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ABSTRACT

The presence of pharmaceuticals in wastewater represents a serious
environmental issue that can contribute toward sanitary and health problems. One of the
main points behind this matter, is the low efficiency of degradation in conventional
wastewater treatment plants (WWTP), or the direct discharge of untreated effluents into
water bodies. To overcome this concern, Advanced Oxidation Processes (AOPs) have
been widely used due to their generation of highly reactive hydroxyl radicals (HO"),
which oxidize the abundant organic contents present in wastewaters. Within AOPs, the
Fenton process is widely recognized for its versatility, as there are different ways to
produce HO", facilitating compliance with the specific treatment requirements. The
Fenton process is based on the use of iron and hydrogen peroxide for the production of
HO' and other radical oxygen species. This process is of particular interest, as sunlight
can be used to improve its efficiency in removing emerging pollutants. Despite this, more
research is still needed for its application in large scale wastewater treatment. This study
was subsequently developed to evaluate different operational strategies of solar photo-
Fenton to remove pharmaceuticals in hospital wastewater.

To achieve this goal, the solar photo-Fenton processes were studied using Fe®,
Fe?*3*-alginate and Fe*":EDDS under optimized experimental conditions. In addition,
analytical monitoring of treatment processes, identification of transformation products
(TPs) using LC-QTOF MS, coupled with the use of a purpose-designed database and
toxicological/biodegradable predictions using (Q)SAR tools were performed in this
research.

A batch reactor (1L) and a raceway pond reactor (10 L) made with low-cost
materials were operated at pH close to neutrality. Additionally, three types of wastewater
were worked on: distilled water (DW), simulated wastewater (SWW) and raw hospital
wastewater (RHWW) fortified with a mixture of pharmaceuticals (Dipyrone-DIP,
Diazepam-DZP, Fluoxetine-FXT, Furosemide-FRS, Gemfibrozil-GFZ, Nimesulide-
NMD and Progesterone-PRG) as a model of micropollutants with different initial
concentrations (500 pg L' and 50 ug L"), then treated by the solar processes mentioned
above. The experiments being carried out on sunny days at noon, the measured solar UV
radiation was used to calculate t3ow, which allows the comparison of solar experiments

carried out on different days, months and seasons throughout the year.



The systems with Fe’ and Fe**:EDDS showed rapid degradation of the
pharmaceuticals in a reaction time of less than 60 minutes.Fe*" immobilized in alginate
was the most efficient strategy for a constant supply of iron into the solution with a
consecutive reuse capacity of 3 times. The total consumption of H>O, was observed in
SWW and RHWW for all systems, and the final concentrations of dissolved iron are in
accordance with the maximum level allowed by Brazilian legislation (<15 mg L).

The raceway pond reactor was used with Fe**:EDDS on a larger scale (10L), with
the results demonstrating the best efficacy in Fe*:EDDS (1:2) for the degradation of
pharmaceuticals within a short time-frame. Moreover, a more specific study of the TPs
generated and degradation pathway proposals, using different proportions of iron and
complexing agent, was performed.

Furthermore, in an additional study, the use of an App (PhotoMetrix PRO®) for
the quantification of H>O» and Fe species, in loco, was successfully validated.

Finally, the use of different operational strategies of solar photo-Fenton proved to
be efficient in the removal of pharmaceuticals and, in some cases, also that of their
transformation products at circumneutral pH in simulated and hospital wastewater. In
most cases, during the solar treatments, TPs showed high to moderate toxicity and
persistence, but throughout the process(es), these TPs are converted to simpler and less
harmful structures. At the same time, the treatments tested presented advantages and
disadvantages, such as environmental or economic issues related to the reagents used and
the TPs generated, among others. Nevertheless, this research highlights the need for
further studies in the area of wastewater treatment using sunlight and real wastewater

matrices.

Keywords: hospital wastewater, pharmaceuticals, solar photo-Fenton, transformation

products, and (Q)SAR tools.



RESUMO

A presenga de farmacos em daguas residuais representa um grave problema
ambiental que pode contribuir como um dos fatores de problemas sanitarios e de saude
publica. Um dos principais fatores, além da frequéncia dos farmacos no meio ambiente,
¢ a baixa eficiéncia de degradacdo destes em sistemas de tratamento convencionalmente
empregados para dguas residuais. Para superar esse problema, muitos estudos tém focado
sua aten¢do no uso dos Processos Avangados de Oxidacao (PAQOs) para alcancar a
oxidac¢do de diferentes microcontaminantes mediante a geracdo, majoritariamente, de
radicais hidroxila (HO"), os quais sdo espécies altamente reativas. Dentro dos PAOs, o
processo Fenton ¢ amplamente reconhecido por sua versatilidade, pois existem diferentes
formas de producdo de HO", facilitando o cumprimento dos requisitos especificos de
tratamento. O processo Fenton ¢ baseado na utiliza¢ao de ferro e peréxido de hidrogénio
para a produ¢do de HO® e outras espécies de oxigénio radicais. Este processo ¢ de
particularmente interessante, pois a luz solar pode ser usada para melhorar sua eficiéncia
na remocao de contaminantes emergentes. No entanto, ainda sdo necessarios mais estudos
para sua aplicagdo no tratamento de aguas residuais em larga escala. Este estudo foi
desenvolvido para avaliar diferentes estratégias operacionais do processo foto-Fenton
solar para viabilizar a remoc¢do de farmacos em matrizes como ¢ o caso de efluentes
hospitalares.

Para este fim, os processos foto-Fenton solares foram estudados usando Fe?,
Fe?3*_alginato ¢ Fe*":EDDS em condi¢des experimentais otimizadas. Da mesma forma,
o acompanhamento analitico dos processos, a identifica¢do de produtos de transformagao
(TPs) mediante LC-QTOF MS e o uso de uma base de dados especialmente elaborada
para essa finalidade acoplado com a predicdo toxicoldgica e da biodegradabilidade
empregando ferramentas de andlise de risco in silico ((Q)SAR) foram empregados nesta
tese.

Um reator de batelada em escala de laboratorio (1L) e um reator “raceway pond”
(10 L) feito com materiais de baixo custo foram operados na maioria das experiéncias em
pH proximo 4 neutralidade. Adicionalmente, foram avaliadas trés matrizes aquosas: dgua
destilada (DW), efluente simulado (SWW) e efluente hospitalar real (RHWW)
fortificadas com uma mistura de farmacos (Dipirona-DIP, Diazepam-DZP, Fluoxetina-

FXT, Furosemida-FRS, Genfibrozila-GFZ, Nimesulida-NMD e Progesterona-PRG),



como micropoluentes modelo, em diferentes concentragdes iniciais (500 ug L' € 50 ug
L"). Em seguida, tais solu¢des foram tratadas pelos processos destacados anteriormente.

Os experimentos foram realizados em dias de sol ao meio-dia, a radiagdo UV
medida foi utilizada para calcular tzow, a qual permite a comparagdo de experimentos
solares realizados em diferentes dias, meses e estagdes ao longo do ano.

Os sistemas com Fe’ e Fe3":EDDS apresentaram rapida degradagdo dos farmacos
em um tempo de reagdo inferior a 60 minutos. Fe*" imobilizado em alginato foi a
estratégia mais eficiente para um fornecimento constante de ferro na solu¢gdo com uma
capacidade de reutilizacdo consecutiva de 3 vezes. O consumo total do H>O; foi atingido
para matrizes como SWW e RHWW em todos os processos, e os niveis finais de ferro
dissolvido estdo em acordo com o nivel maximo permitido pela legislagdo Brasileira (<
15mgL™).

O reator do tipo “raceway pond” foi utilizado com Fe3":EDDS em escala superior
(10 L). Os resultados demonstram a eficacia do complexo de Fe*":EDDS (1:2) para a
degradagdo de fairmacos em um pequeno tempo de tratamento, bem como, um estudo
mais especifico dos TPs gerados usando diferentes propor¢des de ferro e agente
complexante.

Adicionalmente, foi validado com sucesso o uso de um aplicativo (PhotoMetrix
PRO) para a quantificagdo, in loco, de H20: e Fe.

Finalmente, as diferentes estratégias operacionais do foto-Fenton solar
mostraram-se eficientes na remog¢ao de farmacos e, em alguns casos, também para seus
TPs empregando pH proximo a neutralidade, tanto em SWW quanto em RHWW. Na
maioria dos casos, os TPs apresentaram toxidade classificada como alta a moderada e
persisténcia no ambiente. Porém, ao longo do(s) processo(s), tais TPs sdo convertidos a
estruturas mais simples € menos nocivas. Ao mesmo tempo, os diferentes tipos de
tratamentos testados apresentaram vantagens e desvantagens, como questdes ambientais
ou econdmicas relacionadas aos reagentes utilizados e aos TPs gerados, dentre outros
fatores. Por outro lado, ressalta-se a necessidade de estudos adicionais na arca de

tratamento de efluentes usando luz solar e matrizes reais.

Palavras-chave: efluente hospitalar, fiarmacos, foto-Fenton solar, produtos de

transformagao e¢ (Q)SAR.
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CHAPTER 1

In this Chapter, the environmental problem intended to be clarified throughout the PhD
thesis is presented, relating it in terms of causes, consequences, and treatment of complex
wastewaters, especially hospital effluents. Likewise, the identification of transformation
products and quantitative structure—activity relationship ((Q)SAR) models for the

estimation of toxicity and biodegradability are addressed.

We must share responsibility for meeting the problems like climate change, depletion of
natural resources and expanding population that affect us all. To limit our concern to

our own nation alone is out of date.

Dalai Lama
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INTRODUCTION

1.1 Hospital wastewater treatment and its importance: a pharmaceutical

approach

Nowadays, pharmaceuticals (PHCs) are located in different environmental
matrices. Hospital wastewaters (RHWW) are one of the main sources of these
micropollutants emissions'. Generally, in a health center or hospital, RHWW are
composed of the effluents from different services: kitchen, internal laundry, heating and
cooling systems, laboratories, radiology departments, outpatients’ departments,
transfusion centers and wards. Due to the nature and quantity of the micropollutants,
RHWW harbor active substances of medicines and their metabolites, chemicals, heavy
metals, disinfectants, sterilizers, and radioactive markers. This wastewater has an extra
supply of organic matter; it favors high Chemical Oxygen Demand (COD) associated
with a medium or reduced Biochemical Oxygen Demand (BODs). Subsequently,
conventionally used biological processes are not suitable for wastewater treatment of this
type?. In general, the wastewater treatment plant (WWTP) are not designed to remove
complex compounds such as PHCs. Usually, WWTPs comprise a primary system of
physic-chemical treatments and a secondary system of a biological reactor, it formed
more frequently by active sludge. These conventional plants have a limited capacity to
remove PHCs from urban wastewaters, since most of the compounds cannot be
metabolized by microorganisms and may even inhibit the activity of the microorganisms
or produce their bioaccumulation in the food chain®. Although some PHCs incoming
WWTPs are removed in a low percentage (e.g. biodegradation or adsorption onto sludge),
a considerable amount is still released into the environment!.

