ciudadela” and “La Gloria”. “La Ciudadela”
was closed because it was a focus of pests and environmental problems and “La
Gloria” did not work properly. Both plants presented mistakes of design and poor
maintenance. Currently, Florencia has a small wastewater treatment plant with low

efficiency for the local agro-industrial activities (SERVAF, 2013).

The water service company from Florencia (SERVAF S.A. E.S.P.) has reported to
environmental authority (Corpoamazonia) 80 points of direct discharges of MWW on
water sources (28 points on Hacha river, 37 on La Perdiz river and 15 on La Sardina
river, Figure 1, (SERVAF, 2013)). Rivers in Caqueta are affected by anthropic
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intervention, which lead to a high contamination into aquatic ecosystems, bad water
guality and an impossible of use to drink and recreation.(Manrique-Losada & Pelaez
Rodriguez, 2010). For example, La Perdiz river collects 42.5% of all discharges of
the city. This aquatic ecosystem receives a charge of 3150.95 kg d* of chemical
oxygen demand and 1418,11 kg.d! of total suspended solids (SERVAF, 2013).

It can be mentioned that the MWW from Florencia are a mix of domestic, hospital,
institutional, commercial and agro-industrial wastewaters. Such MWW contain
compounds as carbohydrates, fats, proteins, pesticides, inorganic ions, surfactants
and pharmaceuticals. MWW typically have a BODs/COD ratio between 0.4 and 0.5,
which implies they can be treated by biological processes to remove biodegradable
compounds (as carbohydrates, fats or proteins), but at the same time MWW have
recalcitrant compounds (e.g., pharmaceuticals or pesticides) that cannot be
eliminated by biological processes or in natural aquatic ecosystems (Pepper &
Gerba, 2015). Indeed, some of these recalcitrant substances can be toxic in the
environment and induce other adverse effects on aquatic organisms, even
permanent damages to animal or humans (European Cooperation in Science and
Thecnology, 2017; Rizzo et al., 2019).

Nowadays, it is recognized worldwide that MWWTPs are among the main sources
for releasing to natural media emerging concern contaminants (CECs, pollutants at
trace levels, which cannot be completely transformed by conventional biological
processes and their effects on environment and health are not well-known until now
(Aziz et al., 2019; Jonstrup et al., 2011; Polesel et al., 2015; Sikosana, Sikhwivhilu,
Moutloali, & Daniel, 2019; Vidal et al., 2019)). Unfortunately, MWWTPs are not
designed to remove CECs and conventional treatments require to be complemented
with other processes to deal with CECs and limit their discharge into the environment
(Rizzo et al., 2019).

The combination of biological treatment with advanced oxidation processes (AOPS)
has been utilized as an interesting option for the removal of biodegradable organic
matter (Bandala et al.,, 2010; De la Cruz, Giménez, Esplugas, Grandjean, De
Alencastro, et al., 2012; Nikolaus Klamerth, Malato, Aglera, Fernandez-Alba, &
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Mailhot, 2012; Moreira et al., 2016) and degradation of CECs in MWW (Alvarino,
Suarez, Lema, & Omil, 2014; W. H. Chen, Wong, Huang, Chen, & Lin, 2019; Huang,
Guo, Yan, Gong, & Fang, 2019; Martinez-Hernandez, Meffe, Herrera Lépez, & de
Bustamante, 2016; Novelo et al., 2016).

According to Rizzo et al., the best technology to reduce the releasing of CECs into
the environment must be done based on the local conditions (e.g., available space
and solar energy, cost of electricity, etc.) and water characteristics (Rizzo et al.,
2019).

Likewise, there are widely studied possibilities for biological treatment such as
stabilization lagoons and natural or artificial wetlands, which have shown moderate
efficiencies depending on the goal of the MWWTP (Sikosana et al., 2019). The main
advantages of this treatment are the relative low construction and operation costs.
Nevertheless, vast areas of land and permanent plague control are required
(Mendonca, 2001). The most common biological treatment in MWWTP is the
activated sludge (aerobic treatment), which reach high mineralization efficiencies but
at high operational costs because it requires a permanent air supply (Ramalho,
2003; Romero-Rojas, 2001).

In search of low-cost treatments, efficient and sustainable alternatives with low land
area requirements are desirable. Anaerobic treatment emerges as a viable option
fulfilling these requirements. In fact, successful applications of anaerobic systems
have been demonstrated in tropical developing countries (Bandara et al., 2012;
Orozco-Gaviria, Trivifo-Cabrera, & Manrique-Losada, 2014; Padrén-Péez, Almaraz,
& Roman-Martinez, 2016; Romero-Rojas, 2001; Torres-Lozada, 2012). Additionally,
according to the literature, biological treatments do not remove completely CECs
present in MWW (Bueno et al., 2012; De la Cruz et al., 2012; Klamerth et al., 2010;
Miralles-Cuevas, Oller, SGnchez Pérez, & Malato, 2014) and then, it is necessary to

consider other processes such as AOPs to degrade CECs.

There is a significant number of AOPs with high efficiency in CECs degradation.
UV/H20:2, ozone, TiO2/UV, sonochemistry, direct and indirect electrochemistry, and

Fenton based processes are some examples. Some of them are improved with the

20



mediation of UV or sunlight (Chong, Sharma, Burn, & Saint, 2012; Papoutsakis et
al., 2015; Sathishkumar, Mangalaraja, & Anandan, 2016; Sires, Brillas, Oturan,
Rodrigo, & Panizza, 2014).

The main advantage of these processes is the high efficiency for CEC elimination
due to the formation of HO radicals. Nevertheless, the high implementation costs at
pilot or real scale are major limitations. The solar photo-Fenton process is highly
efficient and simply needs an external iron source and H202; which are innocuous in
operational concentrations (Klamerth, Malato, Maldonado, Aglera, & Fernandez-
Alba, 2011a; Méndez-Arriaga et al., 2009). The main disadvantage of using
conventional SPF is the pH required for an optimal operation of the process. A high
efficiency is achieved at acidic pH (Kositzi, Poulios, Malato, Caceres, & Campos,
2004; Malato, Blanco, Vidal, & Richter, 2002). However, to develop strategies to use
SPF at natural pH and degrade CECs present in MWW is a need and then, an area
of growing interest (Klamerth, Malato, Aguera, & Fernandez-Alba, 2013; Klamerth,
Malato, Maldonado, Aglera, & Fernandez-Alba, 2011b; Villegas- Guzman et al.,

2017; Villegas-Guzman, Giannakis, Torres-palma, & Pulgarin, 2017).

In this context, during biological treatment, biodegradable organic matter can be
removed; while using solar photo-Fenton elimination of CECs can be achieved.
Therefore, the combination of both processes constitutes an interesting alternative
to reach both goals. In fact, the combination of photo-Fenton with a biological
treatment reduces the operating costs (Bautista, Mohedano, Casas, Zazo, &
Rodriguez, 2008; Cassano et al., 2011; Oller, Malato, & Sanchez-Pérez, 2011b;
Ponce-Robles, 2018). In this sense, previous studies have showed the feasibility of
combining the two processes at pilot and real scale in agricultural and industrial
wastewaters (Oller et al., 2011b). In addition, other works have successful evaluated
the application of photo Fenton at acidic or near neutral pH in effluents of municipal
wastewater treatment plants (Klamerth et al., 2013, 2012, 2010; Papoutsakis et al.,
2015a, 2015b) and the treatment of raw municipal wastewaters by solar photo-
Fenton followed by biological oxidation (Prieto-Rodriguez et al., 2012). Therefore, it

IS necessary to evaluate the combination of these processes to treat the municipal
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wastewater of Florencia (Caquetd) in order to promote its mineralization and the

elimination of CECs at lower operating costs.

Additionally, considering the case of Florencia-Caqueta (where local socio-economic
and environmental conditions request the implementation of low cost, sustainable
and simplified wastewater treatment systems), it is necessary to study on adaptable
technologies for efficiently treating their MWW. Consequently, this doctoral thesis
was performed around the development of a combination of biological systems with

photo Fenton solar at natural pH to treat MWW from Florencia at lab and pilot scale.

1.2 Conceptual framework

1.2.1 Contaminants of emerging concern — CECs

Contaminants of emerging concern (CECs) are a heterogeneous group of chemicals
that includes pharmaceutically active compounds (PhACs), personal care products,
surfactants, pesticides, endocrine disrupting chemicals (EDCs), nanoparticles (NPs)
and industrial chemicals (such as flame retardants, plasticizers and food additives)
(Giannakis, Franco, Vives, & Grandjean, 2015). This group of substances are
typically detected in wastewater and aquatic ecosystems at low concentrations (ng
Lt — ug L) (Rizzo et al., 2019). CECs are ubiquitous and present potential risks to
human health and the environment, although their toxicological effects are not yet
fully known in many cases (Martin-pozo et al., 2019). In the case of PhACs, once
administered, a portion of them are excreted and released into wastewater and
subsequently reach natural water bodies, where may cause environmental problems

due to their persistence and critical biological activity (Serna-Galvis et al., 2019).
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Figure 1. Some discharges located over the urban area of Florencia and sampling site selected to this work. Source:
Diagram prepared by the author of this thesis, based on information reported by SERVAF et al. (2013), Manrique-Losada
et al. (2010), Manrique-Losada et al. (2013) and updated through fieldwork of this thesis.
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Frequently, PhACs are found in MWW and its limited biodegradability have been
demonstrated (Vasiliadou et al., 2018, Madakka et al., 2019). On the other hand, it
has been shown that some PhACs or combination among them can be present at
high non-lethal concentrations in biological reactors (Aydin et al., 2015). Additionally,
under that conditions, some PhACs like antibiotics can promote
development/proliferation of antibiotics resistant bacteria (which is considered a
serious public health problem in XXI century) (Botero-Coy et al., 2018; Bouki,
Venieri, & Diamadopoulos, 2013; Krzeminski et al., 2019; Novelo et al., 2016;
Velasquez, 2014). Thus, PhACs are CECs that demand special attention and
application of effective processes to eliminate them, and them are the main subject

of this work.

1.2.2 Biological processes for wastewater treatment

Biological processes for the treatment of wastewater take advantage of the microbial
metabolism for the transformation of organic compounds present in the water. Thus,
organic matter is converted into small molecules (e.g., CO2, CH4, water, inorganic
ions) and energy for growth, cell maintenance and reproduction of microorganisms
(Show & Lee, 2017).

Microbial metabolism can be carried out under aerobic or anaerobic conditions. In
the aerobic treatment, microorganisms oxidize organic matter in the presence of
oxygen. This involves three main stages: fermentation/respiration (or oxidation),
biosynthesis, and endogenous respiration. The final products of oxidation process
are carbon dioxide, water, and inorganic ions as sulfate and ammonia. Eg. 1.1

represents the main general aerobic reaction of organic compounds (COHNS).

COHNS + Oz + aerobes — CO2 + H20 + NHs + energy (Eq. 1.1)

COHNS + Oz + energy + aerobes — new cells (Eq. 1.2)
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During the fermentation step, biodegradable organic compounds are transformed
into volatile fatty acids (VFAs) and in a second process (respiration) the aerobic
microorganisms convert VFAs into CO2, water and energy by using oxygen as an
electron acceptor (Egs. 1.3-1.4) (Lazcano-Carrefio, 2016). Then, as
microorganisms consume dissolved oxygen in the water, the oxygen must be
constantly supplied to the bioreactor to guarantee the conversion of organic matter
and new cells that accumulate in the biological system (Gerba & Pepper, 2014; Show
& Lee, 2017).

COHNS + aerobes — VFAs + CO: + energy (Eqg. 1.3)

VFAs + O2 + aerobes — CO2 + H20 + energy (Eq. 1.4)

The biosynthesis stage involves the formation of cellular structures (growth of
microorganisms and reproduction), consuming energy and organic matter (Eq. 1.2).
Meanwhile, the endogenous respiration stage is achieved when the organic matter
Is finished under conditions of oxygen saturation and the microorganisms consume
other cells. Normally this last process is used to reduce the biomass accumulated in
bioreactors during the biosynthesis stage (Show & Lee, 2017; Sikosana et al., 2019;
Virkutyte, 2017).

In turn, anaerobic treatment promotes the degradation of organic matter towards
final products as CHa. In this treatment, acceptors of electrons different to molecular
oxygen are used (e.g., NO3z,, SO4? and COz, which have a lower reduction potential
than Og), therefore less energy is generated in this metabolism compared to an
aerobic process, even when both start from the same substrates (glucose, amino
acids, triglycerides). In anaerobic treatment, 90% of the energy produced in the
process is retained as CHs4 (Aziz et al., 2019; Derlon, Wagner, da Costa, &
Morgenroth, 2016).

The anaerobic process is developed by two types of bacteria: acidogenic that act in
the early stages of the process and methanogenic that produce the final compounds.

Four stages have been proposed for anaerobic process: hydrolysis, acidogenesis
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acetogenesis and methanogenesis. In the hydrolysis, complex molecules (e.g.,
carbohydrates, lipids and proteins) become simpler ones (e.g., monosaccharides,
fatty acids an amino acids). Then, in acidogenesis CO2, Hz2 and organic acids (such
as acetic, propionic, butyric, valeric acids, etc.) are produced. In the third stage
(acetogenesis), acetogenic bacteria generate acetate, carbon dioxide and hydrogen
from organic acids. Finally, in the methanogenesis, bacteria reduce CO2 and acetate
to form CH4 (Figure 1.2) (Aziz et al., 2019; Bhatti, Magbool, Malik, & Mehmood, 2014;
Derlon et al., 2016).

r Protein Lipid Polysaccharide Nucleicacid
Hydrolysis — l l J i
- Aml.no Fat_ty Monosaccharide Purine &
acid acid pyrimidines

Acidogenesis — \ l J

- Acetate, propionate, butyrate,
H2, CO2, ammonia, formates, ethanol, etc.

Acetogenesis —

- Acetate S H2 + CO2

Methanogenesis — l
CHa4 + CO2

Figure 2. Steps involved in anaerobic metabolism. Reprinted from Aziz et al. (Aziz
et al., 2019)

The described biological treatments have demonstrated high effectiveness toward
transformation of biodegradable organic matter in wastewater (Show & Lee, 2017;
Sikosana et al., 2019). Nevertheless, the non-elimination of recalcitrant or not
biodegradable pollutants as PhACs in MWWTP by biological processes could be a
serious problem (Maddakka et al, 2019), which should require the use/combination

with complementary technologies to reach an efficient treatment of MWW.
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1.2.3 Principles of photo-Fenton process

AOP are based on generation and utilization of short lived and highly reactive radical
species (mainly hydroxyl radical, HOe, which is a strong oxidant, E°: 2.80 V,
(Armstrong et al., 2013)) to eliminate recalcitrant organic pollutants. Among different
ways to produce the hydroxyl radical, we have catalytic AOPs such as photo-Fenton
(Miklos, Remy, Jekel, Linden, & Hubner, 2018), which initially comprises the reaction
of Fe (II) with hydrogen peroxide (Eg. 1.5). Then, the Fe (lll) produced can be
reduced in the agueous medium by the action of UV-Vis light, producing extra
hydroxyl radicals (Eq. 1.6) and making the system a catalytic process (Pignatello,
Oliveros, & Mackay, 2006). This process has gained a high attention of researchers
due its operational easiness and possibility of solar irradiation utilization (Clarizia,
Russo, Somma, Marotta, & Andreozzi, 2017; Rahim Pouran, Abdul Aziz, & Wan
Daud, 2015).

Fe?* + H202 — Fe®* + HO+ + HO - (Eg. 1.5)

Fe® + H20 + hvuv.vis) — Fe?* + HO« + H* (Eq. 1.6)

Photo-Fenton process has shown to be very efficient in the degradation of pollutants
in MWW (Papoutsakis, Pulgarin, Oller, SGnchez-Moreno, & Malato, 2016). However,
the photo-Fenton process at pH higher than 3.0 is limited by Fe®* precipitation (Eq.
1.7) (Villegas-guzman, Giannakis, Torres-palma, & Pulgarin, 2017). Interestingly,
some organic compounds can complex iron (lll) keeping it in soluble forms allowing
to work at near neutral pH conditions (Clarizia et al., 2017). Furthermore, many Fe3*-
organic ligand complexes are able to absorb light in the near-UV and visible regions
more efficiently than aquo-complexes and undergo photo-reduction through a
ligand-to-metal charge transfer (LMCT). As a results, ferrous ion regeneration (Eq.

1.8) and the production of other radicals (Egs. 1.8-1.9), which could contribute to the
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organic matter oxidation occurs (Clarizia et al.,, 2017; Miralles-Cuevas, Oller,

Sanchez Pérez, & Malato, 2014; Villegas-guzman et al., 2017).