Verlicchi et al.* investigated the occurrence of 73 common PHCs from 12
different therapeutic classes of effluents from two hospitals (medium and large-sized) in
conjunction with influents and effluents of the local municipal WWTP, which also
receives and treats the wastewater from the larger hospital. The study revealed that PHCs

are found in consistently higher concentrations in hospital than in urban wastewater,

11



particularly those commonly used PHCs such as analgesics and antibiotics. The
characteristics of the hospital effluent seem to be influenced by the size of the structure
and season (concentrations tended to be higher in winter than in summer). Furthermore,
RHWW also play an important role in the introduction of pathogens into public
wastewaters, particularly multi-resistant bacteria, which contribute to the spread of
antibiotic resistance in the environment®,

PHC:s are classified as one of the most important emerging concern groups due to
1) the increase in life expectancy of the world population, ii) the substances not being
completely metabolized by the human body, leading to the formation of metabolites
conjugated to their native form?; iii) continuous introduction into the environment
potentially affecting water quality and impacting drinking water supplies; iv) a lack of
regulation (or pending regularization processes)*; v) effects in aquatic organisms®. At the
same time, great progress in analytical detection techniques in recent years have increased
PHCs and metabolite detection limits’. In this context, important advances in analytical
techniques for monitoring of diverse environmental microcontaminants, such as PHCs
and their transformation products (TPs) (present at trace and ultra-trace levels) can also
be considered.

Current studies have detected more than 80 compounds with pharmacological
activity in different aqueous matrices in concentrations from ng L' to ug L' 3810 with
most of them presenting a relevant ecotoxicological potential. In this sense, the PHCs
sold without prescriptions, such as analgesic and anti-inflammatory drugs are detected
more frequently and in higher concentrations in the environment. Notwithstanding this,
antibiotics are the most studied PHCs due to i) the possibility of bacterial resistance

phenomena, and ii) low percentage of elimination in the WWTP!!,

1.2 Legislation: regulatory framework

Despite growing evidence regarding PHCs in the environment, more information
is still needed to understand and evaluate certain PHCs as environmental concerns and
fate risks'?. Nevertheless, it is important to emphasize that these micropollutants could
limit the potential reuse of treated wastewater and pose a threat to public health and the
environment!3.

The United States Environmental Protection Agency (USEPA;

https://www.epa.gov) has included six veterinary and human pharmaceuticals in their

recent contaminant candidate list (CCL-4) together with other synthetic
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hormones,disinfection by-products and pesticides. Similarly, in 2012, the European
Commission proposed the setting of environmental quality standards for some
pharmaceuticals of emerging concern: diclofenac, estrone (E1), 17-p -estradiol (E2) and
17-a-ethinylestradiol (EE2), clarithromycin, ciprofloxacin, erythromycin, azithromycin,
and amoxicillin'*, Nonetheless, most of the PHCs with toxicological evidence remain
unregulated, although the European Union (EU), United States of America (USA), World
Health Organization (WHO), UNESCO, among others, have shown great interest in
mitigating the presence of PHCs in the environment.

This has resulted in several directives and frameworks such as European
Directives 2013/39/EU, EU 2015/495, the Water Framework Directive (Commission
Implementing Decision 2018/840) and an endocrine disruptor screening program (EDSP)

(https://www.epa.gov/endocrine-disruption/endocrine-disruptor-screening-program-

edsp-overview) by the USEPA.

Based on the precautionary principle, the European Union Water Framework
Directive produces an updated list of priority substances every four years (2000/60/EC)
and has identified compounds from pharmaceuticals to be potential pollutants.
Additionally, NORMAN (Network of reference laboratories, research centers and related
organizations  for  monitoring of emerging environmental  substances)

(https://www.norman-network.com/nds/) has developed a rational and holistic

prioritization approach. These efforts clearly indicate that PHCs are an environmental
threat for the future and consequently methods for their removal from the environment
require immediate attention.

As a consequence, the WHO
(https://www.who.int/water_sanitation_health/water-quality/en/) highlight the

importance of the water safety plan approaches as the most effective means of considering
risk assessment and risk management in the: i) prevention or minimization of
contamination of source water contamination; ii) decrease of contamination through
treatment processes, and iii) prevention of contamination during storage, distribution and

handling of drinking-water.

1.2.1 Brazilian legislation
Through the National Environment Council (CONAMA), the Environmental
Ministry is responsible for legal provisions that impact the environmental quality of water

in Brazil. A series of resolutions (normally based on the environmental standards set by
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USEPA) are established with mandatory nationwide compliance, to maintain the quality
of water resources in the country. An important provision is CONAMA Resolution n. 357
0f 2005'%, updated in 2011 by CONAMA Resolution n. 430'® and CONAMA Resolution
n. 396 of 2008!7. These resolutions provide instruction on the classification of bodies of
surface water and the respective environmental standards, in addition to establishing the
conditions and standards for disposing of effluents, including those for direct or indirect
human use.

These provisions define various physical and chemical parameters, organic and
inorganic chemicals, algae, and microorganisms in monitoring water quality according to
the classification of the respective body of water . Brazil has the ordinance N° 5.472 of
2005, which arose from the Stockholm Convention on Persistent Organic Pollutants,
proposes to reduce and eliminate pollutants released by the population through public
awareness and education, in addition to stimulating research, development and
monitoring.

In 2011, the Ministry of Health published Ruling n. 2.914, the prevailing
legislation that sets water quality standards for human consumption which are upheld by
the Division of Environmental Health Surveillance. This Ruling sets standards for
microorganisms, cyanotoxins, radioactive nucleotides, as well as various organic and
inorganic chemical compounds such as pesticides, disinfectants, and disinfection by-
products?, but does not include pharmaceuticals or other potential endocrine disruptor
microcontaminants.

In the Brazilian context, water pollution involves more than the legal provisions
and standards, given important provisions in the country's existing legislation have still
not been enforced satisfactorily's. According to the national sanitation information
system 2017 report?!' , only 46% of collected sewage is treated before being dumped into
water bodies®, which makes it more difficult to control and implement treatment systems

for emerging contaminants.

1.3 Advanced Oxidation Processes and improvements for treatments of

wastewaters

The low removal efficiency in WWTP could be attributed to many factors, such
as the characteristics of the activated sludge (mixed liquor suspended solid and the

microbial communities) and wastewater composition??. Considering the limitation of
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conventional treatment processes for the total degradation of PHCs and their derivatives
with high chemical stability and/or low biodegradability, studies that aim to evaluate the
potential of employing new technologies, such as Advanced Oxidation Processes (AOPs)
for the treatment of different wastewaters®>. AOPs operate at ambient temperature and
pressure while generating radical oxygen species (ROS) for degradation of organic
content, in which PHCs are just a part of that total organic content.

ROS are atoms or molecules containing at least one unpaired electron such as the
hydroxyl radical (HO"), superoxide anion radical (O>"), hydroperoxyl radical (HO>") or
alkoxyl radical (RO"); the HO" radical has had the most attention in this area due to the
strong standard oxidation potential [E°(HO*/H,O) = +2.8 VNHE], high bimolecular
reaction rate constants (108-10'' M! s!) and non-selective reactivity 2324,

AOPs are classified according to the reactive phase (homogeneous and
heterogeneous) or hydroxyl radical generation methods (chemical, electro-chemical,
sono-chemical and photochemical)®.

In this context photo-Fenton and their modifications have recently shown high
efficiency of PHCs degradation in different wastewaters?¢. In photo-Fenton process the
degradation depends on the radiation wavelength (A), compound molar absorption
capacity (¢), and quantum yield (¢). The most widely used radiation for photolysis has a
A of 200400 nm, i.e. in the ultraviolet spectrum region. Several studies have
demonstrated that numerous PHCs can be photodegraded®’%. Generally, these PHCs
contain aromatic rings, heteroatoms, and other functional groups that allow absorption of
solar radiation or produce reactions with photosensitizing species that induce their
photodegradation in natural water. If compounds are not degraded by direct photolysis,

they may be indirectly degraded by radical generation °.

1.3.1 Fenton

The Fenton reaction was discovered by H.J.H. Fenton in 1894. He reported that
H>0: could be activated by ferrous (Fe?*) salts to oxidize tartaric acid. This reaction
implies the oxidation of ferrous to ferric ions to decompose H>O> into HO® and other
transitory species (HO;" and O;™) that can oxidize a wide range of organic compounds.
The generated ferric ions can be reduced (slow reaction) with excess hydrogen peroxide
to form again ferrous ion and more radicals?. The classic Fenton process has traditionally

been carried out at acid pH (between 2.5-3.0)°.
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The main reasons for the huge popularity and widespread applicability of Fenton
oxidation processes are (i) ROS are generated at ambient pressure and temperature;(ii)
easy implementation as a stand-alone or hybrid system, and are also facilitated in
integration in existing water treatment processes; (iii) rapid reaction between iron and
H>0,; (iv) use of cheap and easy-to-handle reagents; and (v) efficiency of
mineralization??,

The rapid decomposition of pollutants is attributed to the rapid production of
hydroxyl radicals, due to the presence of Fe** species in the solution (A=40-80 M™! sec”
31 (Fig. 1). In the second stage, due to the consumption of Fe** ions and generation of
Fe’*, the rate of reaction will decrease (k= 2x1073 M-!sec™)*!. This is because the reaction

of Fe** and H>O: leads to the production of HO," radicals (E°1.50 - 1.65 V) which are
weaker oxidants compared to the HO" radicals (E°2.59 - 2.80 V) and have a lower rate of

production®!'-32,

k go-+mor=1.7 - 4.5x107 M 157!
T HO,* + H,0

Hzoz \‘v ‘:‘:

7 HzO + 02
H202 - HO. + HO- k go+mo=1.4x101" M1s1
/;n_:;:,‘,;:_\'k Fez+ m202= 40-80 M 157!
!
F e2+ Fe3+

A
\

k Fe3+ H202= 2X107 - 9.1x10°7 M5~

A 4

HO,' +g& H,0,

0, + H* <> HO," pKa 4.88

Fig. 1. Fenton reaction mechanism. Source: Adapted by the author.

The use of catalytic iron has major advantages including: (i) high abundance
(fourth most abundant element in earth’s crust and second-largest product in Brazil*®);

(i) environmental compatibility and low-toxicity; (iii) high reactivity; and (iv) low



commercial cost. Notwithstanding this, the chemical reactivity of iron is strictly
dependent upon the pH-dependent speciation of Fe?*, Fe3" and ferric hydroxides (Fig. 2),
which determine the type, suitability and practical requirements for each different Fenton-

based AOP?%.

Log Conc.
| \

Fig. 2. Predicted iron speciation in water as a function of pH; [Fe*']= 15mg L.

Source: Medusa software v. 3.2.1.

On the whole, the Fenton system is homogeneous if the iron (catalyst) is
solubilized in the aqueous matrix or heterogeneous if the iron is immobilized or present

132, as such, it offers a more ecological approach’*.Be that as it

as a solid phase materia
may, the main drawbacks of Fenton have been identified: i) depletion of oxidants due to
the radical scavenging effect of H,O»; i) self-decomposition; iii) continuous loss of iron
ions and the formation of solidsludge?’ and; iv) acidic pH mainly due to iron speciation
factors (more solubility). Nonetheless, some studies have demonstrated the possibility of
working with almost neutral pHs for practical applications of these
treatmentprocesses>-°,

The operating costs of AOPs for the complete oxidation of toxic organic
compounds are high, when compared to usually used biological treatment system®’. The
main cost is related to the use of chemical reactants (for example, H>O) and energy
consumption (generation of UVC radiation when lamps are used). For this reason, solar

photo-Fenton process are of special interest since they can use solar radiation to generate

HO®,
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1.3.2 Solar photo-Fenton

A combination of hydrogen peroxide and UV radiation with Fe?* or Fe*" ions
(photo-Fenton process) produces more hydroxyl radicals compared to conventional
Fenton method or photolysis of H>O». In the last 20 years, the use of solar energy for the
treatment of emerging pollutants in real wastewater has increased through AOPs (Fig. 3a)
with solar photo-Fenton processes being the most widely applied, looking for the viability
of any large scale effluent treatment technology®. Geographically speaking, Spain and

Brazil lead the investigations in this area (Fig. 3b).

B Wastewater Solar-photo Fenton B Photocatalysis (Solar)

99% I I I I I
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Fig. 3. Trends in the use of solar-driven AOPs for wastewater treatment (TITLE-ABS-
KEY (advanced AND oxidation AND process) AND TITLE-ABS-KEY (wastewater) AND TITLE-ABS-
KEY (solar AND photo-Fenton)). Source: Adapted from Scopus July 29, 2020.

In the photo-Fenton process, the photo-reduction of Fe** to Fe**occursby visible
light irradiation?®, increasing the rate of organic pollutant degradation in
turn® Notwithstanding this, at acidic range of pH the hydroxy—Fe** complexes are more
soluble and Fe(OH)?"is the most photoactive monomeric species, it is known to yield HO"
with a quantum yield of 0.075 at 360 nm**#!, In this way, the use of sunlight instead of
UVC irradiation reduces costs.

In order to improve the working pH range and the efficiency of the photo-Fenton
treatment, chelating agents such as aminopolycarboxylic acids (APCAs) have been used

42,43

to keep iron in solution **>. Among the APCAs, ethylenediamine-N, N'-disuccinic acid

(EDDS), with high biodegradability and toxicity under environmental conditions, has

44,45

been used for the solubilization of iron species** with high efficiency in the pH range

3-94346 (Fig. 4). The Fe**-EDDS complex offers greater photo-absorption compared to



iron aquo-complexes*’. Photochemical activity is associated with ligand-metal charge
transfer (LMCT) transitions®®, with rapid photochemical reactions taking place under UV
solar radiation (UV-B, 280-315 nm and UV-A, 315-400 nm)***° The high efficiency of
the photo-Fenton process, associated with the operational versatility that this process
allows using chelating agents thereby make the photo-Fenton process an interesting

solution that allows the degradation of emergingpollutants® like PHCs.
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Fig. 4. Distribution of EDDS microspecies as visualized with Chemicalize. Each color in
the microspecies distribution diagram represents the protonation states that can be
checked on the online platform. Source: https://chemicalize.com/app/calculation/20846-
91-7.

Being highly viable due to its low cost and reusability, recent studies have
suggested the use of zero valence iron (Fe’ or ZVI) facilitates the removal of different
types of pollutants®!. Fenton process using Fe’ or iron-based materials include: i) the
homogeneous Fenton reaction driven by surface-leached iron; ii) the heterogeneous
reaction that occurs at the surface of the catalyst and; iii) the physical interaction through

adsorption at the surface of the heterogeneous catalyst!3.

1.3.2.1 Fenton oxidation at circumneutral pH: iron complexes

As previously mentioned, the acidic range of operational pH (usually 2.8-3.5) is
necessary to ensure the effectiveness of iron catalyst and to avoid its precipitation as ferric
hydroxides. Despite this, working in acidic pH involves the addition of large amount of
acid and the subsequent neutralization of the treated matrix>2. The acidification of treated

matrix and subsequently neutralization increase treatment cost, salinity of the solution,
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and sludge formation®. Besides this, acidification might lead to the release of some gases
into the environment in the presence of sulfides or cyanides and potential mobilization of
toxic metals may occur at low pH values®. Therefore, significant effort is devoted toward
developing strategies to conduct homogeneous Fenton oxidation at higher pH values!?.
The compounds that can form complexes with iron can be added into the solution
to form stable Fe**-complexes. Nevertheless, the formed Fe** complexes must be able to
undergo some form of reduction that can lead to the generation of ferrous ions through
ligand-to-metal charge transfer (LCMT) and the consequent production of HO® 13-4,
Various chelating agents have been used to promote homogeneous Fenton at
circumneutral pH>>-%%, Although natural chelating agents such as humic acid are used, the
most commonly reported are the synthetic chelating agents such as
ethylenediaminetetraacetic acid (EDTA), ethylenediamine-N,N’-disuccinic acid
(EDDS), oxalate, citrate, and nitrilotriacetic acid (NTA). These chelators can form
soluble complexes with Fe** and maintain catalytic ability at circumneutral pH, achieving

excellent degradation percentages*®->%-°,

1.3.3 Matrix effect

The degradation of PHC:s is largely influenced by the quality of the water matrix,
and the usefulness results from the impact of the dissolved components, which can have
neutral, inhibitory or promotive effects®!. The nature of the reaction matrix is an important
consideration since the presence of inorganic compounds in different concentrations such
as NaCl, Na,COs3 and Na,SOszand organic carbon (carbonate and bicarbonate) in
wastewater can result in a scavenging effect on the HO®, decreasing their

availability!3-62-63

.Table 1 presents the main scavenger reactions of the hydroxyl and
sulfate radicals.

Humic substances may act as an inner filter and severely decrease removal
efficiencies®2. The may also cause the formation of i) less active complexes with iron
species in Fenton-based processes; ii) competition for catalytic active sites or fouling of
the surface area of the catalysts in heterogeneous catalytic processes; and iii) the
modification of the electrical surface charge due to the pH or ionic strength. Moreover,
the water matrix can play an essential role in the yield of photo-degradation reactions,
depending on the presence of promotive and inhibitory substances.

The presence of chloride and sulfates in the aqueous matrix contain the ferric ions

results in the formation of less reactive [Fe(Cl)]**, [Fe(Cl2)]" and FeSO4* complexes,
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leading to the generation of the less reactive inorganic species like Cla™™ and SO4 %4
which decrease the photo-Fenton reaction rate®!.

Conversely, the following factors have a positive impact on Fenton-based
processes: (i) the iron ions naturally found in the water matrix may act as an additional
source of catalyst source for the Fenton reaction; (ii) inherent reductants present in the
water matrix (e.g., phenolic compounds) might reduce Fe** to Fe?*, increasing the
regeneration rate of the catalyst; (iii) Fe*" can react with compounds containing -COOH
and —OH groups, creating complexes with higher quantum yield, which might undergo
photo-reduction through a ligand-to-metal charge transfer to Fe?*; and (iv) NOs™ is able

to produce HO" and NO>" radical species, promoting the photodegradation of PHCs®!.

Table 1. Scavenger reactions of the hydroxyl and sulfate radicals by components in the

matrix.

Rate constant

Reaction

M s

HO®+ NO; — NO>'+ HO™ 8.0x 10°

S04~ + NO; — NO»' + S04~ 8.0x 108

HO’ + CI'— HCIO"™ 43x10°

S04 + Cl— CI' + SO4* 6.6 x 10°

HO'+ HCO3;— CO3™ + H,O 8.5x 10°

S04+ HCO3; — CO3™ + S04+ + HY 9.1 x 10°
HO’+ NOM — Products 223 x 108L (mol C) ! s!

S04~ + NOM — Products >6 x 10°L (mol C) ! s!
HO"+ SO4*— S04~ + HO™ 3.5x10°

Source: Adapted from Shah et al.%

1.4 Database of transformation products

Wastewater treatment evaluation has been used frequently in relation to DOC
values to evaluate the process, however, false conclusions may be drawn as seen from
previously studied treatment processes. In most instances, contaminants are frequently
not completely mineralized, favoring the generation of transformation products (TPs)®.
The formed TPs can present numerous chemical structures, as there is no preferential path
given that radical species are not selective.

The challenge to structurally elucidate the TPs is being greatly facilitated by
recent developments in liquid chromatography techniques coupled with High Resolution

Mass Spectrometry (LC-HRMS), such as Time-of-Flight (TOF) analysers®’. TOF

21



technology uses high sensitivity in full-scan MS analysis and Hybrid Q-TOF analyzer,
allowing the determination of the chemical formula of precursor and product ions, and
they are being employed for characterizing unknowns compounds, such as
TPs® Moreover, the use of QTOF simultaneously permits the collection of fragmentation
information of an unlimited number of compounds in a simple way® by “broadband
collision-induced dissociation” (bbCID) (Fig 5).

Target screening methods based on the use of accurate-mass databases have been
recently developed and successfully applied for target compounds (analytes that have
commercially available analytical standards), in food and environmental samples
allowing a rapid and automatic identification of target analytes’. Despite this, most TPs
are chemical compounds that do not currently have a commercial analytical standard
available.

Using traditional methods, TPs identification can be performed by a method in
which following LC-HRMS analysis, TPs are sought manually for the appearance of new
chromatographic peaks. Once found, MS and MS/MS spectrum (bbCID data) of the new
chromatographic peak are carefully evaluated for the identification of possible molecular
ions of the TP and its fragments. It is an approach that requires a great deal of processing
time and can only be performed by studying of isolated initial compound. It is thereby
essential to know the technician performing the analysis of the process or reaction that
takes place in order to assess the viability of these potential TPs’!.

By way of an alternative, if a database is created and used to identify TPs, there
will be a crucial gain in time. Processing the data analysis using the compound database
yields results from the software in just a few minutes. One example for TPs suspected
screening identification using a purpose built-database is shown in Fig. 5. It is a rapid and
automatized method of identifying TPs and could be used in real samples such as hospital
wastewater. It is important to note that using the database to identify TPs during AOPs is
only possible because of the evolution of analytical techniques like LC-QTOF MS, that
provide accurate masses of the compounds and its fragments, in addition to fast and
efficient data processing through the modern software available’®"!.