Fe3* + HO" — Fe(OH)z3 (insoluble solids) (EQ. 1.7)
[Fe3+-|_] complex + hv — Fe?* + L. (Eq 18)

Le + O2 >—— 02 (Eq. 1.9)

Carboxylic acids (e.g., oxalic, malic, succinic, citric and gluconic acids) are among
the most common organic compounds used as iron complexing agents (J. Chen &
Browne, 2018; N. Klamerth, Malato, Maldonado, Aguera, & Fernandez-Alba, 2011,
Liu et al., 2010; Nogueira, Souza, Dezotti, Boaventura, & Vilar, 2017; Villegas-
Guzman et al., 2017). Polyphenols are also able to complex ferric ions and increase
its solubility in aqueous solutions at near neutral pH values (Papoutsakis et al.,
2016). Moreover, some polyphenols can also act as photosensitizers and promote
the formation of reactive oxygen species (ROS) (Clarizia et al., 2017; Papoutsakis
et al., 2016; Villegas- Guzman et al., 2017).

In most cases, the photo-Fenton process enhancement with organic complexing
agents requires the addition of these compounds to the reaction system. For this
reason, recent works have been addressed to search for non-toxic and
biodegradable chelating compounds, which must be environmentally sustainable
and inexpensive to propose a large-scale photo-Fenton process at natural pH. (N.
Klamerth, Malato, Aglera, & Fernandez-Alba, 2013). In this context, some natural
products rich in polyphenols and organic acids could have an interesting potential in
the application of solar photo-Fenton (SPF) at natural pH. Indeed, juices of orange
or lime and coffee extract have been evaluated as SPF enhancers with promising

results for the elimination of CECs and bacteria (Villegas-guzman et al., 2017).
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1.2.4 Natural products from Colombian Amazonia as potential iron

complexing agents

Some abundant native products from the Amazonian region of Colombia contain
organic acids and polyphenols (Cantergiani, Andlauer, Heeger, & Kosin, 2016;
Genaro-Mattos, Mauricio, Rettori, Alonso, & Hermes-Lima, 2015; Geremu, Tola, &
Sualeh, 2016; Mussatto, 2015), which could act as iron complexing agents.
Therefore, in this thesis three typical products of this region were considered:
copoazu (Theobroma gramdiflorum), canangucha (Maurita Flexuosa) and husk

coffee (coffea arabica).

Copoazu and canangucha are typical fruits of the Amazon region (Contreras-
Calder6n, Calderon-Jaimes, Guerra-Herndndez, & Garcia-Villanova, 2011;
Galeano, 2011, Koolen, da Silva, Gozzo, de Souza, & de Souza, 2013; Nobre et al.,
2018; Rogez et al., 2004), these have been used in the food industry in Brazil and
Peru. In the Colombian Amazon region, copoazu and canangucha are part of the
nascent agro-industry. Likewise, coffee is an emblem of the national economy of
Colombia, it is also cultivated and marketed in Caqueta.

In Florencia-Caqueta, copoazu is widely used in the production of candies. For this
purpose, part of the pulp is used and the rest is discarded. Copoazu pulp contains
polyphenols and organic acids in concentrations such as those listed in the Table 1.
The concentrations vary according to the procedure for obtaining the extract
(Tauchen et al., 2016).
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Table 1. Concentration of total phenols and organic acids present in diverse

copoazu extracts.

Citric Acid Malic Acid Ascorbic
Type of .
. Total phenols (mg 100 g-1 (mg 100 g™* acid (mg Reference
extraction
DW) DW) 100 g FW)
Enzymatic 410.00+3.00 )
. (Diaz et al.,
extraction from (mg GAE 100 g*  71.79+12.03 16.04+3.03 - 2017)
ripe fruits of DW)
Methanolic 40.3+0.57 (Contreras-
extraction from (mg of GAEs 100 - - 7.05+0.00 Calderon et
ripe pulp g* of FW) al., 2011)
(Pérez-
mora,
. 226126 .
Juice pulp from . Jorrin-novo,
. ] (Mg tannic acid g 176+3 4842 ---
ripe fruit &
1 of DW _
Melgarejo,
2017)
Ethanolic 163.04£8.1
. (Tauchen et
extraction from (mg GAE g - --- ---
) al., 2016)
ripe pulp extract)

Not measured; ND Not detected; DW Dry weight; FW Fresh weight

In the case of canangucha, it is also very common part of food industry in the

Colombian Amazon. According to its characterization, canangucha contains

phenolic compounds as caffeic acid, chlorogenic acid, quercetin, kaempferol,

miricetin, narigenin, vixetin, scoparin, rutin, cyanidin-3-rutinoside, cyanidin-3-

glucoside (Koolen et al., 2013; Nobre et al., 2018).

concentrations of polyphenols and ascorbic acid in Canangucha fruit.
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Table 2. Concentration of total phenols and ascorbic acid present in extract from

pulp of canangucha.

Ascorbic acid

Type of extraction Total phenols Reference
(mg 100 g* FW)

Extraction with hexane from 378.07£3.12 (mg (Kool tal., 2013)
oolen et al.,

green fruit GAEq 100 g1
Methanolic extraction from 281+2.25 (mg of .
1.55+0.00 (Contreras-Calderon et al., 2011)
green pulp GAEs 100 g of FW)
Ethanolic extraction from 461.5 £32.5
(Tauchen et al., 2016)
green pulp (mg GAE g* extract)

---- Not measured; DW: Dry weight; FW: Fresh weight.

Regarding the coffee husk, it is important to remember that coffee is the most
important food commodities worldwide. The industrial coffee process (wet or dry)
generates waste products such as coffee pulp and peel, which represent 29% and
12%, respectively, of the whole coffee cherry (dry weight) (Mourtzinos & Goula,
2018). In Colombia, these wastes are highly available and slowly degraded; thus,
generating environmental problems. Coffee contains flavonoids, chlorogenic acid,
caffeine, tannins, sugar, proteins and lipids (Heeger, Kosinska-Cagnazzo,
Cantergiani, & Andlauer, 2017), in addition to four classes of polyphenols (flavan-3-
ols, hydroxycinnamic acids, flavanols and anthocyanidins) (Esquivel & Jiménez,
2012). It must be indicated that coffee husk and coffee pulp contain important

polyphenols such as chlorogenic acid.
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1.2.5 Combination of biological treatments with advanced oxidation
processes

A useful option, which has been applied to treat diverse wastewaters, is the
combination of biological treatments with AOPs. In some researches it have been
evaluated the performance of combinations of this type, where biological treatment
is the first stage (Merayo, Hermosilla, Blanco, Cortijo, & Blanco, 2013; Nousheen et
al., 2014; Oller, Malato, & Sanchez-Pérez, 2011; Trapido et al., 2017; Vidal, Huilifir,
& Salazar, 2016). It is recognized that biological processes partially remove CECs

and thus, the AOPs can complete the elimination of that recalcitrant pollutants.

Literature also presents combinations where the AOP is the first stage followed by
the biological treatment to deal with real or simulated wastewater, demonstrating
applicability of such combination to eliminate both organic matter and persistent
compounds. Indeed, combinations of SPF with an anaerobic process to treat coffee
pulping wastewater (Kondo et al., 2010), SPF and an aerobic systems to treat
pesticides (Ballesteros-Martin, Sanchez-Perez, Casas-L6pez, Oller, & Malato,
2009), photo-Fenton combined with an aerobic treatment to eliminate azo dyes
(Jonstrup et al., 2011), among others, are well documented. Therefore, in the context
of Florencia-Caquetd, it is possible to think in a combination of processes (as
biological-AOP or AOP-biological) as a strategy to treat their MWW.

1.3 Objectives and justification

1.3.1 General objective

To develop a treatment system for the remediation of MWW from Florencia-Caqueta
at pilot scale combining a photo-Fenton process at natural pH and a biological

treatment.
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1.3.2 Specific objectives

1. To determine the global characteristics and representative CECs present in a

typical discharge site of MWW from Florencia-Caqueta.

2. To evaluate the performance of aerobic and anaerobic systems to reach both the
elimination of CECs and organic matter mineralization of MWW from Florencia-

Caqueta.

3. To study the performance of solar photo-Fenton (SPF) process at near neutral pH
improved by the presence of amazon fruits extracts for degrading CECs in MWW

from Florencia-Caqueta.

4. To assess the elimination of CECs and organic matter mineralization by
combination of biological systems (aerobic or anaerobic) with SPF at near neutral

pH at lab-scale to treat MWW from Florencia-Caqueta.

5. To develop a system combining a biological step and SPF at near neutral pH for

the treatment of MWW from Florencia-Caqueta at pilot-scale.

1.3.3 Justification

This doctoral thesis is justified on the following points:

i) In the Colombian Amazon region, treatments capable of removing both
biodegradable components and CECs present in the MWW are urgently needed.
Thus, in this doctoral thesis a treatment system for MWW at pilot-scale is
proposed. The treatment proposal is framed in the socio-economic conditions of
the city and with a sustainable concept where the energy, raw material and
requirements of land area are accomplished. Also, the treatment system
involves generation of products with a possible economic value such as biogas

(methane), fertilizer (sludges) and water for reuse.
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i)

ii)

1.4

Use of autochthonous natural products and renewable resources to improve the
performance of treatment system. According to problem statement, it is
necessary to implement a sustainable treatment system that allows high
efficiency, low energetic requirements and that takes advantage of local
resources and conditions. Herein, it is explored the incorporation of renewable
and natural resources available in Caqueté to the treatment system. Renewable
resources such as solar radiation (which is abundant, free and useable as a
direct or indirect input for the SPF) and natural products from agro-industrial

wastes (as enhancers of SPF performance) are considered.

Evaluation of combination of SPF with an anaerobic treatment (such
combination is little usual). Florencia is located a tropical region with temperature
between 23°C and 35°C for all year and high relativity humidity (up to 90%).
These climatic conditions can favor methanogenic bacteria growth and
anaerobic digestion. Soil characteristics from Florencia are inappropriate for
large natural systems such as ponds or wetlands, which suggests the use of

treatments with lower area requirements.

Thesis focus and key contributions

The research activity of this doctoral thesis was focused the development of a

combination of biological processes (aerobic and anaerobic) with solar photo-Fenton

at near neutral pH) for MWW treatment at pilot-scale under uncontrolled conditions

in Florencia-Caqueta. Then, the contributions of this research can be summarized

as follows:

A First approach to the occurrence of pharmaceuticals in raw MWW from
Florencia-Caqueta. This is a primary indicator of pollution of water environment
of the region.
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ii. A new green solar photo-Fenton process at natural pH promoted by Amazonian
natural products as iron complexing agents. Fruit extracts that contained organic
acids and polyphenols were employed. This opens future possibilities to evaluate
natural products wastes of agroindustry from Amazonian region as SPF

enhancers.

ii. A proposal to use anaerobic treatment in combination with SPF for the elimination
of CECs and mineralization of organic matter present in MWW, in order to reduce
operation and maintenance costs and to generate products as fertilizer with

economy value and biogas with energetic value.

Iv. A novel strategy to treat MWW by combination of an anaerobic biological
configuration with SPF at pilot-scale. This combination consisted of a UASB
reactor and a SPF system (by using a CPC reactor) at near neutral pH improved

with an Amazonian fruit extract.

1.5 Thesis outline

The results of this doctoral thesis are presented as follows:

In Chapter 2 is shown the occurrence of 38 pharmaceuticals in MWW from Florencia-

Caqueta. Likewise, global characterizations of MWW are also showed.

In Chapter 3 is sketched an evaluation of performance of both aerobic and anaerobic
biological systems at lab scale for the removal of four representative
pharmaceuticals (selected from Chapter 2) and organic matter present in MWW from

Florencia.

In Chapter 4 is analyzed the application of solar photo-Fenton process for treating
the representative pollutants at lab-scale. Also, the improvement of SPF

performance by Amazonian fruit extracts is presented.
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In Chapter 5 is described the two strategies of processes combination at laboratory
scale: 1) biological (aerobic or anaerobic) treatment as the first stage and SPF as
the subsequent process; 2) SPF followed by the biological (aerobic or anaerobic)

treatment.

In Chapter 6, it is finally depicted the combination of the SPF process (using a CPC
reactor) and an anaerobic treatment (using a UASB reactor) at pilot scale to deal

the pharmaceuticals and organic matter present in MWW from Florencia- Caqueta.
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CHAPTER 2. APPROACH TOWARDS GLOBAL
CHARACTERISTICS AND OCCURRENCE OF
PHARMACEUTICALS IN MUNICIPAL
WASTEWATER FROM FLORENCIA-CAQUETA
COLOMBIA

2.1 Introduction

Municipal wastewater (MWW) is a complex mixture of substances that results from
the sum of domestic, institutional, hospital, industrial wastewaters, among others.
The content of these substances can be defined in terms of global characteristics
that allow establishing the quality of the wastewater, the degree of contamination
and the treatment that must be applied. Consequently, MWW can be disposed
without causing a negative impact on ecosystems and, at the same time, complying

with the required legal regulations (Romero-Rojas, 2001, 2009).

The global characteristics of municipal wastewater are mainly of three types: those
that account for the content of organic matter, including chemical oxygen demand
(COD), biochemical oxygen demand (BOD), total organic carbon (TOC), total
suspended solids (TSS), total solids (TS), volatile organic compounds, fats, oils,
detergents and so on. A second group that indicates the ionic composition such as
alkalinity, sulfates (SO4?), hardness, chlorides (CI), conductivity and a third group
that demonstrates the distribution of nutrients, such as nitrates (NOs’), ammonium
(NHz*"), total nitrogen (TN), organic nitrogen (NKT), orthophosphates (PO42) and
total phosphorus (TP) (Lazcano-Carrefio, 2016; Manriqgue-Losada & Pelaez-
Rodriguez, 2013). These characteristics do not show which substances (present in

MWW) that may generate an invisible impact on the ecosystem. Those substances,
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known as CECs, include a wide variety of organic compounds such as phenols,

pesticides, phenols among others.

Typically, CECs are present in all municipal wastewater (MWW) around the world.
Developed countries have made efforts to determine the occurrence of CECs and
the concentration intervals in which they are found (Bueno et al., 2012; Han-Tran,
Urase, & Ta, 2014; Jing, Fusi, Chan, Capozzi, & Kjellerup, 2019; Matamoros, Arias,
Nguyen, Salvado, & Brix, 2012; Naidu, Andres, Espana, Liu, & Jit, 2016; Sodré,
Locatelli, & Jardim, 2010). Likewise, the removal of these CECs has also been
determined and evaluated demonstrating that conventional MWWTPs are not able
to remove CECs from treated water.(De la Cruz, Giménez, Esplugas, Grandjean, de
Alencastro, et al., 2012; De la Cruz, Giménez, Esplugas, Grandjean, De Alencastro,
et al., 2012; Han-Tran et al., 2014; N. Klamerth et al., 2010; Moreira et al., 2016;
Novelo et al., 2016; Papoutsakis et al., 2015; Rueda-Marquez, Sillanpaa,
Pocostales, Acevedo, & Manzano, 2015; Tran, Chen, Reinhard, Mao, & Gin, 2016).
The most common CECs are pharmaceuticals and personal care products (PCPs)

such as synthetic fragrances and musk’s.

Unfortunately, in developing countries there is little information about the presence
of CECs in both effluents of MWW and in water bodies (Han-Tran et al., 2014).
Colombia is not the exception. Florencia does not have a MWWTP and its MWW are
disposed over the bodies of water that cross the urban area of the city. Thus, before
starting the tour on the evaluation of strategies for the treatment of MWW from
Florencia, it is important to define the global characteristics and occurrence of CECs
that allow contextualizing the degree of contamination, biodegradability and
presence of persistent pollutants. In this chapter will be showed results about global

characterization and occurrence of CECs.

46



2.2 Materials and methods

2.2.1 Sample collection

Raw MWW samples from Florencia (Caqueta) were taken from representative
discharge located in “El Raicero” neighborhood (1° 36’ 53.20” Ny 75° 36’ 21.04” W
to 264 meters above sea level). Figure 1. shows location of sampling site. The
sampling site was selected for the following reasons: it was easily accessible to
obtain the samples and guaranteed wastewater constituted primarily by domestic
wastewater (8 neighborhoods provide their domestic wastewater) and to a lesser
extent hospital wastewater, commercial wastewater and even agro-industrial
effluents. In addition, because the discharge is part of the combined sewerage

network, rainwater also contributes.

All samples were obtained using a manual composite sampling which consisted of
equal volume discrete sample aliquots collected every 1 h during 24 h into one
container. The individual sample aliquots had to be preserved at the time of sample
collection. The samples for global characterization was taken twice per year for 4
years (May and September 2016, April and September 2017, May and November
2018 and March and September to 2019). Three samples for pharmaceuticals
guantification were obtained on august 291" 2016, September 30th 2016 and march
30" 2019. Sept-2016 and march-2019 samples were analyzed both for global
characteristics and for pharmaceuticals quantification. The sampling months were
defined considering both the rainy season (March - July) and the dry season (August

- February) typical in Florencia.
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2.2.2 Analytical methodology

- Global characterization of MWW from Florencia

Physical and Chemical characterization of MWW from Florencia was determined by
analytical standardized methods (APHA, AWWA, & WEF, 2012). Table 3 shows

analytical methods applied to this target.

The organic matter as total organic carbon (TOC) was monitored by combustion
catalytic oxidation method using a TOC-L + ASI —L autosampler Shimadzu. It uses
a potassium phthalate solution as calibration standard. Acidification and stripping
before analysis were sometimes necessary to keep the solutions free of atmospheric
CO:s2. The injection volume was 50 uL. The analyzer TOC use non-dispersive infrared
detection (NDIR) method, for determination of TC, IC and TOC = TC-IC. Detection
limit to TC was 1 mg L* and to IC was 4 ug L, carrier gas was high-purity air with
supply pressure in 200+10 kPa. Carrier gas regulator was between 300-600 kPa

and gas consumption was kept in 150 mL min?® (230 to 250 mL min? during

sparging).

The biodegradable and oxidizable organic matter present in Florencia MWW were
evaluated considering the Biological Oxygen Demand (BOD) and Chemical Oxygen
Demand (COD) respectively. The BOD was measured using a WTW Oxytop® IS 12
unit thermostated at 20 °C with the respirometric method (APHA et al., 2012). The
COD was measured by the closed reflux method with digestion of sample in thermo-
reactor Merck® and quantification in an spectrophotometer UV-Vis at 600 nm (APHA
et al.,, 2012). The pH was directly measured using an OAKTON® pH-meter.
Conductivity was determined by direct measurement using an OAKTON®
conductimeter. Total phosphorus was determined by spectrophotometry, using
ascorbic acid method after persulfate digestion. Total nitrogen was measured by

converting all nitrogen forms to nitrate by alkaline persulfate oxidation and
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subsequent analysis of nitrate by HCI method using a spectrophotometer (APHA et

al., 2012).

Table 3. Analytical methods applied to global characterization of MWW from

Florencia
Characteristic Method Reference
Nitrates (NO3) (mg L) HCI-UV (APHA et al., 2012) 4500 —
NOs
Ammonia Nitrogen (NH}), (mg L) Nessler HACH 8038
Total Nitrogen (TN), (mg L) Persulfate (APHA et al., 2012) 4500 —N
oxidation

Orto-phosphates (POZ), (mg L)
Sulfates (SO7) , (mg LY)
Chlorides (CI'), (mg L?)
Alcalinity (mg L?)

Hardness, (mg L?)

Conductivity (uS.cm)

pH

Total organic carbon (TOC)
Chemical oxygen demand (COD)
(mg O2L1Y)

Biochemical oxygen demand(BODs)
(mg O2 L)

Total suspend solid (TSS) (mg L?)
Total solid (TS) (mg L?)

Ascorbic acid
Titrimetric
Argentometric
Titrimetric
Titrimetric
Potentiometric

Potentiometric

Combustion-IR

Closed reflux

Respirometric

Gravimetric

Gravimetric

(APHA et al., 2012) 4500-P
(APHA et al., 2012)

(APHA et al., 2012)

(APHA et al., 2012)

(APHA et al., 2012)

(APHA et al., 2012)
(APHA et al., 2012) 4500-

pH

(APHA et al., 2012)

(APHA et al., 2012) 5220 C

(APHA et al., 2012) 5210 B

(APHA et al., 2012) 2540 D
(APHA et al., 2012) 2540B
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- Quantification of pharmaceuticals

Pharmaceuticals were selected as target compounds in this work. This selection was
made due to that those compounds are present commonly in domestic wastewater.
They are release from homes because they are not metabolized in human body and
they are excreted via urinary and enter to MWW. Several PhAcs (38 compounds)
were detected and quantified. The target compounds corresponded to: 1
antiepileptic, 2 analgesics, 17 antibiotics, 1 antidepressant, 2 anticonvulsants, 1
bronchodilator, 1 lipid regulator, 2 anti-inflammatories, 1 antiulcer and 5

antihypertensive pharmaceuticals (Table 5).

Determination of pharmaceuticals was developed by a Waters Acquity UPLC system
was interfaced in a triple quadrupole mass spectrometer Xevo TQS
(Waters,Milford, MA,USA) equipped with an orthogonal Z-spray electrospray
ionization interface (ESI) operated in positive mode. The mobile phase was A = Hz0,
B = MeOH, both with 0.01% HCOOH and 1 mM NHsAc. The percentage of organic
modifier (B) was changed as follows: 0 min, 5%; 7 min, 90%; 8 min, 90%; 8.1 min,
5%; and 10 min, 5%. The flow rate was 0.4 mL min-t. The column was kept at 40 °C,
and sample manager was maintained at 5 °C. The analysis run time was 10 min. All

data were acquired and processed using Masslynx v 4.1 software.

The wastewater composite samples were unfrozen and filtered under a vacuum
through 0.45-um membrane filters (mixed cellulose ester, Whatman ME 25)
(Whatman, Manchester, UK). Then, aliquots of these samples were collected in
centrifuge tubes of 50 mL and transported in cool containers to Spain. Once in the
laboratory, they were frozen at <-18 °C. Water samples were thawed at room
temperature the same day of the analysis; an aliquot was transferred to a 2 mL
Eppendorf and centrifuged at 12,000 rpm for 3 min. The procedure applied for
sample analysis can be review in Botero et al (2018). Quantification of analytes was

made using the quantification transition (Q) and external calibration with standards
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in solvent. In those cases, in which the analyte ILIS was available (12 out of 20
compounds analyzed), relative areas were used for quantification. In this way,
potential matrix effects were corrected, as shown by the acceptable QC recoveries

obtained.

2.3 Results

Table 4 shows the results of global characterization of MWW with samples taken in
eight different dates from 2016 — 2019 in rainy and dry season each year. It can be
observed that MWW had fluctuant concentrations in all parameters. That behavior
is according to weather conditions, since rainwater is part of the MWW and ends up
being a way to dilute them. Likewise, from table 4, a slightly increase of
concentrations of nitrates, ammonium nitrogen, total nitrogen, COD, sulfates and
total suspended solids are observed from 2016 to 2019. That changes could be
attributed to an increase in use to home products with inorganic forms of nitrogen
and sulfates such as cleaning and beauty products. Additionally, an increase in
tributaries to the sewerage network has also been recorded by the municipal Mayor's

office (Municipal Mayor Office Florencia-Caqueta, 2019).

Typical composition of untreated domestic wastewater reported by Pepper et al.,
(2015) (Pepper & Gerba, 2015) can be associated with results in table 4 allowing
classify the MWW from Florencia as low strength MWW (Pepper & Gerba, 2015;
Ramalho, 2003; Romero-Rojas, 2001).

The BOD and COD concentrations shown in Table 4 are consistent with those
reported in literature for typical MWW in Colombia (Romero-Rojas, 2001). A
BODs/COD ratio of around 0.56 to 0.66 was found for the MWW from Florencia,
which indicates a high biodegradability character of the effluent. Is worthy to indicate
that a higher fraction of organic matter, suspended solids, nitrogen, phosphate and

fecal coliforms, in the MWW is due to domestic WW from the city, which is residential
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with low industrial development. So, human wastes as urine, feces, washing,
bathing, and meal preparation, car washing, are the mainly contributors. It is
important to clarify that rainwater carries the polluting load of roofs, streets and other

surfaces where it circulates (Romero-Rojas, 2001).

The alkalinity range observed in this type of wastewater demonstrates a moderate
alkalinity due mainly to calcium and magnesium bicarbonates. Thus, when an
aerobic biological treatment is applied, the moderate alkalinity favors a nitrification
process and when an anaerobic process is applied, the moderate alkalinity allows
methanogenic oxidation and also favors the anaerobic digestion. The hardness
present in MWW from Florencia, indicates moderately soft water and at that
concentration the interaction with MWW anions is possible. About sulfates, at the
concentrations reported in table 4, it is possible to project a slight influence on an
anaerobic process. During anaerobic digestion, the medium is primarily reducing,
and the sulfates are reduced to sulfides. In concentrations greater than 200 mg L™,
sulfates would be detrimental to anaerobic oxidation (Crites & Tchobanoglous, 2000)
because H:S increases the acidity in the reaction system. However, at current
concentrations, sulfates could complex and cause enzymatic inhibition (Show & Lee,
2017). In addition, during a photo-Fenton based process, it acts as a scavenger and
competes for complexing if it has been added to the process (Boshir et al., 2017,
Changotra, Rajput, & Dhir, 2019; Duarte, Maldonado-Hddar, & Madeira, 2013)

Concentration of chlorides was between 62 and 103 mg L in that sampling site,
much lower than reported by literature for low strength MWW (Pepper & Gerba,
2015; Romero-Rojas, 2001). Chlorides are common in MWW and it is known that
they are not removed from wastewater by conventional treatments (Bandara et al.,
2012; Pepper & Gerba, 2015). These ions do not generate problems in the
performance of a biological treatment and only at concentrations above 15000 mg
L are considered toxic in metabolism. On the other hand, the presence of chlorides
can influence the efficiency of the photo-Fenton process because this anion acts as
an OH * scavenger, inhibiting the reaction of the latter with contaminants (Serna-

Galvis, Silva-Agredo, Giraldo, Florez-Acosta, & Torres-Palma, 2016).
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According to the forms of nitrogen, the predominant specie is the organic nitrogen
contributed mainly from domestic waste. Likewise, it is observed that ammonium is
in high proportion with respect to nitrate content. This contrast can be due to the
presence of fecal matter and urine from domestic waters where organic nitrogen
oxidation has not yet occurred. Concentration of ammonium in MWW from Florencia
is not a problem into aerobic treatment since only at concentrations above 1600 mg
L is considered biological oxidation inhibitor. About nitrates in MWW from Florencia,
these nitrogen species are electron acceptors in anoxic environment, for this reason,
can promote denitrification in anaerobic treatment. Average concentration of TP was
according with the expected concentration for medium strength MWW (around 4 mg
LY) reported in literature (Pepper & Gerba, 2015). To selection of a wastewater
treatment, it is important to know that orthophosphates favor biological treatment as
they are suitable for microbial metabolism. Regularly, organic phosphorus has

secondary importance in domestic wastewater.

Table 5 presents a list of pharmaceuticals found in the three samples of MWW taken
in the selected discharge named “El Raicero” neighborhood in different date (August
29, 2016, September 30, 2016 and March 29, 2019). According to Table 5, MWW
from Florencia contained levels of several pharmaceuticals above 1 ug L. To date,
this is the first information about occurrence of pharmaceuticals in MWW from
Florencia which means that there is no possibility to compare data. Nevertheless, is
possible confirm that 19 pharmaceuticals found in MWW from Florencia are typically
found in raw MWW from Bogota and Medellin in Colombia according to Botero et al
(Botero-Coy et al., 2018). Of course, these cities have a MWWTP, which removes
part of the pharmaceuticals, reducing the concentration in which they are released

on the bodies of water.

During the rainy season, the samples from 2016 year was taken. This fact caused
a dilution of them. Contrary to those taken in 2019 during the dry period. Contrasting
concentrations of pharmaceuticals in the rainy season and the dry season, for the
majority of the compounds, there is a dramatic increase in their concentration when

only wastewater makes up the MWW (without rainy water).
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Likewise, pharmaceuticals such as clindamycin, irbesartan and tetracycline,
exceeded the limit of quantification (LOQ) in the dry period sample. This tendency
since the target pharmaceuticals are not only used in hospitals but also quite

consumed commonly in households.
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Table 4. Physicochemical characteristics of the MWW from Florencia (discharge of MWW at Raicero neighborhood) during
8 sampling (2016 — 2019)

May Oct. April Sept. May Nov. May Sept. | Minimum | Maximum
Characteristic
2016 2016 2017 2017 2018 2018 2019 2019 Value Value
NO; (mg |_'1) 4.62| 10.25 5.33 11.17 8.45| 14.38 7.89 13.45 4.62 14.38
NH;, (mg |_'1) 18.34 | 36.45| 19.09 43.34 17.73 | 42.34 21.34 42.89 17.73 43.34
A 140.32 | 205.67 | 135.25| 187.35| 132.56 200 124 | 210.33 124 210.31
TN, (mgL )
POf, (mg |_'1) 1.78 2.87 1.46 3.21 2.06 3.16 1.65 2.85 1.46 3.21
-1 2.89 5.72 3.56 5.24 2.45 3.32 2.45 4.67 2.45 5.72
TP, (mglL )
- 320 520 290 478 277 578 256 580 256 580
CoD, (mg L")
- 154 285 135 277 128 278 126 302 126 302
BOD,, (mg L")
TOC (mg L) 31| 88.23 28 66.34 29 | 7234 35 89.32 28 89.32
SOf , (Mg |_'1) 65.24 | 150.58 | 76.89 | 178.11 45.60 | 188.32 58.34 | 174.67 45.60 188.32
) 75.45| 103.34 | 62.05 87.34 68.34 | 90.77 82.54 98.91 62.05 103.34
Cl (mgL™)
Alkalinity 53.49 | 146.76 | 75.22 | 120.37 80.13 | 118.75 84.39 | 139.04 53.49 146.76
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(mgL")

Hardness, 58.00 117 84.25 98.34 62 105 57.13 119 57.11 119
-1

(mg L)

Conductivity 122 220 120 253 145 195 148 250 120 253

(S cm’)

pH 6.45 6.75 6.52 6.75 6.54 6.56 6.47 6.61 6.45 6.75
A 156.59 | 205.41 | 140.23 240 128.56 | 258.78 186 250 128.56 258.78

ST (mg L")

SST (mg L'1) 67.40 | 120.32 87.34 100.07 76.47 | 135.86 54.12 147.67 54.12 147.67
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The analgesic acetaminophen is presented the highest concentration in the three
samples. Acetaminophen is the analgesic of mass use in Florencia and its
concentration is due to high consume and consequently after being ingested this
compound is excreted in the urine almost 60% (Ahmadzadeh & Dolatabadi, 2018;
Bueno et al, 2012). Together with acetaminophen, antibiotics and other
pharmaceuticals are absorbed only about 40%. However, the particular structural
characteristics and functionality of each compound, generate different interaction
during human metabolism and therefore different absorption and excretion rates.
This result is according to reported by literature about high occurrence of
acetaminophen in raw MWW from Spain, United Kingdom and Germany due to
paracetamol is most popular non-opioid analgesic sold in these countries in the last

years (Bueno et al., 2012).

In terms of antibiotics, the presence of azithromycin, metronidazole, trimethoprim,
sulfamethoxazole, clarithromycin, clindamycin and ciprofloxacin and the presence of
anti-inflammatories and analgesics such as diclofenac and naproxen were detected
(Botero-Coy et al., 2018). Antibiotics with higher concentrations were azithromycin,
metronidazole, trimethoprim, sulfamethoxazole demonstrating its high consumption
in Florencia. This trend is similar to reported for MWW from Spain and Hanoi among
others (Bueno et al., 2012; Han-Tran et al., 2014). Antibiotics as clarithromycin,
clindamycin, erythromycin, lincomycin y tetracycline, are present in low
concentrations, this might be due to the lower consumption of this compound
compared to other human antibiotics. In lower concentration were found anti-
hypertensive as losartan, irbesartan, valsartan y metoprolol and anticonvulsant as
carbamazepine.  An increment in concentration of anti-hypertensive and
anticonvulsant in samples during dry season was observed, however, valsartan
suffered a drastic increment. This fact could be attributed to differences in

consumption rate between valsartan and the others three compounds.
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samples from “El Raicero” Florencia, Caqueta

Table 5. Concentrations of pharmaceuticals (ug L) in raw municipal wastewater

Compound (ug L) | Family/Function | 30/09/16 | 29/08/16 | 30/03/2019
Acetaminophen Analgesic 20.22 12.54 262.52
Alprazolam Antidepressant ND ND ND
Atorvastatin Lipid regulator NM NM 0.46
Azithromycin Antibiotic 6.97 6.54 1.23
Carbamazepine Anticonvulsant 0.012 0.004 1.86
Ciprofloxacin Antibiotic 0.92 0.573 1.47
Clarithromycin Antibiotic 0.015 0.027 0.22
Clindamycin Antibiotic ND ND 0.21
Diclofenac Anti-inflammatory 0.15 0.19 12.77
Doxycycline Antibiotic ND ND ND
Enalapril Antihypertensive NM NM 0.23
Erythromycin Antibiotic 0.11 0.009 0.41
Flumequine Antibiotic NM NM 0.41
Furaltadone Antibiotic ND ND ND
Gabapentin Antiepileptic ND ND ND
loproimide Contrast agent NM NM 0.43
Irbesartan Antihypertensive ND ND 0.07
Levamisole Anthelmintic NM NM 1.89
Lincomycin Antibiotic NM NM D
Lorazepam Anxiolytic ND ND ND
Losartan Antihypertensive 0.49 0.67 1.29
Metoprolol Antihypertensive NM NM 1.13
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Metronidazole Antibiotics 0.97 0.37 27.08
Naproxen Anti-inflammatory 2.11 3.12 NM
Nalidixic acid Antibiotic ND ND ND
Norfloxacin Antibiotic 0.49 0.33 1.29
Oxolinic acid Antibiotic NM NM 2.58
Pantoprazole Antiulcer ND ND ND
Phenazone Analgesic ND ND ND
Primidone Anticonvulsant NM NM D
Roxithromycin Antibiotic ND ND ND
Salbutamol Bronchodilator NM NM 0.28
Sulfadiazine Anticonvulsant NM NM 0.28
Sulfamethoxazole Antibiotic 0.28 0.81 6.37
Tetracycline Antibiotic ND ND 0.32
Tramadol Analgesic NM NM 0.20
Trimethoprim Antibiotic 0.42 0.28 3.19
Valsartan Anti-hypertensive 0.17 0.11 6.55
Venlafaxine Anxiolytic 0.017 0.017 0.12

NM: Not measured
ND: Not detected
D: LOD (Limit of detection)

2.4 Conclusion of this chapter

The raw MWW of Florencia-Caqueta presented a high biodegradability (BOD/COD
= 0.56 - 0.66) and the content of organic and inorganic matter makes it possible to
assume that a biological treatment will make biotransformation of organic matter.