It is important to observe that, following the initial description in the laboratory
analysis, information about each compound found is inserted into the database. In this
sense, the database constructed can be specific to each research task. Moreover, it would

also be possible to use this tool when different chromatography methods are used. Later,
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TPs identification may indicate the main degradation pathway(s) during AOPs

treatments.

Database of TPs and fragments
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Fig. 5. TPs suspected screening identification using a purpose built-database (full-scan

MS and bbCID-MS/MS). Source: Adapted by the author.

1.5 (Q)SAR models

As can be expected, in general, a wide range of TPs end up being generated
simultaneously in the reaction medium. In addition, in research using real matrices are
used, there may be a synergistic or antagonistic effect or from the mix of TPs, making it
very difficult to associate ecotoxicity, toxicity or biodegradability data distinctly with one
of the TPs present. In this sense, it is understood that the use of bioassays has limited
viability in such conditions.

The limitations of the in vivo and in vitro approaches for determining the
biological activity of chemicals have encouraged the development of in silico analysis.
The structure-activity relationship (SAR) and quantitative structure-activity relationship
((Q)SAR) models are mathematical models that can predict a relationship between the
chemical structure of molecules which is encoded (e.g. SMILES - Simplified Molecular-
Input Line-Entry System) and their activity against a specific biological target’.

(Q)SAR techniques are well suited to dealing with large quantities of data, which

allow researchers to discern trends in existing data of environmental relevance and then
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extrapolate trends to untested compounds’?. The use of in silico predictions is based on a
chosen property (for example, toxicity) that can be described in relation to a chemical or
fragment’#, which is simultaneously described using certain parameters (e.g, acute and
chronic toxicity values). Conversely, the accuracy of these models depends on the correct
analysis and selection of computed descriptors as independent variables for the (Q)SAR
model definition. The use of (Q)SAR models must be validated and the compounds of
study must fall within the model's applicability domain, as reported in several
investigations’.

Due to concerns about toxicity and effects of TPs to the ecosystem balance’®, food
security and human health, researchers have recently developed (Q)SAR models to
investigate the chemical risk assessments, providing faster, more economical and animal-
free tools 7.

Predictions are generated using a range of software tools, including a tool based
on expert rules (TOXTREE) and tools based on statistical methodologies (ECOSAR,
T.E.S.T and EPI-SUITE). In each case, the predictive performances of the individual
software tools are assessed using the internal datasets’®.

TOXTREE is a flexible and easy-to-use open-source application that classifies
chemicals into categories and predicts various types of toxic effects by applying decision
tree approaches. Toxtree applies different QSAR models to query chemicals belonging to
the classes of aromatic amines, alpha aldehydes, the beta-unsaturated aldehydes and
sulfonic group on the aromatic ring’®.

EPI Suite™ provided the quantitative or qualitative results for each endpoint.
Additionally, the user will be given additional information regarding the derivation of the
prediction including the fragments or equations identified which are relevant to the
endpoint, coefficient values, corrections factors, etc. The mathematical algorithms and
fragment-based formulas in the EPI Suite™ modules use experimental data if they are
available in the software Database.

The Ecological Structure Activity Relationships Program (ECOSAR) and
Toxicity Estimation Software Tool (T.E.S.T.)area is a frequently used (Q)SAR tool
developed by USEPA to predict a chemical's acute (short-term) toxicity and chronic
(long-term or delayed) toxicity to aquatic organisms, such as fish, aquatic invertebrates,
and aquatic plants”, bioconcentration factor and mutagenicity®’.

ECOSAR contains a library of class based QSARs for predicting aquatic toxicity,

overlaid with an expert decision tree to select the appropriate chemical class based on
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chemical structure. For a complex chemical substance with multiple functional groups
(esters, ketones), multiple (Q)SAR classes may be chosen by ECOSAR?®! (Fig. 6). In turn,
T.E.S.T uses several advanced QSAR methodologies that provide greater confidence in
predicted toxicities. Moreover, this information could be compared and supplemented by

different (Q)SAR softwares.

/ SMILES / Class-specific estimations
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Fig. 6. ECOSAR software for toxicity predictions. Source: Adapted by the author.
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CHAPTER 2

"We forget that the water cycle and the life cycle are one.”

Jacques Yves Cousteau
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OBJECTIVES

As discussed in the introduction, the development of efficient methods to remove
PHCs from water and wastewater is vital. Nonetheless, processes must be focused on
reducing the toxic impact of the TPs formed throughout the process, decreasing costs and
using renewable energies.

Having said that, the use of advanced analytical techniques for PHCs monitoring
and identification of new compounds will provide improved and more accurate data on
the concentration of PHCs in their TPs in waters and wastewaters after the treatment. In
addition, TPs information can be used to estimate potential risks associated with
individual compounds to the environment or human health.

Considering this, the main objective of this PhD Thesis is to evaluate different
solar photo-Fenton processes in pH close to neutrality, for the degradation of
pharmaceuticals in different water matrices with an emphasis on hospital wastewater.

With this aim, solar photo-Fenton (heterogeneous and homogeneous)were used
combining optimization of the best experimental conditions to increase pharmaceutical
degradation rates, kinetics studies, and TPs identification. This thesis will also make
proposals for TPs identification, pathway propositions and environmental effect
predictions.

In addition to the main objective, this PhD Thesis also includes the following
specific aims, which can be divided into three blocks, depending on the solar photo-
Fenton system(s) evaluated, analytical tools, and (Q)SAR models. These specific

objectives are:

Solar photo-Fenton process:
* To characterize hospital wastewater by some macroparameters, such as: COD,
BOD, COD, TOC, CI-, PO4*, among others;
* To optimize and study pharmaceutical degradation in distilled water, simulated

and real hospital wastewater using a batch reactor for solar-photo-Fenton;
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* To scale up the process through best performance in the previous stage by means

of the construction and use of a low-cost raceway pond reactor.

Analytical tools:

* To develop, adapt and validate analytical methods to control the main parameters
(such as, iron and H20O: concentrations) during the solar experiments;

» To develop analytical methodology based on LC-QTOFMS for the confirmation
and quantification of pharmaceuticals in different matrices;

» To elaborate and employ properly constructed TPs databases to identify a high
range of TPs from pharmaceuticals by solar experiments;

* To understand how the degradation mechanism(s) take place through oxidative

species by TPs identification during treatment.

(O)SAR models
* To predict TPs toxicity and biodegradability with in silico (Q)SAR tools to

identify any possible impact on the environment and human health.
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CHAPTER 3

"You cannot hope to build a better world without improving the individuals. To that
end, each of us must work for our own improvement”

Marie Curie
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3.1 Reagents, solutions and water matrices

The reagents used for chromatographic analysis were of the LC-MS grade.
Acetonitrile (ACN), methanol (MeOH) and formic acid (purity = 98%) were purchased
from Merck while ammonium acetate LC-MS was purchased from Fluka. The
pharmaceuticals included in this thesis were purchased from different suppliers and have
an analytical grade (purity> 98.99%). The Fenton and solar photo-Fenton experiments
were carried out using iron salts such as (FeSO4 - 7H20) and (Fe2(SO4); - SH20); and,
hydrogen peroxide (H20:- 39% w/v). To adjust the pH, solutions (0.5 mol L") of sulfuric
acid (98%, w/v), hydrochloric acid (36%, w /v) and sodium hydroxide were used.

Nine pharmaceuticals (nimesulide (NMD), furosemide (FRS), paracetamol
(PCT), propranolol (PPN), dipyrone (DIP), fluoxetine (FXT), progesterone (PRG),
diazepam (DZP) and gemfibrozil (GFZ)) were selected for use in different combinations
in varying initial concentrations (500 pg L-'and 50 ug L'!) and in several matrices in each
study. The stock solution of the pharmaceuticals (DOC: 14 g L) was prepared in the
ratio MeOH:ACN (1:2, v/v) to guarantee its total solubilization. The choice of
pharmaceuticals was based on the fact that the majority of them are consumed
continuously and, in some circumstances, without a prescription. In addition, the
existence of national regulations in Brazil over the control, acquisition and manipulation
of many pharmaceuticals (antibiotics and psychiatric drugs) led to the selection of the
previously mentioned compounds.

The experiments were carried out in different water matrices: distilled water
(DW), simulated hospital wastewater (SWW) and real hospital wastewater (RHWW).
The composition of the SW was adapted from the method described by OECD?*? to
simulate the organic content of hospital wastewater (Composition for 1L of SW: peptone
160 mg L!, meat extract 110 mg L', urea 30 mg L*!, Mg>SO4 - 7TH,02 mg L, CaCl; -
2H>0 4 mg L'). The RHWW matrix involves the hospital wastewater from a public
hospital located in the city of Porto Alegre (Brazil). The doctoral project related to this
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work was presented and approved by the Ethics Committees at UFRGS and the hospital
that supplied the effluent under study.

Collections of hospital effluents (Fig.7) have been carried out from 2017 until
2020, monthly (first year) and bi-monthly (second to four year), the sample collection
time was in the morning (8 am to 9 am). The sampling bottles were properly cleaned
before taking the samples. The bottles were tightly closed by stopper as soon, as they are
filled up. The contained wastewater samples were thereafter kept in a cool dry place
before taken to the laboratory at the Universidade Federal do Rio Grande do Sul
(UFRGS).

These samples were characterized by the main physico-chemical parameters, such
as: pH, conductivity, chemical oxygen demand (COD), five-daybiological oxygen
demand (BOD), total organic carbon (TOC), total chloride (CI°), total phosphate (PO4*"),
total suspended solids (TSS), total solids (TS) and biodegradability rate (BOD/COD)®.
The values collected are in accordance with the values reported in other studies of hospital
wastewater®*3>. The average value of each parameter can be seen in Fig. 8(a) and the

detailed values in Annex 1.

Fig. 7. Wastewater collection in the hospital center. Source: Author.

The hospital where the samples were taken is one of the main ones in the city of
Porto Alegre (Brazil). It has 831 beds, 29 operating rooms, and 188 outpatient
consultation rooms, an experimental and clinical research center (information taken from

the hospital's website).
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The RHWW collection point receives effluent from different areas of the hospital
(patient rooms, kitchen, research activities). The main physicochemical characteristics
show variations throughout the years (2016-2019)were characterized with the main
physicochemical parameters in accordance with Standard Methods for the Examination
of Water and Wastewater (APHA)®S, such as: conductivity, chemical oxygen demand
(COD), five-daybiological oxygen demand (BOD), total organic carbon (TOC), total
chloride (CI"), total phosphate (PO4*"), total suspended solids (TSS), total solids (TS) and
biodegradability rate (BOD/COD)®. For further information see Annex I.