Likewise, pharmaceuticals such as analgesics, antibiotics, anti-inflammatories and
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anti-hypertensive among others were detected and quantified in raw MWW from
Florencia, evidencing the high consumption of acetaminophen by the population, as
well as antibiotics such as metronidazole, sulfamethoxazole and trimethoprim

among others.

The fact that raw wastewater is directly discharged to surface waters (La Perdiz, La
Sardina and Hacha Rivers) may suppose a risk for the aquatic environment, causing
bacterial resistance, among other effects. Therefore, there is an urgent need to
implement efficient treatments that are able of removing organic matter as well as to
remove pharmaceuticals in MWW. The research about MWW from Florencia should
be directed at the degradation of pharmaceuticals, selected in light of the data
reported in this chapter and the literature (Botero-Coy et al., 2018), using advanced
oxidation systems, such as photo-Fenton, photo-electro-Fenton which have
demonstrated high removal percentages at the laboratory scale and under controlled

conditions (see references chapter 3 and 4).
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CHAPTER 3. TREATMENT OF
WASTEWATERS FROM FLORENCIA BY TWO
BIOLOGICAL PROCESSES AT LAB-SCALE

3.1 Introduction

In this chapter is presented the treatment of MWW from Florencia-Caqueté by two
biological processes (an aerobic and other anaerobic) at lab-scale. Initially, the
acclimatization of the sludges is considered. Then, variations of the relationship
between the total volume of system and the volume of sludge were tested to define
the proper sludge amount to reach a higher efficiency of bio-treatment action toward
MWW loaded with four representative pharmaceuticals. Afterwards, the removal of
macro-components (organic carbon and nitrogen species) from MWW was
assessed. Finally, the biodegradation of the target pollutants (acetaminophen,
sulfamethoxazole, carbamazepine and diclofenac) by both aerobic and anaerobic
systems is discussed. The selected compounds represent different classes of
pharmaceuticals with varied chemical structure and therefore it is expected to find
differences in reactivity or mechanisms of elimination, during the biological process
and the photo-Fenton solar process which will be applied in this thesis too, as

mentioned before.

3.2 Materials and methods

3.2.1 Chemicals

Acetaminophen (ACT), sulfamethoxazole (SMX), carbamazepine (CBZ) and

diclofenac (DCF) were supplied by Sigma-Aldrich®. Sodium bicarbonate from
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Merck® was used. Chemical structures of four pharmaceuticals used in this thesis
are shown in figure 3B. The selection of pharmaceuticals, was based considering
the most representative pharmaceuticals according to the results of Chapter 2. ACT
had a higher concentration in MWW from Florencia, the other three represent
antibiotics, antihypertensive and anti-inflammatory pharmaceuticals, which are

highly consumed in Florencia.

MWW was sampled from a specific discharge located in the neighborhood “El
Raicero” selected in the Chapter 2 (global characterization shown in the Table 2.2).
The raw MWW was spiked with four representative pharmaceuticals mentioned

before, at a concentration of 0.0066 mM each one.

3.2.2 Bioreaction systems

- Laboratory scale aerobic bioreactor

Activated sludge for aerobic treatment was derived from raw MWW from Florencia-
Caqueta and cultivated in a lab-scale Sequencing Batch Reactor (SBR). The SBR
was filled with MWW plus an inoculum consisting of human feces and MWW
sediment and after the sludge settling the MWW was draw. Every 2 days the MWW
was replaced to maintain the concentration of organic matter and nutrients available

for biomass growth. Constant stirring and aeration were provided to the SBR.

The laboratory scale SBR reactor is an efficient alternative for evaluating the
performance of the aerobic process. The operation of the SBR reactor was in batch
mode and consisted of mixing and periodic feeding and discharge. This allows to

simulate the behavior of a secondary aerobic treatment system on a real scale.

The aerobic treatment was carried out in a glass reactor (500 mL) under constant
aeration and agitation (500 rpm) (Fig. 3). The reactor was charged with 200 mL of
activated sludge and a sample containing 0.0066 mM of each pharmaceutical (SMX,
DCF, CBZ and ACT) spiked in real municipal wastewater (MWW). In experiments to

select V1/Vsratio (V1/Vs, where Vr is total reaction volume and Vs is sludge volume)
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(section 3.3.2) were evaluated three ratios 2, 4 y 10. Each treatment lasted 48 hours
and it was done in duplicate. To experiments of section 3.3.3 and 3.3.4 was used
the same Vs selected in section 3.3.2. Although the concentration of 0.0066 mM
(around 1 mgL?) for each compound is quite high compared to the real concentration
of these ECs present into raw MWW from Florencia (ug L™ range), it is still low
enough to simulate real conditions and compare the different approaches under

measurable conditions with the equipment available for this work.

The organic matter was monitored daily by TOC, as well as the conversion efficiency

of ammonium and nitrate.
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Figure 3. A. Experimental setup for aerobic (left) and anaerobic (right) treatments
at laboratory scale. B. Chemical structures of model pharmaceuticals of this work.
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- Laboratory scale anaerobic bioreactor

Anaerobic sludge was taken from a septic tank used in the treatment of domestic
wastewater from a local farm (Florencia-Caquetad-Colombia). The anaerobic
treatments were developed using a glass batch reactor covered with a black blanket
to avoid contact with light. The reactor was charged with 200 mL of anaerobic sludge
and a sample containing 0.0066 mM of each pharmaceutical (SMX, DCF, CBZ and
ACT) spiked in real municipal wastewater (MWW). Slow stirring was applied during
the experiments (50 rpm). The reactor was hermetically sealed to prevent gas
leakage or contact with air and the gas mixture produced was led to a 10% NaOH
solution (Fig. 3). The experiments lasted 48 hours. In experiments to select V1/Vs
ratio (section 3.3.2) were evaluated three ratios 2, 4 y 10, as for the laboratory scale
aerobic reactor. Each treatment lasted 48 hours and it was done in duplicate. To
experiments of section 3.3.3 and 3.3.4 was used the same Vs selected in section
3.3.2.

3.2.3 Analytical methods

- Quantification of pharmaceuticals in MWW samples

The concentration of the four pharmaceuticals was analyzed using an HPLC
Shimadzu with UV detector at 254 and 267 nm with a C18 column (5 pum, 4.6 x 150
mm), with a flow of 0.5 mL min*. The injection volume was 100 pIL.

The method consists in a gradient flow with phase A: 25 mmol L formic acid and
phase B: acetonitrile where: at 0 min 90%A, 3 min 90%A and 13 min 20%A, 13.1
min 0%A, 20 min 0%A, 20.1 min 90% and 25 min 90%A.

- Quantification of pharmaceuticals in sludge samples

Sludge samples were taken in glass bottles and immediately transferred to the
laboratory. Then, they were centrifuged during 20 min at 7000 rpm and separated in
two phases. The solid phase was frozen at — 50 °C and then lyophilized for 48 h,

homogenized by crushing in a mortar, sieved to 0.5 mm, and stored at — 20 °C until
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analysis. The supernatant, liquid phase separated during the centrifugation step
(sludge aqueous phase onwards) was filtered through 0.45 pm cellulose nitrate filter
and keep at 4 °C until analysis. Extraction method was QUEChERS + Clean-up:
MgSO4 + C18+ PSA (with different cleanup sorbents: PSA-C18, Z-Sep, and Z-Sep+)
for solid sewage sludge, according to methodology used by Ponce-Robles et al.
(Ponce-Robles, Rivas, et al., 2017).

Quantification of pharmaceuticals concentration present in initial and final sludge
was developed in the “Centro de Investigacion en Energia Solar” — CIESOL at
Almeria University. A HPLC Series 1200 of Agilent (Agilent Technologies, Palo Alto,
CA, USA), coupled to a hybrid Triple Quadrupole-Linear lon Trap-Mass
Spectrometer 5500 QTRAP®LC/MS/MS system (Sciex Instruments, Foster city, CA,
USA) was used. Equipped with two analytical columns: one column to detect
acetaminophen, carbamazepine and sulfamethoxazole in positive ionization mode
and another to detect diclofenac in negative ionization mode. The first one was
Kinetex C18 100A, 150x4.6mm, 2.6um, Phenomenex®. The method in this column
consists in a gradient flow with phase A: water at 0.1% of formic acid and phase B:
Methanol where: at 0 min 80%A, 0.5 min 80%A, 3 min 50%A and 7 min 10%A, 9.5
min 0%A, 14 min 0%A, 14.1 min 80% and 21 min 80%A. An injection volume of 10
uL, flow of 0.5 mL min?, lon Source: Turbo Spray, Curtain gas: 25, lon Spray
Voltage: 5000 V, Temperature: 500 °C, Gas 1: 50, Gas 2: 40. The second analytical
column was a Zorb ax Eclipse Plus C18, 150x4.6 mm, 5um from Agilent®. The
method in this column consists in a gradient flow with phase A: water 5mM sodic
acetate and phase B: Acetonitrile where: at 0 min 90%A, 1 min 90%A, 9 min 0%A,
12 min 0%A, 12.1 min 90%A, 17 min 90%A. An injection volume of 10 uL, flow of
0.5 mL min', lon Source: Turbo Spray, Curtain gas: 25, lon Spray Voltage: -4500 V,
Temperature: 500 °C, Gas 1: 50, Gas 2: 40 and N2 was used as the nebulizer gas,

curtain gas, and collision gas.

- TOC, ammonium and nitrate
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Analyses for TOC, ammonium and nitrate were carried out as described in chapter
2. When the results reported during analysis of results in this thesis are presented
or expressed as removal percentage, this affirmation was calculated by the Equation
3.1:

% Removal percentage = C""SLCT"”' x 100  Eg. (3.1)
initia

-Prediction of aerobic biodegradation pathways

To support some interpretations of the aerobic transformation mechanisms for the
representative pharmaceuticals, it was utilized free online Pathway Prediction
System (PPS) application from EAWAG (http://eawag-bbd.ethz.ch/index.html),

which provides predictions about biotransformation rules, based on reactions found
in the EAWAG-BBD database and the scientific literature.

3.3 Results

3.3.1 Acclimatization of aerobic and anaerobic sludges.

In the implementation of biological treatments, acclimatization of the inoculum to the
MWW is an initial necessary step (Gonzalez-Gil et al., 2019; Huang et al., 2019;
Jonstrup et al., 2011; Min et al., 2018; Sikosana et al., 2019). The acclimatization
can be followed through TOC, ammonia and nitrates measurements. Figure 4 shows
the evolution of TOC, ammonia and nitrates for acclimatization of the aerobic
system. It can be noted that both the TOC consumption and ammonia decreasing
were slow at the first 40 days. This indicates that in the first phase occurs the growth
of microorganisms, such behavior is typical because the biomass is adapting to the
wastewater environment. After 40 days, TOC consumption by microorganism
reached up to 95%, the removal of ammonia was up to 70% and an increase of up
to 15 times the concentration of nitrates was observed, which reveals that a sufficient

sludge amount was available for the further experimentation.
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As indicated in Chapter 1, in the aerobic system organic carbon is transformed into
carbon dioxide and biomass by means oxidative and biosynthetic mechanisms.
Meanwhile, the mechanism of nitrogen removal is a nitrification process. This
process includes transformation of ammonia into nitrite and then to nitrate through
nitrifying bacteria. This process is favored due to high ammonia solubility in water.
Additionally, direct relationship between nitrate and ammonia nitrogen
concentrations (Figure 4B-C) indicates a good nitrification in the aerobic reactor
(Zhang et al., 2019).
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Figure 4. Evolution of organic matter (TOC (A)) and nitrogen species (ammonia
nitrogen (B) and nitrate(C)) during acclimatization of aerobic reactor at laboratory

scale.
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Figure 5 presents the evolution of TOC and nitrogen species during acclimatization
of the anaerobic reactor at lab-scale. In this case, the nutritional requirements
(COD:N:P of 350:5:1) were guaranteed (Cajacuri, Behling, Rincon, Colina, & Marin,
2013; Fernandez & Seghezzo, 2015). Thus, considering the MWW characterization
(Table 2.2), proper amounts of K:HPO3.3H20 were added. From Figure 5 can be
noted that TOC had fluctuation during start-up and the organic carbon consumption
was high, which was between 40% and 86%. The mineralization can be associated
to hydrolysis, acidogenesis, acetogenesis and methanogenesis by anaerobic
microorganisms (with predominance of methanogenic bacteria) (Aziz et al., 2019;
Show & Lee, 2017). The alkalinity during start-up step was controlled by addition of
sodium bicarbonate to guarantee an acidity index under 0.3 all time (data not
shown). Thus, pH always was between 6.9 and 7.5, to limit sulfate reducing bacteria
growth. Accordingly, the transformation of acetate and H: towards methane is
favored. It should be mentioned that the interaction of acetate and H2 with sulfate
reducing bacteria has more negative values of Gibbs free energy (AG°) than
methanogenesis (Eqgs. 3.2-3.5). For this reason, the control of alkalinity and pH in
the anaerobic reactor is definitive to favor methanogenic bacteria action (Fernandez
& Seghezzo, 2015).

CH;CO00~ + H,0 —» CH, + HCO; ; AG = —28.0kJmoll Eq.3.2

Acetate .
CH3CO00™ + SOz? — HS™ + 2HCO3;AG = —71.7kJ mol! Eq. 3.3

4H, + H* + HCO; - CH, + 3H,0; AG = —135.6kJmol! Eq.3.4
Hydrogen
4H, + H* + S0;2 - HS™ + 4H,0; AG = —151.9k/ mol! Eg.3.5

Denitrification was small considering that nitrate removal did not exceed 25% during

the whole stages (Figure 5C). This is coherent with literature, which reports
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moderated denitrifications (~53%) for anaerobic reactors (Aziz et al., 2019; W. H.
Chen et al., 2019; Fernandez & Seghezzo, 2015). It should be mentioned that such
transformation does not interfere with the methanogenesis (Cajacuri et al., 2013).
Regarding ammonia, after the first 12 days of start-up, a high increment in its
concentration was observed (3 times the initial concentration). Ammonia nitrogen
production can be attributed to hydrolysis of proteins into amino acids followed by
formation of volatile fatty acids (VFAs) and finally to NH4*. Also, the reducing
environment in the anaerobic reactor could help transform NO3™ into NH4™ (W. H.
Chen et al., 2019).

From Figures 4 and 5 it can be deduced that the aerobic and anaerobic reactors
were acclimatized after 88 and 36 days, respectively. When the best mineralization
was reached in this stage, the spiking of pharmaceuticals in MWW was done and

such water was added to the reactors.
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Figure 5. Evolution of organic matter (TOC (A)) and nitrogen species (ammonia

(B) and nitrate(C)) during acclimatization of anaerobic reactor at laboratory scale.

3.3.2. Effect of sludge volume on bio-treatments performance

To define the proper sludge amount to reach a higher efficiency of bio-treatment
action toward MWW loaded with the representative pharmaceuticals, variations of
the relationship between total volume of system and volume of sludge (i.e., V1/Vs)
were tested for both biological processes. Thus, percentage of TOC removal,

evolutions of nitrate and ammonia nitrogen were followed in addition to
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pharmaceuticals removal. Moreover, an ANOVA to determine differences between

the biological treatments and V1/Vs ratios was applied (data not shown).

The V1/Vs ratio did not influence the organic matter removal when the aerobic
treatment was used, achieving an average of about 64% of TOC elimination (Figure
6). In contrast, in the anaerobic system, the mineralization decreased significantly
when the V1/Vs ratio increased from 2 to 10. Furthermore, at the V1/Vs ratio = 10,
according to Tukey test, significant differences in mineralization reached by both
treatments were observed (aerobic system removed 63% of TOC, whereas the
anaerobic achieved 52% of mineralization, Figure 6). Under the volumes of sludge
worked here, the continuous and efficient mixing between the sludge and the MWW
in the aerobic treatment, allows to maintain an intimate contact between them,
favoring the mineralization. However, for anaerobic biodegradation, the mixing of the
substrate and the sludge is difficult, because the sludge has a high concentration of
suspended solids and the mixture reached by them is lower limiting the contact and
interaction between biomass and wastewater and therefore biodegradation. Thus,
with an increase in the volume of sludge, the available area of biomass to take the

organic matter of the MWW is increased.
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Figure 6. Percentage of organic matter at different Vr / Vs ratios for both aerobic or
anaerobic treatments. V1t =200 mL, Vs = 100, 50 and 20 mL. Vmww = VT - Vs,
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According to Figure 7, for the aerobic treatment, it was observed that nitrification is
favored at the highest V1/Vs value (i.e., when Vs decreased, the nitrate
concentrations increased). In turn, the concentrations of ammonia nitrogen are
reduced on average up to 82% but there were not significant differences among the
V1/Vs ratios. Taking into account that these results, it could be indicated that the
aerobic system promotes the formation of nitrates mainly from the organic nitrogen
in the MWW (Show & Lee, 2017).

In the anaerobic treatment, a nitrate removal up to 25% was observed for any V1/Vs
ratio. This reduction is associated with a typical denitrification by anaerobic
microorganisms. Ammonia nitrogen increased markedly when V+/Vs changed from
2 to 4. This behavior is consistent with the expected for an anaerobic process (Aziz
etal., 2019; Bhatti et al., 2014; Lazcano-Carrefio, 2016), showing an optimum sludge

volume to kept maximum ammonia production.
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Figure 7. Nitrate and ammonium removal achieved at different V1 / Vs ratios and

aerobic or anaerobic treatment. VT= 200 mL, Vs = 100, 50 and 20 mL.

Regarding bio-treatments action on the representative pharmaceuticals, their
removal by the aerobic process is not influenced by Vt/Vs ratio (Figure 8). On
contrary, in the anaerobic treatment, the percentage of pharmaceutical removal was
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increased with the increasing the V+/Vs ratio. This response could be attributed to a
higher sludge volume (lower V1/Vs) since the reducing environment is increased too,
keeping dissolved reduced species where the oxidation of pharmaceuticals is not
favored. Moreover, its known that anaerobic bioprocesses require plentiful electron
donors (far exceeds stoichiometric requirements) for microbial metabolism such as
organic matter from MWW (Cui, Cui, Gao, Wang, & Cheng, 2017). So, when less
sludge volume more MWW volume is added to the reactor which cause an increment
in electron donors and thus a higher extent of removal pharmaceuticals is observed
too. Additionally, through aerobic treatment reached higher removal of the four

pharmaceuticals than the obtained by anaerobic system (Figure 8).

Based on the results in this section, the appropriate water sample/ sludge ratio for
aerobic and anaerobic treatments was V1/Vs = 10. Such ratio led to the highest
removal of pharmaceuticals and elevated bio-transformation of organic carbon and
nitrogen species by both aerobic and anaerobic processes. Then, the subsequent

experiments were developed by using a V1/Vs = 10.
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Figure 8. Pharmaceuticals removal at different Vt / Vs ratios and () aerobic or (---)
anaerobic treatment. Vr= 200 mL, Vs = 100, 50 and 20 mL. [Pharmaceutical]o=
0.0066 mM.
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3.3.3 Removal of macro-components in MWW from Florencia under favorable

conditions of bio-treatment at lab-scale

The MWW with the pharmaceuticals was submitted to aerobic and anaerobic
treatments (individually) using a V1/Vs ratio equal to 10, during 48 h. Then, the
macro-components  evolution was followed. Figure 9 depicts the
consumption/formation of TOC, nitrate and ammonia nitrogen during the biological
treatments. It can be observed that in the aerobic treatment a mineralization up to
79.4% was reached (Figure 9A). Meanwhile, the ammonium decreased up to 55.7%
and the nitrates increased 13.1 times (Figure 9B). This indicates an effective
oxidation of macro-components through microbial metabolism, which demands
organic carbon and ammonium nitrogen (as a nutrient source) for the biomass
growth (Show & Lee, 2017).
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Figure 9. Evolution of macro-components of MWW during the biological
treatments. A. TOC. B. () Ammonium and (---) Nitrate.

In the anaerobic conditions, 54.1% of TOC was removed, in addition to an increment
of the ammonium concentration from 36.6 mg L' to 61.1 mg L. As expected to this
biological system, organic nitrogen and nitrate anion were reduced toward
ammonium (Figure 9B) (Suarez, Lema, & Omil, 2010). The nitrogen species
decreasing was associated to the reducing/anoxic environment in the reactor (W. H.
Chen et al., 2019). However, considering the low initial TOC concentration (~19 mg
L), the growth of heterotrophic reducing bacteria in bioreactor is expected to be
limited (W. H. Chen et al., 2019). On the other hand, it is well known that in aerobic
treatments the microbial growth rate is much higher than the anaerobic treatment,
which allow us to support the higher TOC consumption by the aerobic system (Figure

9A) (Phan et al., 2014).

After establishment the action of the biological processes on the macro-components,
it must be considered their efficiency for eliminating the relevant pharmaceuticals.

This aspect is discussed in the subsequent section.
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3.3.4 Removal of pharmaceuticals in MWW from Florencia under favorable

conditions of bio-treatment at lab-scale

The MWW spiked with the four representative pharmaceuticals was treated under
aerobic and anaerobic treatments (individually) using a V1/Vs ratio equal to 10,
during 48 h. Evolutions of the pharmaceuticals was evaluated (Figure 10A). For all
four pharmaceuticals, the total removal efficiencies observed between the aerobic
and anaerobic treatment was significantly different (p > 0.05). These systems
partially removed SMX, CBZ and DCF. However, the aerobic treatment
demonstrated greater efficiency for total pharmaceutical removal (up to 88.5%) than
anaerobic treatment (up to 51.4%) (Figure 10B). On the other hand, the trends of
degradation are different among the four pharmaceuticals (ACT> DCF> SMX~ CBZ).
Thus, to understand the removal of each pharmaceutical from the MWW, it is
important to remember that the decreasing of concentration in a biological system
depends on two mechanisms: biodegradation and sorption on the sludge (Lin, Lin,
Tung, & Chary, 2010; Martinez-Hernandez et al., 2016; Min et al., 2018).

C/Co
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Figure 10. Evolution of degradation and mineralization of pharmaceuticals spiked
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Comparison of the total pharmaceutical removals in aerobic and anaerobic

treatment after 48 h of operation.

To establish contribution of sorption on sludges to pollutants removal, retention of
the pharmaceuticals on the biomass was measured (Table 6). It can be noted that
aerobic sludge retained ~ 71% and ~1.0 % of CBZ and DCF, respectively.
Meanwhile, the anaerobic sludge sorbed ~50% and 5.3 % of CBZ and DCF,
respectively. CBZ shown the highest concentration into sludge at final of both
biological treatments. CBZ and DCF have octanol-water partition coefficients (log
Kow) Of 2.45 and 4.51 respectively. CBZ is moderately hydrophobic, which could be
favored sorption on sludge surface (W. H. Chen et al., 2019; Hyland, Dickenson,
Drewes, & Higgins, 2012; Luo et al., 2014; Martinez-Hernandez et al., 2016; Phan
et al.,, 2014; Suarez et al., 2010). Although molecular form of diclofenac is more
hydrophobic than carbamazepine at the experimental pH (which was 6.6-7.0), DCF
is ionized (DCF has a pKa 4.15) and consequently its interaction with sludges is

disfavored (Hyland et al., 2012; Luo et al., 2014; Suarez et al., 2010). On the other

80



hand, the percentage of sorption of CBZ on aerobic sludge is higher than on the
anaerobic one. This result could be explained considering that in the anaerobic
treatment, the contact area between the sludge and this pharmaceutical is smaller

than the exposed to aerobic sludge (Gupta, Sreekrishnan, & Ahammad, 2016).

Table 6. Pharmaceutical concentration in aerobic and anaerobic sludges

SLUDGE AEROBIC ANAEROBIC
PHARMACEUTICAL ACT SMX CBz DCF ACT SMX CBz DCF
In initial sludge (ug L) 0 0 28.66+x7 0.43+1 0.11+1 0 0.24+1 0
In final sludge (ug L™) 0 0 424.8248 11.02+3 0 1.32+1 148.32+6 51.55+7

Total removal from
MWW 965.00+£12 928423 561+5 1505+7 965+10 43948 298+7 965%12
(g L™

SMX and ACT exhibited a very low sorption on sludges (Table 6) because their
hydrophilic nature (as suggested by their log Kow values, 0.89 and 0.49 for
sulfamethoxazole and acetaminophen, respectively). Additionally, under the pH of
this work, SMX was mainly as an anionic species (pKa = 5.60), which makes it more
hydrophilic. Therefore, it is possible to indicate that the removals of SMX and ACT
by the biological processes are mainly due to biotransformations (Luo et al., 2014,
Suarez et al., 2010; Tran et al., 2016; Lin et al., 2010; Martinez-Hernandez et al.,
2016). Also, it should be mentioned that as the CBZ was mainly removed by sorption
on the sludges (Table 6), the discussion about bio-transformations was focused on
the other three pharmaceuticals (i.e., DCF, SMX and ACT).

From Figure 10A, it is remarkable that ACT was completely degraded by both
biological processes after 48h of treatment. This result is consistent with previous
works. For example, ACT was removed up to 95% by the biological processes of the
MWWTP in Medellin-Colombia (Botero-Coy et al., 2018). Bueno et al. reported 99%
of removal efficiency for ACT in five MWWTP from Spain (Bueno et al., 2012).
Indeed, ACT has been classified as a highly bio-removable compound (Luo et al.,
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2014), and it has been demonstrated that in commonly used aerobic reactors at lab-
scale (such as membrane biological reactor-MBR and conventional activated
sludge—CAS) achieve acetaminophen removals around 80% (Luo et al., 2014).
Moreover, according measurements done by Lin et al., ACT biodegradation can be
approximated to a pseudo-first order kinetics (R? = 0.97) with half-lives (t12) around
2.1 days (Lin et al., 2010).

According to Figure 10A, DCF transformation was up to 92% and 60% in aerobic
and anaerobic reactors at 48 h of treatment, respectively. The literature also reports
that DCF presents a greater elimination by aerobic treatment than by the anaerobic
process (W. H. Chen et al., 2019; Long et al., 2019; Suarez et al., 2010). Here, it can
be mentioned that the differences between both biological processes is related to

the biotransformation involved in each system.

Biotransformation mechanisms are dependent on the atoms needed for the bacterial
metabolism; additionally, the presence of electron donating groups (EDG) or
electron withdrawing groups (EWG) has a critical role in the pathway of
biodegradation of pharmaceuticals (Poirier-Larabie, Segura, & Gagnon, 2016). ACT,
DCF and SMX elimination was favored through oxidative action (aerobic
metabolism) thanks presence of phenolic, carboxyl and amine/amide groups, which
are susceptible to biological oxidation because they are electron-rich regions (i.e.,
EDG). In contrast, the reductive action (anaerobic metabolism) requires EWG, but
the considered pharmaceuticals have low presence of such moieties; consequently,
anaerobic biodegradation was less favored (Ghattas, Fischer, Wick, & Ternes, 2017;
Phan et al., 2014). This could explain the differences in bio-degradation (Figure
3.7A-B).

ACT has the simplest structure among the four tested pharmaceuticals and its
phenolic and nitrogen groups are very susceptible to biological oxidation. In fact,
aerobic metabolism can promote a deacetylation followed by a deamination of
aniline generating a hydroquinone, such compound could suffer an oxidative
cleavage forming maleylacetate. Besides the maleylacetate can experiment a
decarboxylation oxidative to form succinate according to the PSS analysis (EAWAG,
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2018). Regarding anaerobic transformation, it can be indicated that ACT could
experiment a deacetylation/hydrolysis of secondary amide as primary mechanism

steps of this bio-degradation (Gonzalez-Gil et al., 2019).

In the case of DCF, three biodegradation products by aerobic via have been
reported. The first product comes from hydroxylation of the phenyl containing no
chlorine (Ci13HoCI2NO). The second product corresponds to a decarboxylation
(C14H11CI2NO3) and the third one is a microbial metabolite (C14H10CI2NO2) (Poirier-
Larabie et al., 2016). Also, from PSS, it was found a similar mechanism, where the
first DCF oxidation lead to formation of 1,5-dichloro an di-hydroxylated compound,
which after several oxidation reactions form chloroacetate, hydroxypiruvate, amine-
carboxylate and imine-dicarboxylate (EAWAG, 2018). Meanwhile, biodegradation of
DCF under anaerobic conditions produces Ci4H10CI2NO2 (Poirier-Larabie et al.,
2016). Likewise, from PSS, it was found a reductive dehalogenation from a
muconate derivative, which is according to literature. However, dechlorination only
occurred after oxygenation of the chlorinated benzene ring, which might explain why
DCF is more recalcitrant under strictly anaerobic conditions, where a hydroxylation

of the benzene ring is less likely (Ghattas et al., 2017).

Regarding SMX, it can be indicated that its aerobic biotransformation is able to
mainly form two products: an hydroxylamine of SMX through an addition of an
oxygen to SMX and an acetylated aromatic amine of SMX by losing of the NH group
(Poirier-Larabie et al., 2016). Also, the PPS showed an initial hydrolysis of SMX in
C-NH bond to generate a 3-amine,5-metilisoxazole and 4-aminobenzenesulfonate,
followed by an oxidation of the primary alcohol to aldehyde, oxidation of that
aldehyde to carboxylate and finally a decarboxylation to form an amino-isoxazole
(EAWAG, 2018). In turn, in the anaerobic biodegradation of SMX, it has been
suggested a reductive transformation on the aromatic ring due to the EWG sulfonyl
group (Alvarino et al.,, 2014). In contrast, it is reported that the SMX can be
transformed by cleavage of isoxazole ring, while the sulfonamide group of SMX is
not altered. The mechanism was proposed to be an abiotic reduction of the N-O

bond in the isoxazole ring by the Fe(ll) generated during microbial Fe(lll) reduction
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(Ghattas et al., 2017; Mohatt, Hu, Finneran, & Strathmann, 2011). Finally, two mainly
biodegradation products were proposed in a anaerobic membrane reactor:
Butylbenzene-sulfonamide without antibiotic functions and sulfanilamide with much
lower antibiotic toxicity than SMX (Wei et al., 2019).

At this point, it is important to indicate that for biotransformation, the structural
complexity of the pharmaceuticals can limit enzymatic degradation (a main action
route of microorganisms) due to steric interferences or negative effects on active
sites (Ghattas et al., 2017). Then, it is normal the low/moderate elimination observed
for CBZ, SMX and DCF in Figure 10. Consequently, effective elimination of the
pharmaceuticals requires other complementary processes such as advanced

oxidation technologies.

3.4 Conclusions of the chapter

It is to known that the extent of biodegradation of an organic compound depends of
water matrix. Therefore, it was important to define the performance of this process
on the degradation of pharmaceuticals (ACT, SMX, CBZ and DCF) present in
Florencia’s MWW to describe the differences in the elimination mechanism of them.

Biological processes acclimatization to MWW sample allowed a good performance
of microorganism for degrading macro-components (Organic carbon and nitrogen
species). It can be indicated that the type of biological oxidation (i.e., aerobic or
anaerobic) and the volume of sludge in the reactors strongly influence the extent of
mineralization, nitrogen consumption and elimination of pharmaceuticals in the
MWW (being favorable at a V+1/Vs ratio equal to 10). The chemical structure and
properties of pharmaceuticals defined the mechanism of elimination: sorption or
biotransformation. The compound with simplest chemical structure (ACT)
experimented a faster biotransformation regardless of the type of bio-treatment,

while hydrophobic compounds (as CBZ) were sorbed on both type of sludges.
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Although, the biological systems showed moderated ability to eliminate the indicator
pharmaceuticals, there were significant differences between these systems in
removal percentages of pharmaceuticals. In fact, the aerobic treatment exhibited
higher biotransformation than the anaerobic one. This, thanks to the presence of
electron-rich moieties on the target pollutants susceptible to biological oxidation.
Considering the complexity of aerobic and anaerobic biodegradation mechanisms,
future studies may be focused on the identification of degradation products that
provide more light about the transformation pathways under our experimental

conditions of bio-treatment.

Finally, it must be indicated that as in the case of SMX and CBZ (even DCF) more
than 50% remained even after 48h of biotreatment, the application of
complementary/alternative processes (for example AOP) are needed to achieve a

complete degradation of the bio-recalcitrant pharmaceuticals.
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CHAPTER 4. ENHANCING SOLAR PHOTO-
FENTON AT NATURAL pH FOR DEGRADING
REPRESENTATIVE PHARMACEUTICALS IN
MUNICIPAL WASTEWATER

4.1 Introduction

This chapter deals about the degradation of representative pharmaceuticals by
photo-Fenton process. Firstly, it is studied the treatment of ACT, DFC, SMX and CBZ
in distilled water by solar photo-Fenton (SPF). Secondly, the performance of SPF at
near neutral pH in presence of extracts from three Amazonian fruits (as a strategy
to improve the iron availability and pollutants degradation) is discussed. Afterwards,

a deeper exploration of the best extract for pharmaceuticals degradation is offered.