The RHWW has basic characteristics with pH values within the range 7.9-9.0; an
average conductivity of (745.13 uS cm™?). In relation to COD (143 - 863 mg O, L!) and
BOD (45-670 mg O» L), there is no trend of higher or lower biodegradability with
respect to the season of the year (Fig.8(b)). In some months, the BOD/COD is less than
0.5, which makes these effluents unsuitable to undergo biological degradation and,
therefore, the option of AOPs as initial treatment

The effluent had organic matter content (TOC ~ 78 mg L), total solids (~ 400
mg L), and total suspended solids (~112.4 mg L!). Comparing the organic load of
domestic wastewater (DOC~20 mg L)% to organic load of RHWW, it can be
concluded that the organic load generated by the hospital is between 2 to 42 times greater
than a load of domestic wastewater, with an additional greater volume of effluent
generated. The concentration of chloride (=49 mg L™!) and phosphate (=18mg L™!) may

indicate some scavenger or complexing effect from phosphate to iron.
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Fig. 8 (a) Some physicochemical parameters, and (b) COD and BOD measures’ for
RHWW samples. Source: Author.

3.2 Natural sunlight radiation

The natural sunlight was used in the works carried out in this Ph.D. thesis, the
experiments being carried out at the Universidade Federal do Rio Grande do Sul
(UFRGS) on sunny days at noon and under preferable conditions in the summer season
(November-February). Information on the location of the solar experiments and the

characterization of the actual wastewater from the hospital is provided below (Fig. 9).
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Fig. 9. Solar experiments details. Source: Author.

Solar UV radiation was measured by a solar energy meter (ICEL SP-2000), which
provided data in terms of the incident irradiation (W m). All these data were used to
calculate t3ow® (Eq 1), which is the normalization of the real-time for the UV radiation
incident in the reactor; this normalization is called reaction time and allows the
comparison of solar experiments carried out on different days, months and seasons
throughout the year. Where t, is the experimental time for each sample, UV is the average
solar ultraviolet radiation measured during At,,, and tsow is a ‘‘normalized illumination
time”’%!, In this equation, time refers to a constant solar UV power of 30 Wm? (typical

solar UV power on a perfectly sunny day around noon).

uv v;

tzown = t30 + Aty - 30 Vrp

;o Aty =t —th (Eq. )

3.3 Photocatalytic reactors
3.3.1 Batch reactor

A 1L Pyrex glass vessel was used as the reactor (Fig. 10). Intensive mixing was
used throughout using a mechanical stirrer at approximately 400 rpm. The reactor was

covered by aluminum sheet that has a total area of 0.09165 m?.
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Fig. 10. Batch reactor. Source: Author

3.3.2 Homemade raceway pond using low-cost materials

Experiments were carried out in a homemade raceway pond reactor (RPR) with
low cost materials (Fig. 11), with a length of 97cm and width of 48cm. It is divided into
two separate channels. The RPR includes a paddle wheel connected to an engine to obtain
a well-mixed and homogeneous flow. The engine is linked to a variable frequency drive
to control the paddle’s speed. The photoreactor was filled with 10 L of RHWW matrix,
resulting in a liquid depth of 4 cm. Thus, the area occupied by the effluent in the RPR
was 0.1799m?. The RPR was used with a model pharmaceutical mixture (500 and 50 pg
L' of each) in RHWW matrix with different values of Fe*”EDDS (1:1 and 1:2),
concentration of iron (5 and 15 mg L") and H>O (200 and 50 mg L™).

Fig. 11. Low-cost, homemade raceway pond reactor. Source: Author.
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3.4 General analytical methods

To measure hydrogen peroxide and iron concentrations, samples were taken from
the reactors. The ammonium metavanadate method used for the determination of

1.%2, the absorbance was measured at

hydrogen peroxide was adapted from Nogueira ef a
410 nm with a LOQ of 2.18 mg L.

The iron concentration was spectrophotometrically measured at 510 nm according
to the o-phenanthroline adapted procedure (ISO 6332)%. The LOQ was 0.11 mg L-!.
Another variant utilized to determine the total dissolved iron was the hydroquinone
method”; which enabled the identification of the speciation of iron throughout the
process. The LOQ was 0.021 mg L',

In order to determine mineralization, the analysis was carried out in AnalytikJena
AG multi N/C 2100S(at the UFRGS) for TOC determination (LOQ3.99 mg L) and
Shimadzu TOC-L CSH analyzer (at the UEPG) with direct injection of the filtered
samples (0.45 um PVDF membrane) for DOC determination (LOQ was 1 mg L).
Depending on the investigation, one of these analyzers was used, meticulously following
the protocols stipulated by each institution.

The characterization of the catalyst was carried out by optical microscopy
(Olympus BX41), X-ray diffraction-XRD (Siemens D500), ATR-IR (Bruker Alpha FTIR
spectrometer) and zeta potential (Malvern Instruments ZEN3500) (Paper I and Paper
I1I).

Scanning electron microscopy images were obtained using a Tescan Vega3 LMU
microscope and EDS mapping was performed using an Oxford Instruments system
operated at 15 kV and equipped with a backscattered electron detector (Paper I). Autolab
PGSTAT302N potentiostat with a conventional three-electrode cell setup was used by
Fe3*:EDDS analysis (Paper IV).

3.5 Kinetic studies

The degradation behavior of the pharmaceuticals was evaluated as first and
second-order kinetics. For situations in which the degradations were not represented by
such kinetics, the kinetic method described by Chan and Chu®® was used. This method is
applied when a high rate of degradation is observed in the first minutes of the reaction,
followed by a slow degradation until the end of the treatment process. The authors derived

the mathematical model (Eq. 2) below to simulate the reaction kinetics:
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d(CIC)  -p
1-(c/c) dt  (p+ot)

(Eq. 2)

Where C is the concentration of the pharmaceutical remaining in the system after
a reaction time t (min), Co is the initial concentration, and the parameters p (min) and ¢
(without dimension) are two constant characteristics related to the reaction kinetics and
capacity degradation. Therefore, a higher value for 1/p indicates a faster initial
degradation rate of the pharmaceutical. When t is high and approaches infinity, the
reciprocal of the constant ¢ is the maximum theoretical fraction of pharmaceutical

removal.

3.6 Transformation products generated by AOPs

To identify the presence of possible TPs formed throughout the process, samples
at scheduled minutes from each experiment were analyzed by LC-QTOF MS operating
in positive and negative ionization modes. To allow the identification of the generated
TPs, a database was properly developed with information on TPs and all their fragments
previously reported in the literature. The purpose built-database includes the elementary
composition of the TPs, as well as information on the characteristic fragments. Data
processing was adapted from other previous studies that used this tool to qualitatively
identify the presence of different compounds (such as drugs, pesticides, metabolites,
among others, with or without an available analytical standard) %7

The LC was equipped with reverse-phase Luna®Omega C18 analytical column
(2.1 mm x 50 mm x 1.6 um) (Paper III and IV) and a reverse-phase Hypersil Gold C18
analytical column (2.1 mm X 150 mm x 3pum) (from Paper I and V). For both columns,
the mobile phase was a mixture of MeOH acidified with 0.1% formic acid (A) and H,O
acidified with 0.1% formic acid (B) at a flow rate of 0.5 mL/min. In these instances, the
gradient was increased from 10% A (initial conditions) to 90% A in 10 min, and then
maintained for 2 min. The QTOF mass spectrometer was operated in positive ionization
under the following conditions: capillary 4000 V, nebulizer 40 psi, drying gas 9 L/min,
gas temperature 200 °C. In all analyses, the injection volume was SuL.

The samples injected were previously filtered through a 0.22 um PVDF filter. The
QTOF MS system was operated in broadband collision-induced dissociation (bbCID)
acquisition mode that provided MS and MS/MS spectra at the same time. All MS

information was recorded over the m/z range of 50-1000 with a scan rate of 2Hz. The
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bbCID mode enabled work with two different collision energies: one Low Collision
Energy (LE) of 10 eV, and a second that applied a High Collision Energy (HE) of 70 eV
to obtain MS/MS spectra. TargetAnalysis and DataAnalysis 4.2 software were used for
analyses and ions with a deviation of +5 ppm of error were assigned possible elemental

compositions and double-bond equivalent (RDB).

3.7 (Q)SAR software programmes

A diverse range of (Q)SAR methodologies (statistical and tool based) were
applied in pharmaceuticals and their TPs. Toxtree v. 1.3.0 %8, EPI Suite™Ssoftware*’and
T.E.S.T v 4.2.1 were used to estimate biodegradability, mutagenicity, persistence and oral
toxicity. While acute and chronic toxicities were estimated using ECOSAR v. 2.0
software %%, the LCsoratio (mg L) was calculated dividing LCso or ECso (fish (96 h),
Daphnid (48 h), and Green algae (96 h)) of each TP for the respective values of its parent
compound.

Following, Table 2 contains information on the software version, model, analysis
characteristics, and the endpoint in relation to the structures of the TPs and
pharmaceuticals analyzed in different studies. The endpoints were estimated by entering

SMILES (Simplified Molecular Input Line Entry System).
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Table 2.(Q)SAR models use in different research studies performed.

Description Endpoint

Software Model

Estimates aerobic and anaerobic
biodegradability of organic chemicals using 7

EPI Suite v. ™ different models. Two of these are the . .
4.11 BIOWIN original Biodegradation Probability Program Biodegradability
(BPP™). The seventh estimates anaerobic

biodegradation potential

Estimates the gas-phase reaction rate for the
reaction between the hydroxyl radicals and a
target structure.

AOPWIN™ Rate for the reaction

Determines the Cramer class of a target
structure and estimate its relative toxic hazard

Class II Class III

Class I

Substances Substances
Substances of that are .
. . . with ..
simple intermediate. . Oral toxicity
. chemical
chemical They possess
. structures
structure with structures which
known that are less
. . suggest a
metabolic nnocuous . of
significant

pathways than those in ..
Class I toxicity

Cramer rules

TOXTREE
v.3.1.0

Structural alerts for environmental persistence Readybiodegradability

START
and biodegradability

biodegradation

A decision tree for estimating in vitro .
Mutagenic

In vitro
mutagenicity

mutagenicity

Classification of substances into defined
classes of aquatic toxicity according to rules
ECOSAR of EU regulation in relation with ecotoxicity ..
E AR . . . .
v.2.0 COS classification, fish, Daphnia and algae with Toxicity
prediction classes such as ‘‘not harmful”,
““harmful”, “‘toxic” and ‘‘very toxic”.

Oral rat LDso The final oral rat LDs.o data set contained Oral rat 50 percent
data set 741% chemlcals. The lethal dose
modeled endpoint is —Log1o (LDso mol/kg).