4.2 Materials and methods

4.2.1 Chemicals

Iron (Ill) sulfate heptahydrate and hydrogen peroxide were purchased from
Panreac®. Iron (ll) was used in photo Fenton solar experiments because the Fe*3
ion and organic acids produce highly soluble organo-iron complexes, which
increases the amount of dissolved iron in the system (Miralles-Cuevas, Oller,
Sanchez Pérez, & Malato, 2014; Villegas-Guzman, P., Giannakis, Torres-Palma, &
Pulgarin, 2017). Sulfuric acid, acetonitrile (HPLC grade), sodium bisulfite, and
sodium hydroxide were supplied by Merck®. All solutions were prepared using
deionized water or municipal wastewater from Florencia-Caqueta. The
characterization of the MWW is reported in Table 4.
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4.2.2 Analytical measurements

The concentration of the four pharmaceuticals and the total organic carbon (TOC)
was analyzed using analytical methods described in chapter 3 and 2 respectively.
Dissolved iron was determined by 1-10-orthophenanthroline with filtered and
unfiltered samples according to Standard Methods for the Examination of Water and
Wastewater (method 3500-Fe B) (APHA et al., 2012), the hydrogen peroxide
concentration was followed by the meta-vanadate method based on the reaction of
H202 with ammonium metavanadate in acidic medium, which results in the formation
of a red-orange color peroxovanadium cation, with maximum absorbance at 450nm
(R. Nogueira, Oliveira, & Paterlini, 2005). Concentration of total poly-phenols present
in fruit extracts was done using the total polyphenols method with Folin-Ciocalteu
reagent as described by Horszwald and Andlauer (2011) with some modifications.
The latter method is based on an electron transfer reaction in which phenolic and
nonphenolic substances are reduced; however, the obtained result is traditionally
called total polyphenols content. The result is given as mg gallic acid equivalent per
litre (mg GAE L) (Heeger et al., 2017). Citric and ascorbic acids were determined
by UHPLC using ultimate 3000 thermo scientific, with UV detector at 210 and 220
nm and a Hi-plex H 8um column, with a flow of 0.6 mL mint, H2SO4 1% as mobile
phase.

4.2.3 Experimental procedure

SPF experiments were carried out at natural pH (pH 6.2) using 0.0066 mM of each
pharmaceutical (SMX, DCF, CBZ and ACT) spiked in 1 L of distilled water or real
municipal wastewater (MWW) in a 1L beaker. 5 mg L of Fe (lll) and 68 to 120 mg
Lt of H2O2 were added to reactor. Fe (Ill) and H20O2 concentrations were selected
considering both the literature and some previous experiments in our research group

(not shown here). The degradation was done with a solar simulator (Suntest CPS+,
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Atlas) equipped with an air-cooled xenon lamp having an illumination surface of 560
cm? and 250 - 750 W m of solar intensity (global irradiance). In this section, the
irradiance used was 250 W m2, which according to the data taken by the radiometer,

was close to the typical irradiance on sunny days in Florencia-Caqueta.

4.2 .4 Extracts characterization

Three Amazonian fruits (canangucha “Maurita Flexuosa”, coffee “coffe ardbica” and
copoazu “Theobroma gramdiflorum”) were considered. Copoazu fruits were
collected when it was in a 50% of maturity degree and the pulp juice (COPE) was
obtained by mechanical extraction. The canangucha fruit was taken from the palm,
the pulp and part of the shell was used and an aqueous extract (CANE) through
maceration was made. As for the coffee extract (COFE), the fruits of a coffee tree
were taken, the seed was extracted and the shell was used to obtain its aqueous
extract by maceration too. The content of total phenols, total organic carbon and
presence of citric and ascorbic acids was also assessed (Table 7 Extract fruits were
added to the sample in SPF experiments according to the following molar ratios
between iron and total phenols, Fe:Extract = 0.07, 0.16 or 0.25. These molar ratios
were selected according to previous results. That tests were made to establish the
range of extract dose at which the iron was kept on solution as part of the organo-

complex compound.
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Table 7. Content of total phenols, TOC and some organic acids in the extracts

from Amazonian fruits evaluated.

Extract Extraction Total phenols Ascorbic TOC
technique (mg GAE L) acid
Canangucha extract Squeezed fruit 297.03+10.31  --- 3243
CANE pulp
Coffee extract Maceration of  454.40+32.45  --- 162+11
COFE husk
Copoazu extract ~ Squeezed fruit 481.43+21.18 Presence 9215
COPE pulp

4.3 Results and discussion

4.3.1 Treatment of the representative pharmaceuticals by solar photo-Fenton
(SPF)

As indicated in Chapter 3, since to bio-treatments were not able to completely
degrade pharmaceutical compounds, complementary processes are required.
Considering that Florencia-Caqueté is located in the Amazonian zone (Colombia), a
region with a high solar irradiation, and that photo-Fenton process has shown high
efficiencies for eliminating recalcitrant organic pollutants, the capability of SPF
process to degrade a mix of the representative pharmaceuticals from distilled water

(at pH adjusted to 6) was initially tested. The results are contained in Figure 11.

It was found that the SPF process degraded 18% of both CBZ and ACT, 35% of
SMX and 68% of DCF. SMX and DCF can undergo photolysis under sunlight
irradiation. DCF is the main responsible of this achievement. In fact, 70% of this
compound was eliminated in 90 min, which is due to its ability to absorbs light
between 254 and 290 nm (Figure 13). According to literature, DCF photolysis yields

carbazole structures from elimination of a chloro-substituent with the subsequent
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cyclization (Pinto, Da Silva, Spadoto, Botta, & Azevedo, 2019; Salaeh et al., 2016).
Meanwhile, SMX begins its photolytic degradation with the breaking of the
sulfonamide bond and rearranging the isoxazole ring (Alharbi et al., 2017; Martinez-
costa, Rivera-utrilla, Leyva-ramos, & Sanchez-polo, 2018). In contrast, CBZ and
ACT are quite resistant to photolysis, but the H202/light subsystem is able to improve
their degradation such as it is shown by Figure 13 (below) where H202 improves
significantly (from 22% to 42%) the action of the sunlight (H202/light) due to its
oxidant effect (Alharbi et al., 2017).

On the other hand, SPF at pH 6 is not able to degrade more than 34% of the total of
pharmaceuticals concentration (Fig. 11), which is probably due to the iron
precipitation. Iron particles can avoid the light penetration and decrease the
efficiency of light action on the pharmaceuticals. Analysis of dissolved iron in the
SPF system indicated that iron is not available in solution (Figure 11), and at this
time ~3 mg L of H202 were consumed (which supports the slightly oxidative action

of peroxide) and OH' radicals couldn’t be generate.
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Figure 11. SPF at natural pH for treatment of pharmaceuticals mix in distilled
water. [Fe*3Jo =5 mg L (90 umol L%). [Pharm]o = 0.0066 mM. [H202]o = 100 mg L
L pH=6.1
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Due to limitation of iron availability in solution at pH around 6 (during SPF, pH had
slightly changes from 6.03 to 5.9), the average removal of the pharmaceuticals was
low (34.4%). Then, to obtain a higher removal of the target pollutants, it should be
applied strategies to maintain the iron in solution (and increase the hydroxyl radical

production). Such topic is developed in the next subsection.

4.3.2 Performance of SPF in presence of COFE, CANE and COPE

With the purpose of increasing the amount of iron in solution, extracts of Amazonian
fruits were added to the SPF system at pH around 6. Figure 12 presents the
treatment of a mix of the four target pharmaceuticals with individual addition of
COFE, CANE or COPE. Interestingly, in the presence of all extracts, the dissolved
iron was higher than in their absence (Figure 11). However, for the addition of COFE,

a detrimental effect on the process performance was observed (Figure 11 and 12A).

The COFE addition provided coloration to the reaction system (probably due to the
content of tannins and chlorogenic acid,(Genaro-Mattos et al., 2015)), which
prevents light penetration, avoiding the photolysis and oxidation by hydroxyl radical
from Fenton process. Also, the COFE has the highest content of TOC (it is twice that
contributed by COPE and five times that of CANE, see Table 7), this implies that
organic matter could also compete by the radicals, inhibiting the pharmaceuticals

elimination.

In the case of CANE, both SMX and CBZ maintained almost similar degradation to
the achieved by the SPF process without extract, but DCF only reached 40% of
degradation (Figure 12B). On the contrary, ACT elimination was enhanced (~82%
was eliminated). The results for SMZ, CBZ and DFC with CANE can be rationalized
in analogous way (competence by organic matter) to the indicated in the COFE case.
Meanwhile, the selective elimination of ACT may be attributed to an interaction

between this pharmaceutical and specific polyphenols of CANE (Abdel-Daim et al.,
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2018; Pang et al., 2016; Sentkowska & Pyrzynska, 2018); although, this particularity

result should be studied in depth in subsequent investigations.

Interestingly, when COPE was added, an acceleration of the pharmaceutics
degradation and an increasing of H202 consumption was observed (Figure 12C).
This fact can be attributed to the high presence of total phenols in COPE. Also, it
can be mentioned that COPE has presence of ascorbic acid (Table 7). Phenolic and
acid compounds can complex ferric ions (Eqg. 1.7-1.9) keeping the iron in soluble
forms (Fazary, Taha, & Ju, 2009; Papoutsakis et al., 2016). Besides, many of such
complexes are photo-active and promote the catalytic cycle of iron at near neutral
pH. It is necessary to mention that pH did not have relevant changes during
experiments with COPE staying in from 6 to 5.6-6.2. This favors the generation of
radicals for the degradation of pollutants (Eq. 1.7-1.9), which is supported by a
highest consumption of hydrogen peroxide. Considering these results for COPE, to
better understand its enhancing effect new sets of experiments were performed and

their outcomes are presented and discussed in the next subsection.
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Figure 12. Treatment of the pharmaceuticals mix in distilled water by SPF at natural
pH in presence of extracts. A. COFE. B. CANE. C. COPE. Molar ratio Fe:extract =
1:0.16. [Fe*™3]o = 5 mg L. [Pharm]o = 0.0066 mM. [H202]o = 100 mg L*. pH = 6.2
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4.3.3 Pharmaceuticals degradation enhancement by COPE during SPF at

natural pH

To better understand the enhancing role, initially, it was evaluated the individual
degradation of ACT, DFC, SMX and CBZ at a fixed concentration of COPE
(Fe:COPE = 1:0.16). The pharmaceuticals degradation followed a pseud-first order
kinetics and their corresponding rate constants (k) were established. Furthermore,
the ratio (p) between k values with and without COPE was calculated (Table 8). It
can be noted that for the four pharmaceuticals p is much higher than one, indicating

that COPE presence is a big accelerator factor.

Table 8. Pseudo-first order kinetic constants - k - (s?) for individual degradation of

the pharmaceuticals by SPF at natural pH with or without COPE.

SPF with individual pharmaceuticals
_ k k
Pharmaceutical With R2 | Without | R? b= (ﬁ)
COPE COPE

ACT 0.88 0.99 0.0060 0.99 146.67
SMX 0.49 0.99 0.0080 0.99 61,25
CBz 0.84 0.99 0.0091 0.99 92,31
DCF 0.81 0.99 0.0239 0.99 33,89

Conditions: [Fe*3]o = 5 mg L%. [Pharm]o = 0.0066 mM. [H202]o = 100 mg L*. Fe:COPE = 1:0.16.

COPE showed that it is capable of maintaining dissolved iron and therefore the SPF
process can be carried out at pH = 6, generating OH' radicals. Specifically, as
indicated in Chapter 1, photo-Fenton process generates the non-selective hydroxyl
radicals (OH', Egs. 1.5-1.6). Hence, the principal route of degradation for CBZ and
ACT is associated to action of OH'. In fact, for CBZ, it is reported a by-product (9-

formylacridine-10(9H)-carboxamide) formed from a hydroxylation in the non-
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aromatic double bond of carbamazepine (Alharbi et al., 2017). Interestingly,
according to table 8, SMX is the pharmaceutical with the slowest kinetics when SPF
with COPE is applied. This behavior can be attributed to the SMX degradation by-
products (generated when OH radicals attack by-products formed from breaking of

sulfonamide bond) also compete for these radicals (Alharbi et al., 2017).

After individual degradation, the pharmaceuticals mix in distilled water was subjected
to SPF at natural pH with different amounts of COPE (Figure 13). In addition to SPF,
photolysis and light plus COPE were tested. As seen, the sunlight action removed
~22% of initial pharmaceuticals load at 90 min. In this case, degradation of DCF is
the main responsible of this achievement (according to the following of individual
concentration results do not showed in this thesis), DCF is easily photolyzable
thanks its ability to absorbs light between 254 and 290 nm (Alharbi et al., 2017; De
la Cruz et al., 2013; Gonzalez-Gil et al., 2019).

To investigate the possible formation of reactive oxygen species (ROS) from COPE
photolysis, the experiment in presence of the fruit extract and solar light was carried
out. When the sunlight is combined with COPE, after 90 min of treatment, the
pharmaceuticals removal was the same than obtained by photolysis with sunlight
alone. This suggests that COPE did not act as a photosensitizer for pharmaceuticals
degradation (Porras et al., 2016). From Figure 13 it can be also noted that SPF
efficiency for degradation of the pharmaceuticals increased as the COPE amount

rose up.
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Figure 13. SPF at natural pH applied to elimination of pharmaceuticals mix in
distilled water. [Fe*3]o = 5 mg L. [Pharm]o = 0.0066 mM. [H202]o = 100 mg L%, pH
near to 6.2.

The positive effect of extract concentration was related to the ability of COPE to act
as complexing agent of iron, allowing to the process occurs at pH 6. To demonstrate
this hypothesis, the dissolved iron and H202 consumption were measured during the
SPF processes. Figure 14 shows that both the iron in solution and hydrogen
peroxide consumption were higher as COPE amount increased. In fact, in presence
of the highest COPE, 80% of the initial iron remained in solution during the whole
experiment. On the contrary, in absence of COPE more than 95% of iron was quickly
precipitated. Regarding H202 consumption increasing when COPE was increased,
this is caused by the higher availability of iron species, which react with H202 and

produce more hydroxyl radicals.

99



. a
' -
[@)) (@]
£ E
m 3 c
+<D 2
L =3
o %)
O 2 A c
> )
8 O
k% o)
O 1 N

I

0

Time (min)

—8— Fe:COPE=1.0

—@— Fe:COPE =1:0.07
—y— Fe:COPE = 1:0.16
—— Fe:COPE =1:0.25

Figure 14. Behavior of dissolved iron and H202 consumption during SPF at natural

pH with COPE in different molar relations Fe*3 : COPE. (- ): Dissolved Fe*3 and (---

-): H202 consumption. [Fe*3]o =5 mg L. [Pharm]o = 0.0066 mM. [H202]o = 100 mg
L—l

Finally, the SPF process in presence of COPE was evaluated for the treatment of
raw municipal wastewater spiked with the representative pharmaceuticals. In this
case, the initial concentration of iron (lll) was 5 or 8 mg L. Total removal of
pharmaceuticals and consumption of hydrogen peroxide plus iron evolution were
followed (Figure 15). With the increasing of the initial concentration of iron the
percentage of pharmaceuticals removal as well as peroxide consumption increased.
Remarkably, high pollutants removals (>75%) were achieved during the first 20 min

of treatment, when more iron remained dissolved.

Naturally, the presence of other organic and inorganic components in MWW
competed by the radicals decreasing the pharmaceuticals elimination compared to

degradation in distilled water (Figures 15 and 13 respectively). However, the
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pollutants removal higher than 75% by SPF in presence of COPE, evidenced the

high potentiality of this process to treat pharmaceuticals in raw MWW.

Likewise, an increase in the initial TOC concentration of MWW causes a decrease
in the extent of the degradation. This result, which was expected, is relevant when
considering a real application of the photo Fenton process improved with COPE for
the MWW from Florencia. This is important considering the permanent fluctuations
in the TOC concentration, which occurs in the MWW that flows through the city sewer

system.
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Figure 15. SPF at natural pH of MWW with the four pharmaceuticals mix with COPE
with different initial TOC. (-) Total pharmaceuticals removal; (---) Dissolved Fe*3 and
(....) H202 consumption. [Pharm]o = 0.0066 mM. Fe*3:COPE = 1:0.16 and [H202]o =
120 mg Lt
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4.4 Conclusions of this Chapter

The application of SPF to degrade the representative pharmaceuticals in distilled
water led to a moderate removal of pollutants due to limitations in the iron availability.
The addition of Amazonian fruit extracts (COFE, CANE and COPE) increased the
dissolved iron, although only COPE improved significantly the degradation of the
pharmaceuticals by SPF at natural pH (~6.0). This as result of the COPE ability to
keep iron in solution (possibly by complexation with organic acids and phenolic
compounds present in the extract). Interestingly, the treatment of the target
pollutants in MWW reached degradations > 75%. It can be remarked that this work
shows for the first time, the use of Amazonian fruits to improve the efficiency of

photo-Fenton at near neutral pH to remove pharmaceuticals in MWW.