Ratio of the chemical
Bioconcentration concentration in biota as a result of absorption
T.E.S.T. factor data set via the respiratory surface to that in water at
v.4.2.1 steady state

Bioconcentration
Factor

Developmental toxicity
Developmental . . . .
toxicity data set includes any effect interfering with normal
development, both before and after birth.

Toxicity

Ames Ames test, frame-shift mutations of ..
Mutagenicity

Mutagenicity Salmonella typhimurium to a test compound.

Source: Adapted by the author.
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CHAPTER 4

“Education, if it means anything, should not take people away from the land, but instill
in them even more respect for it, because educated people are in a position to
understand what is being lost. The future of the planet concerns all of us, and all of us

2

should do what we can to protect it

Wangari Maathai
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@ RESULTS AND
DISCUSSION

Different operational strategies of solar photo-Fenton were evaluated for the
removal of the tested pharmaceuticals from the hospital wastewater: in the first strategy,
waste from the metallurgical industry as a source of zero valence iron was used to evaluate
the efficiency of this type of material at acid pH (Paper I), this first research was
supported by the publication of a review article on the different treatments with zero
valent iron (Paper II). To overcome certain disadvantages of waste material in relation
to the use of acidic pH in the paper I, we proceeded to carried out experiments at a pH
closer to neutrality. For this purpose, dosage of iron immobilized in alginate spheres was
evaluated for pharmaceutical degradation at pH 5.0 (Paper III) and Fe**:EDDS complex
was performed at a pH 7.0 (Paper IV). Both processes present high percentages of
degradation of pharmaceutical, however, Fe**:EDDS presented higher percentage of
degradation in lower reaction times, the main reason for choosing this process for the
scale-up stage via homemade raceway pond reactor (Paper V). As a complement to the
solar photo-Fenton processes, the use of an application (PhotoMetrix PRO®) for the

quantification of HO> and Fe species, in loco, was developed and validated (Paper VI).

4.1 Solar photo-Fenton process
4.1.1 Solar photo-Fenton process: Zero Valent Iron (ZVI)

Due to the wide variety of iron materials that can be found in nature and industrial
waste, these products have also promoted catalyst research!!. The choice of iron-based
materials is a major parameter that influences heterogeneous Fenton processes due to the
difference in reaction activity in each system. Iron oxide minerals are especially
interesting, because they are widespread in the natural environment and can be applied to

remediation processes!??

. The ZVI induced molecular oxygen activation process to
generate H,O; via a two-electron molecular oxygen reduction, accompanying the Fe?*
release, can be used to degrade organic pollutants for wastewater treatment. The in-situ
generated H,O», in turn, reacts with Fe?" to produce HO". Despite this, the application of

ZV1 to numerous matrices are rather poorly recognized'®.
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Based on the above facts, this subsection presents two studies focused on the use
of ZVI. The Paper I'* is an application of industrial waste as a source of ZVI and
dissolved iron for solar photo-Fenton treatment. The second study (Paper II)!* is a
review of the different applications and advances in the use of ZVI in pharmaceutical

degradation, with insights on TPs identification and real matrices evaluated thus far.
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ARTICLE INFO ABSTRACT

Zero-valent scrap iron (ZVSI) combined with Fenton-based oxidation reaction (reduction-oxidation process) was
studied under natural sunlight conditions to degrade a mixture of six pharmaceuticals. ZVSI is a waste product
from metalworking industries, which present excellent reactivity. The morphological and structural properties of
ZVSI were evaluated using different techniques. The parent compounds and their transformation products (TPs)
were monitored using Liquid Chromatographic coupled with Quadrupole-Time of Flight mass spectrometer (LC-
QTOF MS). The in silico (quantitative) structure-activity relationship ((Q)SAR) predictions of toxicity and bio-
degradability were predicted for each TP by using different freely available models. According the character-
ization ZVSI consisted mainly of carbon (48.5 %) and iron (43.6 %) with 0.6922 mz/g of surface area. Hematite
and magnetite were the main crystalline phases ZVSI. Doehlert design and desirability profile were used to select
the experimental conditions. Higher degradation rates were achieved at pH 3.0, 32.5 mg L™ ' H,O,and 2 g L™!
ZVSI. Under the optimal conditions, pharmaceuticals removal was as high as 87 % in all matrixes evaluated,
following a pseudo-first order kinetic model behavior. Three reuse cycles were performed using real hospital
wastewater (RHWW) achieving degradation percentages > 70% and no substantial variation in the crystalline
phases of the ZVSI was observed. Twenty-three TPs were detected. According to in silico (Q)SAR predictions, the
integrated system decreased the toxicity of TPs. Moreover, most of TPs were predicted as persistent compounds.
The results indicated that ZVSI combined with solar Fenton-based oxidation is an interesting alternative for the
degradation of pharmaceuticals in RHWW allowing the reuse of catalyst.

Keywords:
Reduction-oxidation process
Pharmaceuticals degradation
Transformation products
Toxicity

Biodegradability

1. Introduction

Brazil is one of the countries that has substantial iron ore reserves
[1]. Zero-valent scrap iron (ZVSI), a waste product from metalworking
industries, possesses excellent reactivity, similar to Zero-valent iron
(ZVD), but is available at a very low price. The replacement of ZVI by
ZVSI in processes can decrease the overall costs and also provide a use
for scrap iron [2], however, few studies have explored the advantages
of this material [2-4].

ZVI has been successfully applied for the treatment of water and
wastewater contain pharmaceuticals [5]. ZVI is a reactive metal with
standard redox potential (E® = —0.44 V). Therefore, it is an effective
reducer when it reacts with contaminants containing carbonyl, nitro,
and azo groups such as pharmaceuticals. The mechanism of elimination

* Corresponding author.
E-mail address: carla.sirtori@ufrgs.br (C. Sirtori).

https://doi.org/10.1016/j.jwpe.2020.101410

of contaminants by ZVI via reduction refers to the directional transfer of
electrons from ZVI to the contaminants (Eq. (1)) [6]. Reduction of
carbonyl compounds generates alcohol derivatives, whereas nitro and
azo reductions lead to amino derivatives. Sometimes, the hydroxyl and
amino moieties are much more susceptible to degradation than other
functional groups commonly present in some parent compounds [5].
Meanwhile, when the system is in the presence of dissolved oxygen
(DO), there can be corrosion of ZVI and in situ generation of H,O, (Eq.
(2)) [5]. Moreover, ZVI is oxidized by two-electron transfer in the
presence of H,0,, under the acidic conditions (Eq. (3)) [7]. The release
of Fe?" ions in ZVI/H,0, systems is known as the Fenton reaction,
which can produce hydroxyl radicals (HO") that have a strong oxidizing
capacity (E® = 2.8 V) [8] towards a variety of organic compounds. This
oxidation of contaminants can be through i) a homogeneous Fenton
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mechanism; ii) heterogeneous reaction-inducedor iii) the synergic ac-
tion of both mechanisms. [9].

Fe®—Fe?* + 2e~ @
Fe® + 0, + 2H" —Fe®* + H,0, (2)
Fe® + H,0, + 2H"— Fe?* + 2H,0 3)

On the other hand, most of the studies using ZVI for the degradation
of pharmaceuticals analyzed the degradation of a single compound in
water or simulated effluents [5]. However, complex matrixes like raw
hospital wastewater (RHWW) or wastewater treatment plants (WWTP)
are known to contain a large variety of pharmaceuticals [10] in dif-
ferent concentrations [11], consequently, the study of mixtures of
pharmaceutical compounds in real matrixes is necessary to have greater
precision regarding the effectiveness of the treatment.

When ZVI is used for degradation of pharmaceuticals, which are
present as complex mixtures in wastewater different degradation
pathways are generated, leading to the formation of intermediates
called transformation products (TPs), whose presence and amounts can
vary, depending on the matrix and the treatment employed [12]. The
presence of pharmaceuticals and TPs can lead to synergistic and/or
antagonistic effects [13], it has, in turn, an environmental outcomes.
The assessment of environmental fate and effects could to avoid or
reduce their environmental and human health impacts. Combining
analytical techniques such as LC-QTOF MS and in silico (quantitative)
structure-activity relationship ((Q)SAR) predictions tools are powerful
approaches for a proactive assessment of environmental fate and toxi-
city. This combination can provide a strong indication about the TPs
that may have adverse effects, enabling the proposal of the most ap-
propriate conditions and the types of treatment that could provide total
removal of TPs [14,15].

The goal of this work was to evaluate the degradation of a mixture
of pharmaceuticals in real hospital wastewater (RHWW), employing
ZVSI as a source of the iron species required in a combined reduction-
oxidation process. Degradation pathways were proposed for pharma-
ceutical degradation, together with in silico (Q)SAR predictions of the
toxicities and biodegradabilities of the proposed TPs.

2. Materials and methods
2.1. Chemicals and aqueous matrixes

Standards of paracetamol (PCT), propranolol (PPN), dipyrone (DIP),
fluoxetine (FXT), diazepam (DZP), and progesterone (PRG) (analytical
grade; purity > 90 %) were used for the degradation study. A mixed
stock solution was prepared at a concentration of 14 g L™ 'of each of
target compounds in acetonitrile:methanol (2:1 v/v). Dilutions of the
stock solution were prepared at the initial concentrations of 500 ug L™!
of each pharmaceutical compounds for the degradation experiments.

The three aqueous matrixes employed were distilled water (DW),
simulated wastewater (SWW), and raw hospital wastewater (RHWW).
The composition of the SWW was adapted from the OECD re-
commendation [16], consisted of peptone 160 mg L™ *, beef extract 110
mg L™}, urea 30 mg L™ !, Mg,S0,7H,0 2 mg L™ ! and CaCl,-2H,0 4 mg
L~ L. The characteristics of the RHWW can be seen in the Table 1. The
RHWW employed in the degradation studies was used as collected
(without filtration). The pharmaceutical compounds were spiked into
the different aqueous matrixes, prior to pH adjustment.

2.2. Characterization of the ZVSI

Granulometric, Powder X-ray diffraction (XRD), Scanning electron
microscopy (SEM), EDS mapping, Brunauer-Emmett-Teller (BET) sur-
face area (Spgr) and the point of zero charge were analyzed. More in-
formation about the characterization can be seen in Text S.1

Journal of Water Process Engineering 37 (2020) 101410

Table 1
Main physicochemical characteristics of the RHWW matrix.
Parameters (units) Value Method LOD LOQ
pH 9.9 SMWW# 4500-H* B
Conductivity (uS cm™1) 1132 SMWW 2510 B 1 0.2
Dissolved organic carbon 67.6 SMWW 5310 1.68 3.99
(mgL™h
Chemical oxygen demand 173 SMWW 5220 B 5 0.8
(mg L™ 0,)
Biological oxygen demand 92 SMWW 5210 B 2 0.6
(mg L™" 02
Total solids (mg L™ 415 SMWW 2540 B 10 5
Total suspended solids (mg L™ %) 156 SMWW 2540 D 10 5
Chloride - C1~ (mg L™") 69.2 SMWW 4110 B 0.5 0.02
Total posphate - PO,>~ (mgL™!) 22.27 SMWW 4500 P E 0.03 0.006

# SMWW - Standard Methods for the examination of water and wastewater
(American Public Health Association et al., 1998).

(supplementary material).