The potential of this process and future applications in MWWTP of Florencia were
also evidenced in this chapter. Therefore, further studies considering all aspects of
the full-scale application of the technology should be carried out. The use of
Amazonian fruit extracts, as a promising way to improve the photo-Fenton efficiency,
is of particular interest for the Caqueta region because of the new opportunities that

it opens toward the valorization of the agro-industrial wastes.
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CHAPTER 5. SEQUENTIAL COMBINATION OF
BIOLOGICAL PROCESSES WITH SPF AT
NATURAL pH: LAB-SCALE TREATMENT OF
RAW MWW FROM FLORENCIA

5.1 Introduction

In the previous chapter the viability of the enhancement of SPF performance by
COPE was demonstrated. Also, in the Chapter 3, the ability of the biological
processes to remove biodegradable organic matter was shown. Then, in this chapter
the action of both systems (SPF with COPE plus biological treatments) was
conjugated. Herein, it was evaluated the combination of processes for treating a raw
MWW (which intrinsically contains ACT, CBZ, SMX and DFC) from Florencia-
Caqueta. Initially, the two strategies of processes combination at laboratory scale
were tested: 1) biological (aerobic or anaerobic) treatment as the first stage and SPF
as the subsequent process; 2) SPF followed by the biological (aerobic or anaerobic)

treatment. Afterwards, the most convenient configurations were identified.

5.2 Materials and methods

5.2.1 Chemicals

The information about pharmaceuticals, iron, hydrogen peroxide, solvents for HPLC
analyses is the same provided in Chapter 2. The COPE (copoazu extract) was

obtained as indicated in Chapter 4.
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In this part of the thesis, it was used raw MWW (which intrinsically contained the
representative pharmaceuticals, ACT, SMX, CBZ and DCF at 262.52, 6.37, 1.86 and
12.77 ug L1, respectively). This MWW was used to all experiments with different
combination of processes (aerobic/SPF, SPF/aerobic, anaerobic/SPF and
SPF/anaerobic).

5.2.2 Experimental set up

For solar photo-Fenton in presence of COPE (SPF process), a solar box
(characteristics previously detailed in the Chapter 4) was used as light source. The
iron and COPE solutions were added to photo-reactor (a glass beaker containing a
1.0 L of water sample) and homogenized during 5 min. Then, H202 was added to
the reactor and the light was switched on. The degradation conditions were: [Fe3] =
5mg L?; Fe:COPE = 1:0.16; [H202] = 68 mg L. Reaction time was 3 h.

Biological processes were applied during 48 h to water samples (0.5 L), under the

experimental conditions detailed in the Chapter 3.

5.2.3 Analyses

Evolution of the pharmaceuticals during the treatments was followed by HPLC-MS

technique as it is reported in chapter 2.

The changes in the content of organic matter (TOC) were determined by measure

through a TOC analyzer following the methodology described in the Chapter 2.
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5.3 Results and discussion

5.3.1 Sequential combination of aerobic biological process with SPF
(aerobic/SPF)

To establish the best order of the process combinations for treating the raw MWW
from Florencia-Caquetd, the configurations: biological process followed by the AOP
and the AOP followed by biological process were evaluated. Tables 9-10 present the
removed amount (in pug) by the two configurations for the aerobic system. From
aerobic process/SPF combination, it was found that the biological process initially
removed part ACT, SMX and DFC (which represents removals of 99,95%, 98.67%
and 81.72%, respectively), but in the case of CBZ, this pharmaceutical was not bio-
degraded; instead of this, its amount was increased after the aerobic treatment (as

indicated by the negative value of the removed amount, Table 9).

The pharmaceuticals removal is according to the results presented in Chapter 3 and
literature (Giannakis et al., 2015), where it was indicated that ACT, SMX and DFC
are susceptible to biotransformations. In the case of CBZ, its response could be
attributed to desorption of such compound from sludge. CBZ has demonstrated a
high adsorption on sludges as reported in Chapter 3 and previous works (Delgado,
Marino, & Ronco, 2018; Huang et al., 2019; Karelid, Larsson, & Bjorlenius, 2017;
Martinez-Hernandez et al., 2016; Wang & Wang, 2016). Also, it should be
considered that aerobic sludge was cultivated with raw MWW, this implies an initial
CBZ concentration in the sludge before to experiments, thus, an adsorption during
acclimatization of microorganism and a posterior desorption (during treatment) could
explain the results for carbamazepine. After aerobic treatment, the SPF process

caused the degradation of all the remaining target pharmaceuticals present in MWW.

When the AOP was performed previous the aerobic process (i.e., SPF/Aerobic
process configuration), the SPF system induced degradations of the four
representative pollutants higher than 93% of the initial charge of them (ACT: 98.6%,
SMX: 98.1%, CBZ: 93% and DCF: 99.9%) (Table 10). Then, it could be affirmed that
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the biological processes completed removal of the small amounts of the

pharmaceuticals remaining in the resultant MWW from the AOP.

A comparison between aerobic/SPF and SPF/aerobic configurations for treatment
of raw MWW from Florencia-Caqueté reveals that both combinations favored a
higher total removal of the target combination of pollutants (see Tables 9-10).
Indeed, if the SPF is first in the combination, pharmaceuticals degradation is
increased to more than biodegradation by the microorganisms in aerobic process

and additionally, the sorption of some pharmaceuticals as CBZ on sludge is avoid.

Table 9. Removal of the representative pharmaceuticals by the aerobic

process/SPF configuration.

Initial amount (ug)

ACT SMX CBzZ DCF

Raw MWW 131.26 3.19 0.93 6.4
Removed amount (ug)

Processes order ACT SMX CBz DCF

Aerobic 131.19 3.14 -3.38 5.21

SPF 0.12 0.01 5.55 1.77

Total removal 131.31 3.15 2.17 6.98

Table 10. Removal of the representative pharmaceuticals by the SPF/aerobic and

SPF/anaerobic process configuration.

Initial amount (ug)

ACT SMX CBz DCF

Raw MWW 262.52 6.37 1.86 12.77
Removed amount (ug)

Processes order ACT SMX CBz DCF
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SPF 258.73 6.25 1.73 12.65
Aerobic/Anaerobic NM NM NM NM

Total removal -- - - -

NM : Not measured

5.3.2 Sequential combination of anaerobic biological process with SPF

In an analogous way to the developed in section 5.3.1, the effect of the order of the
sequential combination was tested for the anaerobic process. Tables 11-12 show
the removed amount (in pg) by the two configurations. For the anaerobic/SPF
configuration, the biological component partially removed the pharmaceuticals. In
contrast to the observed for the aerobic process, CBZ was removed by anaerobic
treatment. This response was related to characteristics of sludge (this was taken
from septic tank used to treat domestic wastewater from a farm), which did not reach
CBZ adsorption-desorption equilibrium since the sludge did not have CBZ before
acclimatization (Gonzalez-Gil et al., 2019; Martinez-Hernandez et al., 2016). On the

other hand, SPF complemented the degrading action (specially for ACT and SMX).

It was observed an increment of concentration to CBZ during SPF process in spite

of kept dissolved iron at least to first 20 min of reaction (data not shown). This
behavior could be associated with a destabilization of sludge granules and
subsequent pharmaceutical release. Then, an elimination of the compound by SPF
Is difficult due to the competition generated by COPE and organic matter from sludge
granules by the radicals produced in this process. Regarding, the SPF/anaerobic
system configuration, as mentioned in the previous section, that SPF led to a high
pollutants degradation, achieving removals >93%. Then, it could be expected the
biological system was able to remove the few pg of the pollutants remaining after
the SPF application.

Similar to the observed for combinations with the aerobic process, for the anaerobic
process, the configuration where the AOP is in the first place, favors slightly more

the target pharmaceuticals elimination. This could be associated to the high ability
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of the applied SPF to produce radicals, which is reflected in a high degradation of
the pharmaceuticals even in a complex matrix as raw MWW. Here, it is interesting
to note that the biological processes worked well with the resultant solution from
SPF, suggesting the AOP did not generate toxic products for the microorganisms

(Oller, Malato, & Sanchez-pérez, 2011; Ponce-Robles, Millares-Cuevas, et al., 2017)

Table 11. Removal of the representative pharmaceuticals by the anaerobic

process/SPF configuration.

Initial amount (ug)

ACT SMX CBZz DCF

Raw MWW 131.26 3.19 0.93 6.4
Removed amount (ug)

Processes order ACT SMX CBz DCF

Anaerobic 116.51 1.94 0.81 5.23

SPF 27.02 2.20 -0.56 0.0

Total removal 143.53 4.14 0.25 5.23

In addition to the removal of the target pollutants, the TOC elimination by the four
configurations was determined (Table 12). It can be noted that when the SPF is
applied after biological process there was not mineralization; indeed, the content of
organic matter is increased (as indicated by the negative value for TOC removal
percentage). This is associated to the addition of COPE in SPF system, which
increased the TOC content. In the opposite case, when the AOP was initially placed
in the combinations, an effective removal of the organic matter was found, and the
biological processes also removed some portion of TOC. As the main components
of COPE are biodegradable substances (Pereira, Abreu, & Rodrigues, 2018; Rogez
et al., 2004), the water initially treated by SPF has organic matter from COPE
susceptible to biotransformation. These results also support the convenience of the
AOP/biological process configurations for treating the MWW from Florencia-

Caqueta.
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Table 12. TOC removal for the combination of processes.

Process TOC removal Total removal
o Systems
combination (%) (%)
Aerobic 80.06
Aerobic/SPF 16.72
SPF -335.16
SPF -41.38
SPF/aerobic _ 56.12
Aerobic 77.27
Anaerobic 61.11
Anaerobic/SPF -26.25
SPF -225.03
SPF -41.38
SPF/anaerobic _ -8.38
Anaerobic 60.54

5.4 Conclusions of this chapter

The combination of SPF (in presence of COPE) with biological processes in different
orders of application for the treatment of raw MWW showed that the combinations
where the AOP was in the first stage, showed higher efficiencies for elimination of
the pharmaceuticals and TOC removal. In general, the SPF as a second stage
provides extra organic matter from COPE which increases TOC at the final of the
processes; hence, it is recommended in future works to optimize the dose of COPE
in order to have an enhanced efficiency of the AOP with a limited contribution to
TOC. Thus, a combination at pilot-scale involving SPF followed by the anaerobic
process could be a favorable configuration to treat the MWW of Florencia
(Colombia).
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CHAPTER 6. COMBINATION OF SPF AND
BIOLOGICAL PROCESS FOR THE
TREATMENT OF MWW FROM FLORENCIA-
CAQUETA AT PILOT SCALE

6.1 Introduction

In the previous chapter, it was shown the advantages of the combination of
anaerobic process with SPF at lab-scale. In this one, the same combination but at
pilot scale was studied. According to the above results, it was considered the order:
solar-photo-Fenton (in presence of COPE, at near neutral pH) followed by the
anaerobic process. For the AOP, a compound parabolic concentrator (CPC) reactor
and direct solar irradiation were used, whereas for the biological process an up-flow
anaerobic sludge blanket (UASB) reactor was employed. In the first part of this
chapter, the starting-up and acclimatization of the anaerobic system are presented,
and in the second part the treatment of MWW from Florencia-Caqueta by the

combination of SPF/anaerobic process is discussed.

6.2 Material and methods

6.2.1 Chemicals and MWW sample

Target pharmaceuticals (i.e., Sulfamethoxazole, diclofenac, acetaminophen and
carbamazepine) analytical grade, Fez(SOa4)3xH20 (75%) and hydrogen peroxide
(30% wi/v) were provided by Sigma-Aldrich. Experiments were done with real MWW.
Global characteristics of the MWW are presented in Table 13.
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Table 13. Global characterization of MWW used for experiments at pilot scale.

Characteristic Average
NO3 (mg L) 8.74 +1.23
NH; (mg L") 28.62 + 5.67
TN (mg L) 113.35 + 17.65
PO (mg L") 0.87 + 0.02
CoD, (mg L") 287.04 + 6.89
BOD, (mg L") 190.11 + 17.89
TOC (mg L") 34.12 + 2.56
SO2 (mgL’) 185.33 + 3.87
Cl (mg L) 83.34 +4.23
Alkalinity (mg L) 86.56 + 4.34

Hardness, (mg L") 119.12 £ 3.45

Conductivity (uS cm ')  138.07 + 8.67
pH 6.75 + 0.34

6.2.2 Analytical measurements

For the pharmaceuticals, the concentration evolution was determined by the method
presented in Chapter 3. Characterization of the MWW was done by applying the
methodologies indicated in Chapter 2. Total organic carbon (TOC), nitrate and
ammonium evolutions were measured according to the procedures mentioned in
Chapter 3. Dissolved iron was measured using the ortho-phenanthroline method
presented in Chapter 4. Meanwhile, hydrogen peroxide evolution was followed
according to the methodology based on utilization of metavanadate proposed by

Pupo-Nogueira et al. (Pupo-Nogueira, Oliveira, & Paterlini, 2005).
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6.2.3 Experimental set-up

- Anaerobic biological treatment

For the anaerobic treatment an up-flow anaerobic sludge blanket (UASB) reactor
was used. Such reactor had cylindric geometry (height, 165 cm; diameter 6.35 cm;
working volume, 5.23 L) and was built in acrylic material. The reactor was inoculated
with 1.74 L of anaerobic microorganisms (same microorganism used in Chapter 3).
The UASB reactor was fed with raw MWW from Florencia-Caqueta (Colombia). The
reactor had a total and volatile solid concentration of 22.5 g L'* and 12.4 g L%,
respectively. The specific methanogenic activity (SMA) of anaerobic sludge was
determinated by Chernicharo et al. (Torres-Lozada & Perez, 2010) and remained
between 0.043 and 0.05 g COD/g VSS d (Volatile suspended solids — VSS), a value
typical for domestic wastewater digested sludge. The objective was to operate the
UASB reactor in uncontrolled environmental conditions. Temperature and pH were
not controlled and varied from 25 °C to 40 °C and 6.3 to 6.7, respectively. Likewise,
the relative humidity during start-up and operation was no controlled and it was
ranged between 70 and 84%. It must be indicated that for the utilization of the
anaerobic treatment, oxygen supply was not required, small infrastructural area was
needed (1 m?) and it only requires the acidity index control to favors the production
of biogas. Besides, taking into account the successful experiences regarding the use
of anaerobic treatment application using UASB at real-scale for the treatment of
MWW in tropical countries such as Brazil (Bhatti et al., 2014; Orozco Gaviria &
Trivifio Cabrera, 2014; Torres-Lozada, 2012), it is expected that this kind of reactor

has good opportunities in Florencia-Caqueta.

It must be mentioned that the UASB reactor was equipped with a Gas-Liquid-Solid
(GLS) separator baffle and with a gas collection funnel attached to a CO:
neutralization tank containing a 10% NaOH solution. Methane volume is quantified
with measure of displaced volume of NaOH solution when gas produced enter to

neutralization tank. The MWW was fed by pumping with a peristaltic pump (Dolphin
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Series model 10-brand Pulse feeder) from the bottom of the reactor as shown in

Figure 16.
Gas outlet A
— 1
-— & Gas collection funnel
GLS separator
E J Separating baffles
CO, neutralization [
tank Purge
/ Peristaltic
pump
Sludge
— Blanket
.
Mechanical agitation
«—
NaOH collecting Effluent
vessel
Influent

Figure 16. A. Scheme of the UASB reactor at pilot scale. B. Photographic record
of the UASB reactor located in the Environmental Chemistry Laboratory of the
Universidad de la Amazonia
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- Solar pilot plant

Figure 17 schematizes the reaction system for the solar photo-Fenton process at
pilot scale. The experiments of solar photo-Fenton (in presence of COPE) at near
neutral pH were developed in a compound parabolic collector (CPC) reactor from
Laboratory of Environmental Chemistry in Florencia-Caqueta (Colombia)
(Longitude: 0O75°34'0.48", Latitude: N6°18'32.69") and by using direct solar
radiation. The CPC reactor was composed by two modules with aluminum reflectors.
Each module had 5 tubes (length 1 m and inner diameter 2.54 cm) of borosilicate
placed on reflectors at center of each semi-parabola. The reactor structure was
inclined with an angle equal to local latitude (<10°) and facing west. The modules
were connected in series to a cylindrical recirculation tank of stainless steel (20 L of
capacity). An electric pump (Pedrollo®, PK60, 2 HP) was used to recirculate at
constant flow (18 L min-t, the flow was turbulent) the water sample. The operation
conditions of the CPC reactor were selected based on our previous works (Ramén,

Amaya, & Manrique-Losada, 2013).

The reactor was operated in global batch mode by recirculation loop (figure 17A).
This had a total volume of 15 L (V1) and an illuminated volume of 10 L. Raw MWW
was added to recirculation tank of the CPC unit. Then, MWW was spiked with the
pharmaceuticals and homogenized during 15 min. Afterwards, Fe3* and COPE were
added to the tank and homogenization was performed in darkness by turbulent
recirculation during 15 min. Finally, hydrogen peroxide (30% w/v) was added in
excess (at 150 mg L?) and the CPC was uncovered to start the process. Solar
ultraviolet radiation (UV) was measured by using a PMA2100 Dual-Input Data
Logging Radiometer and accumulated energy per volume unit for the experiment

was calculated trough Eq. 6.1.