2.3. Experimental design of the reduction-oxidation process

Doehlert design was used for optimization of the variables in the
reduction-oxidation (Table S.2.1, supplementary material). Batch ex-
periments were performed using a solar photo-reactor (1 L) equipped
with an aeration system providing agitation. The ZVSI was added to the
photo-reactor containing the initial mixture of pharmaceuticals, in the
dark, and was left for 15 min. After this time, H,O, (39% w/v) was
added to the photo-reactor, which was then exposed to sunlight. The
initial pH was adjusted to 3.0 using H,SO, (0.5 mol L.™1). The experi-
ment was carried out at Chemistry Institute of Universidade Federal do
Rio Grande do Sul, RS Brazil (latitude 30° 4’ 21.0864” S, longitude 51° 7”
11.838" W) using natural sunlight irradiation on a sunny day around
noon. Natural solar UV radiation was measured using a solar energy
meter (SP-2000, ICEL), which provides data in terms of incident ra-
diation (W m™2). To facilitate the comparison with other photocatalytic
experiments the “normalized illumination time” (tzow) [17] was used
instead of exposition time (t).

2.4. Reuse experiments

The reuse experiments of ZVSI were performed in RHWW matrix
under the same experimental conditions. After the first set of experi-
ments, the ZVSI was separated by centrifugation, washed at least three
times with ultrapure water, and dried at 60 °C for 2 h. The washed
material was employed in three successive experiments.

2.5. Analytical determinations

The iron speciation and H,0, residual were determined by 1,10-
phenanthroline and hydroquinone [18] and NH4VO3; [19] methods
using a Cary 50 UV-vis spectrophotometer. Mineralization was mon-
itored by measuring the DOC of the RHWW samples, with direct in-
jection of the filtered (0.45 pm PVDF membrane) samples into a Shi-
madzu TOC-L CSH analyzer.

2.6. LC-QTOF MS instrumentation

The pharmaceuticals and their TPs were monitored and quantified
using a liquid chromatograph (Nexera X2, Shimadzu) connected to a
QTOF mass spectrometer (Impact II, Bruker Daltonics). Further details
are provided in Text S.3 (supplementary material). Identification of the
TPs was carried out by constructing a purpose-built database with TPs
reported in the literature, including over 175 compounds. This database
was updated from previous work [20]. Each TP was assigned with a
number and the acronym of the pharmaceutical from which it
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Fig. 1. Characterization of ZVISI,simple granulometric distribution (a); X-Ray Diffractogram (b), SEM image (c-d); EDS image (d).

originated.

2.7. Insilico predictions of biodegradability and toxicological risk of the TPs

Predictions of biodegradability and ecotoxicity of pharmaceuticals
and their TPs were made by in silico(Q)SAR tools. Toxtreev. 13.0 [21]
and EPI Suite™ (BIOWIN 1-7) software from US EPA [22] were used to
estimate biodegradability, persistence and oral toxicity. While acute
and chronic toxicities were estimated using Ecological Structure Ac-
tivity Relationships (ECOSAR v. 2.0 software) from US EPA [23]. The
LCs ratio (mg L™1) was calculated dividing LCso or ECsg (fish (96 h),
Daphnid (48 h), and Green algae (96 h)) of each TP for the respective
values of its parent compound.

3. Results and discussion
3.1. Characterization of the ZVSI

Fig. 1a shows a histogram of the ZVSI particle size distribution
(~85% in the size range 1.2-0.3 mm, and 47% corresponding to Tyler
mesh size 28 (0.6 mm)), for more information Table S.1.1 (supple-
mentary material). According with BET surface area analysis, the ZVSI
has a 0.6922 m?/g, with a micropore volume of 2.39 x 10® cm®/g and
4.13 nm of micropore width. The XRD of the ZVSI (Fig. 1b) showed
peaks at 20 of 27, 45, 55, 65, and 83°. The narrow and intense peaks
located at 27° and 45° evidenced the crystalline character of the ma-
terial. The XRD crystallographic library data enabled the identification
of two phases. According to ICSD (Inorganic Crystal Structure Data-
base) card 31829, the peaks at 27° and 55° were of graphitic carbon,
while based on ICSD card 64999 the peaks at 45°, 65°, and 83° corre-
sponded to ZVI. Similar results were obtained by Shaibani and Gham-
bari (2011) [24]. The average crystallite size was calculated using the
Scherrer equation (Eq. (3)).

_ k%
B*cosé

3

Where k is the Scherrer constant (0.91), f3 is the width at half height, A
is the wavelength of the radiation (0.15406 nm), and O is the Bragg
angle. Values of 56.2 and 25.1 nm were obtained for the graphitic
carbon and metallic iron, respectively.

The layered image obtained using SEM (Fig. 1c) showed a little of
surface oxidation onto the material. The particles presented irregular
edges, rough surfaces, and were deformed because mechanical ma-
chining processes generated them. At higher magnification (Fig. 1d),
small pores could be seen onto surface, indicating that the material
could act as an adsorbent.

The energy dispersive spectrometry (EDS) technique showed the
presence of the elements Fe, C, O, Si, Cr, Mn, and Ca (Fig. 1e). Carbon
and iron presented the highest percentages, 48.5% and 43.6%, re-
spectively.

The hydrated surface of ZVSI in aqueous solution could be pH-de-
pendent. The effect of pH on the surface charge is characterized by the
isoelectric point (IEP). Fig. S.4.1 (supplementary material) shows the
zeta potential of the ZVSI particles, as a function of solution pH. The IEP
was found to be near pH 7.0, while increasing the pH the ZVSI particles
acquired an outer layer of iron oxide at the surface, where ligands could
be adsorbed. The adsorption of anions decreases the IEP, once more
protons are needed to neutralize the negative charges of the adsorbed
anionic species [25]. At pH 3.0, the ZVSI presented a positive surface
charge of 16.63 mV, which could be explained by transfer of Fe?* /Fe®*
to the solution and the formation of dimers of Fe;O3nH,0 on the sur-
face. As the pH was changed, the species formed on the surface of the
ZVSI also changed, as shown by charge variations.

3.2. Optimization of the experimental conditions using a Doehlert design

Preliminary studies were carried out in the dark using the ZVSI,
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with agitation for 60 min using an aeration system (Fig. S.4.2, sup-
plementary material). The results revealed greater degradation of the
pharmaceuticals in the system when aeration was applied (ZVI + air).
ZVI + air promotes the coexistence of reduction, adsorption, and oxi-
dation reactions due to H,O, formation in an acidic medium by the
reaction of ZVI with O, [26]. This result is in accordance with Xiong
et al (2015) [27], who indicated the degradation capacity of ZVI could
be improved by air aeration.

According to the core-shell model [28], the shell consists of iron
oxides/hydroxides formed by the oxidation of ZVSI, and the oxide film

provides sites for chemical reactions. ZVSI can serve as an electron
donor (Eq. (1)), and pharmaceuticals accept the electrons and undergo
reducing reaction. First, the pharmaceutical according to its charge is
easily adsorbed in ZVSI to a favorable reaction site and then, the
electrons are then transferred from the ZVSI to the molecule of phar-
maceutical.

Although the reduction of pharmaceuticals occurs on the surface of
ZVSI, H,0, can also be generated in situ from ZVSI and initiate oxida-
tive degradation of pharmaceuticals under acidic conditions (Eq. (2))
[29].
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While reaction presented in Eq. (1) is dominant in Fe®>* generation,
the reaction presented in Eq. (2) controls the generation of Fe?" jons in
the presence of dissolved oxygen (DO) [30] and promotes the Fenton
reaction in the ZVSI /air/water matrix in the darkness. Yuan et al.
(2016) [31] proved that ZVI could intensify Fenton process.

The highest primary elimination of pharmaceuticals occurred in the
first 15 min, so this time was established as the contact time of ZVSI
with the pharmaceuticals solution in the dark, after which the solar
photo-Fenton process was immediately started with addition of H,O5.

Doehlert design (quadratic model) was applied to optimize the ex-
perimental conditions of ZVSI (g L™Y and H,0, (mg L™ YHat pH3.0ina
DW matrix. Nine experiments were performed and the analytical re-
sponse was reported as the percentage decrease of the summed peak
areas of the pharmaceuticals ((1-Z(A/Ap))*100), after t3ow =25.2 min
(Table S.2.1).

The highest degradations rates were found in the experiments 5
(98.36%) and 6 (99.06%). Analysis of variance (ANOVA) (Table S.2.2,
supplementary material) and the F-test provided the statistical sig-
nificance (within a 95% confidence interval), confirming that the
quadratic model could explain 97.57% of the variance. The Pareto chart
of the effects (Fig. S.2.2) shows that the variables (ZVSI and H,0,) and
the square of the ZVSI are considered statistically important for treat-
ment. Furthermore, the Pareto chart of effects shows that although ZVSI
and H,0, have a positive effect on treatment, the quadratic interaction
term has an antagonist effect, confirming the results shown in the de-
sirability profile (Fig. S.2.1, supplementary material). The desirability
profile from 0.0 (undesirable) to 1.0 (very desirable) provided indica-
tion of the optimum experimental conditions, the H,O,concentration
showed desirability value of 1.0 in the range from 32.5 to 64 mg L™!
(intermediate concentration level), whereas for ZVSI was 2 g (max-
imum amount evaluated). Accordingly, pH 3.0, 32.5 mg L™ lof HyO,
and 2 g ZVSI were selected for the subsequent experiments.

In order to confirm the effectiveness of these conditions, experi-
ments 5 and 6 were performed in SWW matrix, a matrix containing high
organic matter content (similar to the RHWW matrix, and more com-
plex than DW). Higher degradation rates were achieved in experiment
6, compared to experiment 5, with values of 94.59% and 87.48%, re-
spectively, confirming the correct selection of the experimental condi-
tions.

3.3. Degradation of pharmaceutical compounds in different aqueous
matrixes

The solar driven ZVSI oxidation process was carried out for tzow =
53.9 min, using the DW, SWW, andRHWW matrixes under the opti-
mized conditions described above. The results showed that DIP pre-
sented the highest degradation rates in the three matrixes in the
darkness step. Furthermore, FXT, DZP, and PRG were more persistent
throughout the process in DW (Fig. 2a). However, it can be mentioned
that acidic conditions mainly remove most pharmaceuticals through an
oxidation reaction.