A
Quv, n = Quy -1 + Aty UVG,n-V—T ; Aty =t, -ty (6.1)

Where, UV, is the average incident UVA intensity (in W m), At, (in seconds) is
the experimental time of sample, A, (in m?) is the illuminated area (1 m? in this case)
and Vg (L) is the total volume of water treated (15 L in our experimental conditions).
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Quv.n and Quy n¢ is the UV accumulated energy per volume unit (in kJ L) at times

n and n-1, respectively.

6.3 Results and discussion

6.3.1 Start-up of the anaerobic reactor at pilot scale for the treatment of MWW

from Florencia

For an effective operation of the UASB reactor, a preliminary start-up stage is
necessary (Bhatti et al., 2014; Cajacuri et al., 2013; Manrique-Losada et al., 2012).
In this case, the initial inoculum was acclimatized because the microorganism must
be adapted to the operating conditions and MWW to be treated. For this
investigation, a hydraulic residence time (HRT) of 1 d was used and the evolution of
the TOC at the influent and outlet of the reactor was followed. The HRT was selected
according to previous results reported in literature (Orozco-Gaviria et al., 2014) and
those made in this experimentation (not showed). The initial TOC of the MWW fed
into the reactor fluctuated between 28 and 61 mg L (Figure 18). This can be
associated to fluctuating nature of the raw MWW. Indeed, the raw MWW results from
a mixture of MWW with rainwater. Therefore, the reactor start-up stage was used to
define the time where the percentage of TOC removal became stable.
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Figure 17. A. Scheme of the reactor used in the experiments at pilot-scale for the
SPF process. B. Photographic record of the CPC reactor located in the

Environmental Chemistry Laboratory of the Universidad de la Amazonia.
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Figure 18. Evolution of TOC and acidity index (A), ammonium (B) and nitrates (C)
during start-up of the UASB reactor.
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It can be noted that throughout the reactor start-up stage, the percentage of TOC
removal oscillated between 43 and 66% (percentages measured between feed and
one day after feed). After 39 days, a stable removal percentage (between 65 and
70%) was observed (Figure 18A). During the start-up and course of the reactor
operation acidity level was controlled with the addition of NaHCOg3to favor methane
production in the anoxic environment. In this way, the addition of bicarbonate
maintains suitable conditions for growth of methanogenic bacteria and an acidity
index <0.3 (Intermediate Alkalinity / Total Alkalinity) (Figure 18A). This limits the
sulfate-reductive bacteria activity, avoiding the formation of sulfides, which tend to
acidify the medium by affecting the normal buffer effect of the reactor (Lei et al.,
2018).

From Figure 18B, it is observed that the concentration of ammonium increased
throughout the start-up stage, suggesting that anaerobic digestion of proteins
present in the raw MWW was effectively carried out. Denitrification was also present
during the reactor start-up, which was evidenced by the permanent reduction of
nitrates (Figure 18C). Nitrate removal is favored when C/N is high (less initial nitrate
amount); then, it is likely that part of the organic matter (e.g., acetic acid) has been
used as an electron donor in denitrification and the other organic carbon was
occupied in the anaerobic digestion (Chong, Sen, Kayaalp, & Ang, 2012). Under the

tested conditions, anaerobic digestion and denitrification were carried out.

Generation of biogas during start-up from anaerobic reactor had an average rate of
1.3 Ld*%, which is consistent with similar studies (Shoukat, Khan, & Jamal, 2019).
The biogas production was slow because the organic matter degradation involves
many steps (e.g., hydrolysis, acidogenesis) prior to methanogenesis. Additionally,
the sludge acclimatization for biogas production is influenced drastically by
temperature (Shoukat et al., 2019), and in the present work this parameter was not
controlled (temperature intrinsically varied between 27°C and 40°C), thereby, this

also determined the initial low biogas production.
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Then, the next step was the evaluation of the anaerobic reactor action on MWW
spiked with the four representative pharmaceuticals. Figure 19 shows the elimination
of the four pharmaceuticals and mineralization during the treatment in the UASB
reactor. In general, the pharmaceuticals had the same elimination trend found at the
laboratory scale. Indeed, ACT is the pharmaceutical with the highest removal (88%
after 72 h) and SMX, CBZ and DCF achieved removals of 51%, 33% and 27%,
respectively. Likewise, the CBZ suffered mainly sorption. According to analysis
made in this work of the content of pharmaceuticals in sludge, from 465.84 ug L™ of

CBZ removed by the process, 441 ug L were retained in the sludge.

The main differences observed between the biological process at lab-scale and pilot-
scale are due to the type of reactor. At the lab-scale, a batch reactor was
implemented, in which the sludge was in contact with the MWW for 24 or 48 h under
low agitation. At the pilot-scale, the UASB reactor had a continuous operation with
24 h of HRT, in which, it was guaranteed, an adequate contact between the phases
and a proper feed of the MWW at the bottom of the reactor. Despite the mentioned
efforts, it was difficult to reach two aspects: (i) to improve the mass transfer at lab-
scale and (ii) to keep the same height:width ratio at pilot scale than the used at lab-
scale. In fact, the geometry of the reaction vessel is a key element of the process,
which affects the agitation patterns and the mass transfer, and its design is facilitated
when the height:width ratio is the same at both scales (Stitt & Simmons, 2011).
These aspects affect the kinetics of the process and consequently, longer reaction
times, lower yield and lower quality of the effluent at pilot scale experiments could
occur (Wood-Black, 2014).
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Figure 19. Treatment of MWW spiked with the pharmaceuticals in the UASB
reactor. Evolution of the pharmaceuticals and TOC (A). Evolution of Ammonium

and nitrate (B).

The monitoring of TOC (Figure 19A) during the three days showed that the bio-
treatment always eliminated up to 79% of its initial value, despite the reactor worked
at not controlled temperature (25-36°C). The effective anaerobic digestion was also

demonstrated by the high increasing of ammonium concentration (from 28.6 to 76.2
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mg L) (Figure 19B). The denitrifying bacteria present in the medium also reduced
nitrate to ammonium (Figure 19B). Additionally, methane production rate was
approximately of 1.31 L d* (methane produced during operation of UASB was
quantified by displaced NaOH solution volume in neutralization tank). Besides, the
acidity index was also controlled and was kept below 0.3 guaranteeing a pH range

of 6.5-7.1 to favor methanogenic environment.

Once the UASB reactor was on operation, it was combined with the pilot-scale
reactor of the SPF process (CPC). This combination was named UASB+CPC. A
degradation up to 99.15%, 82.18%, 77.00%, and 81,41% of ACT, SMX, CBZ, and
DCF was achieved by the combined process. Unfortunately, there was no global
mineralization. The dose of H202 must be determined and Fe:COPE ratio adequate
to increase removal percentages of organic matter. These results are not showed in

this thesis in order to kept the attention in the final purpose of this research.

Thus, the final purpose in this thesis is a combination CPC+UASB and is developed
in the next section, in which the results obtained for that combination are reported.

6.3.2 Combination of SPF with Biological treatment

Combination of SPF in presence of COPE followed by the anaerobic treatment
(CPC+UASB) for treating the MWW was considered. The four pharmaceuticals
SMX, ACT, DCF and CBZ were degraded up to 72%, 77%, 76% and 82%,
respectively (Figure 20A). There were no significant differences between
degradation of pharmaceuticals. This behavior agreed with the reported in Chapter
4. It can be noted that the SPF process required 5 kJ L to achieve the maximum
degradation of pharmaceuticals. In such level of accumulated energy also occurred
the maximum consumption of H202 and a high amount of iron remained in soluble
form (Figure 20B). Regarding mineralization at this first stage (i.e., in the AOP),
despite the high TOC initial concentration due to COPE addition and original TOC in
raw MWW (~ 34 mg L?), at the final of SPF process in the CPC reactor this
parameter reached 60.16% of elimination at 8 kJ L* (during first 60 min of treatment).
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COPE represented ~84% of initial TOC, which was susceptible to be attacked by
hydroxyl radicals.
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Figure 20. Combination CPC + UASB applied to MWW from Florencia-Caqueté. A.
First stage: Evolution of pharmaceuticals and TOC in the CPC reactor. B.
Evolution dissolved iron and H202 consumed during SPF with COPE in the CPC
reactor. C. Second stage: Evolution of pharmaceuticals and TOC in the UASB
reactor. D. Evolution of nitrate and ammonium during anaerobic treatment in the
UASB reactor. [Fe**]o = 10 mg L, [H202]o= 150 mg L%, Fe:COPE = 1:0.16,
[Pharmaceuticals]o = 0.0066 mM.
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The MWW pre-treated by the SPF process, was used to fed the UASB reactor. Such
water had an initial TOC around 100 mg L. The UASB reactor was operated in
continuous mode during 72 h with an HRT of 1 day. Figure 20C shows the evolution
of mineralization. Under such operational conditions, ~71% of average
mineralization was recorded each day (this evidenced a stable anaerobic digestion
without apparent toxicity). Interestingly, this system exhibited mineralization degrees
close to typically reported as high values (80%) for UASB (Bandara et al., 2012;
Chong et al., 2012; Nair & Ahammed, 2013; Orozco-Gaviria et al., 2014; Yetilmezsoy
& Sakar, 2008). At this point, it can be mentioned that the microorganisms also
consumed nitrates and generated ammonium (Figure 20D), which indicates the
correct operation of the UASB reactor (Bandara et al., 2012; Bhatti et al., 2014;
Cajacuri et al., 2013; Fernandez & Seghezzo, 2015).

In the case of elimination of the remaining concentration of pharmaceuticals by the
UASB reactor, Figure 20C presents the evolution of elimination when reactor was
operated during 72 h with an HRT of 1 d. An average elimination percentage up to
93%, 52%, 49% and 37% of ACT, SMX, CBZ and DCF, respectively was achieved.
It could be inferred that if a higher elimination of pharmaceuticals is reached (above
95% of pharmaceuticals) during SPF, it could be expected that in anaerobic process
only biodegradation of residual organic matter will be carried out (Gerba & Pepper,
2014).

So, it was found that the global elimination of the pharmaceuticals by the
CPC+UASB combination reached 97.93%, 81.68%, 87.34% and 79.75% for ACT,
SMX, CBZ and DCF, respectively. According to these results, the CPC + UASB
combination achieved high degradation of the target pharmaceuticals, but their
elimination could be increased if the reactors are optimized in future researches.
Indeed, if SPF is able to degrade more amount of the pharmaceuticals, the treated
water that feeds the anaerobic microorganisms will have a low concentration of such
pollutants, which would reduce its presence in the biological sludge (European
Cooperation in Science and Thecnology, 2017; Oller, Malato, & S&nchez-pérez,
2011; Rizzo et al., 2019) .
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Finally, it is important to analyze the differences, at laboratory and pilot scale, of
pharmaceuticals elimination during the SPF process. It has been mentioned that the
decrease in the pharmaceuticals degradation on the CPC reactor is related to the
need of both a proper hydrogen peroxide concentration and Fe: COPE ratio.
However, there is a key factor for the efficiency of the solar photoreactor: the physical
geometry, which ensures that the solar radiation is effectively collected. In this work,
high efficiency in the sunlight distribution did not occur in the used CPC reactor,
because aspects related with the geometry, such as construction and installation of
the semi-parabola materials with reduced reflectance and the flow graduation of
water inside the tubes was not achieved. In addition, parameters such as
photoreactor light-path length, optical-path length (OPL) and molar absorptivity of
homogeneous photocatalysts (Fenton reagent) were not taken into account during
the reactor design (Jovi¢, Kosar, Tomasi¢, & Gomzi, 2012; Ochoa-Gutiérrez,

Tabares-Aguilar, Mueses, Machuca-Martinez, & Li Puma, 2018).

In fact, the CPC reactor was build 10 years ago as a reactor for heterogeneous
photocatalytic processes. Likewise, the irradiance and distribution of sunlight was
not constant during the four hours of exposition. The reactor design allowed only 10
L (total volume 15 L) of irradiated volume. According to this, the accumulated energy
in the CPC reactor was defined considering correction factors such as real
illuminated area (1 m?), illuminated volume (10 L) and the average of the incident

intensity of UVA radiation.

Furthermore, factors such as reagents concentration, contact time, flow patterns,
mixing rate, mass transfer, and the axial and radial scale-up were included in the
reactor design in order to maximize the exposed surface area per unit of reactor
volume; and then to achieve an optimal distribution of sunlight inside the reactor
(Ochoa-Gutiérrez et al., 2018; Spasiano, Marotta, Malato, Fernandez-lbafiez, & Di
Somma, 2015).

Another key factor is the temperature. In this sense, the CPC reactor, used in this

work, did not have temperature control and the influence of this parameter on the
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performance of the reactor was not evaluated. That is an important topic because of

its significant effect in the Fenton reaction (Spasiano et al., 2015)

On the contrary, at lab-scale, the used solarbox, which was operated in batch mode,
allowed the control of both temperature and irradiance. Likewise, the system was
operated with high and uniform distribution of the simulated sunlight, and adequate
and constant agitation, which improved the contact between the pollutants in the

MWW and the radicals generated into the system.

6.4 Conclusions of Chapter

The starting-up of the biological reactor (UASB) at pilot scale under non-controlled
conditions of temperature and humidity (Colombian Amazonia environment) showed
that after 39 days, the TOC removal percentage (between 65 and 70%) was
stabilized. The UASB reactor effectively induced the denitrification and ammonium
production indicating its well-operated acclimatization to MWW from Florencia. Also,
this system exhibited the same elimination trend for the pharmaceuticals found at

the laboratory scale.

Regarding the combination of SPF by means of a CPC reactor with anaerobic
treatment by using a UASB reactor demonstrated a high efficiency for eliminating
the target pharmaceuticals. In this combination, the SPF process applied to the
MWW allowed to reach removal percentages above 70% for the pharmaceuticals
and 60% for mineralization of the sample. Meanwhile, the biological treatment
continued the removal of the pollutants and biodegradable organic matter. Although
such removals were not completed, it is interesting to remark that wastewater treated
by SPF did not generate toxicity on the anaerobic treatment. However, it is
recommended for future works to optimize operative conditions of each reactor to
increase the pharmaceuticals elimination and favor the mineralization of organic

matter modifying parameters such as HRT, MWW(/sludge ratio and nutrients, mass
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transfer, among others. That parameters joined to design of new reactors are

essential to performance of pilot scale.
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CHAPTER 7. CONCLUDING REMARKS AND
FUTURE WORK

This doctoral thesis addressed the treatment of municipal wastewaters from a
concept of sustainability, where the processes involved were efficient under local
conditions to face relevant CECs and organic matter load in the samples. The
characterization of the MWW from Florencia-Caqueté allowed to identify presence
of relevant substances (ACE, SMX, DCF and CBZ), which can be used as a pollution

indicator of the wastewaters.

The exploration of conventional processes such as biological processes (aerobic
and anaerobic) for treating MWW from Florencia, allowed to demonstrate the
technical viability of these systems under Amazonian conditions to remove
biodegradable organic matter. In turn, the application of the solar photo-Fenton in
presence of copoazu extract evidenced the high potentiality of Amazonian fruit (or
agro-industrial wastes) for improving this process in order to degrade relevant CECs
in MWW,

The performance at lab scale SPF/anaerobic process combination, indicated the
relevance of this configuration to build and operate it at pilot scale. Such combined
system takes advantages of the beneficial environmental conditions for the
anaerobic reactor in the Amazonia and the enhancing effect of fruit extracts plus
direct solar light availability. Furthermore, this represents a first approach toward
better systems for MWW treatment in Florencia or other towns belonging to
Colombian Amazonia by using low-cost natural resources and generating effluents
with low pollution load. Finally, this could avoid the problems associated with the
presence of CECs in natural water bodies where municipal effluents are typically

disposed.
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Future work and open issues

After development of this thesis, some topics can be identified for future works. A list

of the most important ones is given below:

I Specific toxicity tests must be applied to discard adverse effects on biological

treatment.

i. Determination of byproducts of pharmaceuticals during biological treatment
to identify/confirm biodegradation mechanism. Likewise, byproducts during AOP can

be a goal of future work too.

iil. For the anaerobic process at pilot scale, it should be done an extensive study
in order to determine the best conditions to obtain an optimum efficiency of
degradation of CECs and mineralization. The study could include aspects such as
hydraulic retention time, sludge retention time, Vmww/Vs ratio, C/N ratio, feeding

MWW concentration and design parameters.

\2 For the SPF at near neutral pH with COPE at pilot scale, it has to be done
more experiments to determine the best conditions to achieve complete degradation
of CECs and higher mineralization level, through changes of the existing reactor by
increasing the illuminated volume of the reactor, recirculation flow, reaction time,
reduction of dead spaces, improvement of the mixture in the reaction system, among

others.

V. About SPF at near neutral pH improved with the addition of natural products:
The search for iron complexing agents present in natural products should be
continued considering that other Amazonian fruits or agro-industrial wastes easily
acquired in the region contains organic acids in high concentrations suggesting that

they have an interesting potential for application in SPF system.

vi. COPE as iron complexing agent could be evaluated as enhancer of bacterial

inactivation in MWW through of SPF at near neutral pH.
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