To analyze the interaction of the pharmaceuticals with the ZVSI, the
distribution of each pharmaceutical microspecies in function of pH was
calculated using Chemicalize.org by ChemAxon [32] (Fig. S.5.1, Sup-
plementary material). The pharmaceuticals studied were calculated
neutrally charged at pH 3.0, with the exception of DIP (negatively
charged), influencing the adsorption onto ZVSI compared to other
pharmaceuticals. Adsorption favors the transfer of electrons from the
ZVSI to the DIP, therefore producing reduction reactions [30]. The al-
kene moiety present in the pyrazolone ring and the substituents from
DIP is more susceptible to protonation. The structure of the products is
determined by the site of protonation of the radical anion intermediate
formed after the first electron transfer step [34]. Subsequently, the
generated HO', iron corrosion products represent the oxidation and
adsorption ability, which is influenced by solution pH [35]. In oxidation
process the molecules can undergo aromatic ring openings and
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hydroxylation, for more information see Section 3.6.

Preliminary studies were performed considering desorption of DIP
in acidic and basic solutions, as well as in organic solvents such as
methanol and ethanol. However, due to the strong adsorption of DIP
and its possible reduction onto ZVSI, it was not possible to calculate the
amount of DIP adsorbed.

On the other hand, PCT, FXT, DZP, and PRG were identified at the
end of the treatment in both SWW and RHWW matrixes (Fig. 2c and e).
Table 1 shows the final concentrations of the pharmaceuticals in the
different matrixes studied. The results showed that the complexity of
the matrix decreased the efficiency of the solar process. The ZVSI ca-
pacity for adsorption of DIP and degradation of pharmaceuticals de-
creased in SWW and RHWW matrixes, which could be explained by the
ionic effects caused by the phosphate, chloride and sulfate ions occupy
active sites and form strong complexes onto ZVI surface [36]. This
behavior was also observed by Springer et al. (2016) [37], where lower
DIP adsorption was associated with increases in the concentrations of
ligands such as phosphate or sulfate, suggesting that the DIP adsorption
mechanism was influenced by the formation of complexes between the
internal sphere and metal ions on the particle surface.

Lai et al. [38] confirmed the formation of a passive film on the
surface of ZVI/granular activated carbon consisting of inorganic ions
(i.e. FeSO4, FePO4and Fe3(PO,4),) in the wastewater treatment, which
decreased the degradation efficiency. On the other hand, organic matter
adsorbs on the catalyst surfaces providing strong steric repulsive forces
that oppose the attractive ZVSI magnetic interactions [39]. Natural
organic matter is a common scavenger of reactive radicals and humic
acids can significantly restrict the elimination of pharmaceuticals in the
ZVSI system [40].

The initial pH 3.0 accelerated corrosion of the ZVSI releasing more
Fe®" into the solutions bulk (final concentrations of Fe?*: 9.30 mg L ™!
in DW; 10.24 mg L™ ! in SWW; 9.75 mg L™ ! in RHWW), compared to
Fe3* (final concentrations of Fe>*: 0.78 mg L.” ! in DW; 0.34 mg L ™! in
SWW; 0.52 mg L~! in RHWW) (Fig. 2b, d, and f). The ZVSI acted as a
continuous source of dissolved iron into the solution, with a pre-
dominance of Fe?", which in turn contributed to the homogeneous
Fenton reaction. After the treatment, the pH increased to final values of
4.0, 3.8, and 3.6 in the DW, SWW, and RHWW, respectively. The in-
crease in pH could reflect the contribution of Fe?* in a Fenton reaction,
forming HO" and HO ™. Such behavior was reported by Segura et al.
(2013) [41], who evaluated the capacity of the ZVI/H,0, system for the
wastewaters treatment with different organic amounts. In the present
work, H,0, consumption was 25.8 mg L™ 'in DW, while in SWW and
RHWW H,0, was complete consumed.

Successive H,O, additions were employed to improve the de-
gradation efficiency. For this purpose, H,O, was added for four times
(t3ow: 0, 4.5, 9.2, and 13.9 min), at a concentration of 8.13 mg L™ % The
results obtained (Fig. 2g and 2 h) showed that there maining con-
centration of the parent compounds were lower than single addition
(Table 2). H,0, was completely consumed and 12.16 mg L™ " of total
dissolved iron released into the solutions. These results were in agree-
ment with the work of Hinojosa Guerra et al. (2019) [42], who used
successive additions of H;O, in a solar photo-Fenton process for the
degradation of PCT and amoxicillin in synthetic wastewater and real
effluent from a treatment plant, achieving degradation rates of 90% and
80%, respectively.

High mineralization rates were obtained using successive HyO,
additions (29.60%), compared to a single addition (19.90%). These
results indicate that successive additions of H,O, minimized the effect
of hydroxyl radical scavengers and preserved the catalytic activity of
ZVSI, decreasing the formation of hydroxides that could inhibit electron
transport.

3.4. Degradation kinetics

Usually, photo-Fenton process follows a pseudo-first order kinetic
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Table 2

Final concentrations of pharmaceuticals in combined reduction-oxidation process.
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Pharm MATRIX

DW SWwW

RHWW

Unique addition Successive addition

C r?
(ugL7H

Kobs
min

Ciug L™ 2

ClugL™ Kobs Clugl™ 1
D] min~?! D)

PCT
DIP

PPN
FLX
Dzp
PRG

17.02
<LD
<LD

61.72

15.76

19.89

<L1D

<LD
0.36
61.68
0.57
9.91

0.086 0.995 (1*9
id

0.996 (1°9
0.990 (1°9
0.993 (1*9

0.995 (1%

0.993 (1%9
id

0.996 (1%
0.997®
0.997 (1°9
0.998®

0.139
0.432
0.114
0.647

0.152
—0.338
0.587
0.054

2.05
< LD
1.82
42.37
35.69
21.72

0.096 <LD
< LD
0.52
15.99
2.48

10.45

0.996 (1°
i.d
0.993®
0.999 (1*Y
0.986 (1°Y
0.992 (19

0.996 (1°9
id

0.982 (1%
0.992 (1%
0.993 (1*9
0.994 (1°9

0.056
0.045
0.045
0.055

0.381
0.086
0.093
0.100

1°* Pseudo-first order kinetic model.
®Chan and Chu model.
i.d Insufficient results for analysis.

[43,44]. Most of the experiments were fitted by the linear behavior of
-In(C/Co) Vs tsow (x> > 0.99). Due to competitive matrix effects, TPs
formed, and changes in pH [45], other kinetic models were used. The
model proposed by Chan and Chu (2003) [46] considered two stages of
degradation, (i) rapid and indicative of high reactivity, and (ii) slow
kinetic characterized by a smaller slope. Table 2 shows the final con-
centrations (Ct) of the parent compounds, the kinetic models and ks
(min~Y). The pseudo first-order model fitted most of the pharmaceu-
tical degradation kinetics. However, some kinetic behaviors were in
agreement with Chan and Chu model [46], as well as with the findings
of Liu et al., (2017) [47] for the degradation of chloramphenicol by
nano-ZVIL.

Relating the matrix and the ks values (Table 2), a considerable
decrease in the kinetic of degradation is evident, mainly in PRG, FXT
and DZP, while PCT degradation rate showed less variation in relation
with the complexity of matrix. The degradations in DW show a higher
constant rate due to the greater availability of active sites in ZVSI, the
association of k,,s was PRG > FXT > PPN > DZP > PCT. In SWW, a
decrease in reaction kinetic was substantial in PRG compared to ks in
DW. In RHWW, the presence of ions and organic matter decreases the
availability of active sites in ZVSI; besides, the suspended particles
could obstruct the passage of UV radiation to the matrix, inhibit the
formation of HO' radicals to promote the oxidation of pharmaceuticals
reducing kops.

3.5. Reuse experiments

The stability of ZVSI plays an important role for the treatment
processes. Such behavior was evaluated by a three-reuse cycles, em-
ploying the RHWW matrix (Fig.3a). The ZVSI still maintained high
degradation capability even after the three reuse cycles as indicated by
the XRD acquired after each cycle (Fig. 3b). Low intensity peaks were
observed (at 21, 23, 36, 40, 60, 63, 74, and 78°), corresponding to the
crystalline phase of magnetite. No significant alterations of the crys-
talline phases were observed by XRD, indicating the structural stability
of the catalyst. The degradation rates decreased slowly between the first
and the third cycles, with reductions of 10.07% (PCT), 1.75% (PPN),
3.69% (FLX), 6.68% (DZP), and 6.31% (PRG).The total dissolved iron
into the solution decreased with from 9.13, to 6.78, and 6.73 mg L™ 'in
the first, second, and third reuse cycles, respectively. The corresponding
consumptions of H,0, were 30.52, 30.12, and 29.38 mg L™ ", respec-
tively. As the number of reuse cycles increased, the adsorption of DIP
decreased, due to loss of the active sites by the formation of hydroxides
during washing. The results showed removal over 89.93% of pharma-
ceuticals in three cycles of reuse, demonstrating the potential of ZVSI
reuse for the degradation of pharmaceuticals.
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Fig. 3. Reusability tests on ZVSI for pharmaceuticals degradation in RHWW,
—=— PCT, —o DIP, —a— PPN, —%— FXT, -« DZP and —»— PRG. (Conditions: 2
g L™ ZVSI, 32.5 mg L™ ! H,O(successive additions) at pH 3.0)(a); X-ray dif-
fractograms acquired after each cycle (b).

3.6. Identification of transformation products

High-resolution mass spectrometry (LC-QTOF MS) in positive ioni-
zation mode allowed the detection of 23 TPs in the aqueous matrixes
studied. These TPs were identified by the m/z values associated with
low mass errors (RDB < 5 ppm). The LC-QTOF MS data were based on a
purpose-built database containing data for 175 TPs previously reported
in different articles in the current literature. The database included the
elemental compositions of the TPs, and their fragments, when available
(Table S.6.1,supplementary material).
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During the first 15 min of the process (in the dark), ZVSI related
processes include adsorption, reduction, and oxidation steps, which
proceeded onto the surface [33]. The formations of intermediate radical
anions (short-lived products) are predominates in reduction reactions
[48]; many possible reactions such as the scission of C—C and CN—
bonds can be attributed to this. The corrosion of the ZVSI by oxygen
(05) can produce reactive oxidants capable of oxidize the pharmaceu-
tical compounds, these characterized by the hydroxylation reaction of
the aromatic ring, electron abstraction, hydrogen abstraction and
double bond addition [42].

According to the reactive oxygen species (ROS) involved in the
process. The superoxide anion is generated by the first reduction of
oxygen by 1 electron. At low pH, it is protonated and called perhy-
droxyl radical, with pKa (HO5 /O, ~) = 4.8 [49]. However, the re-
duction of oxygen by 1 electron is not thermodynamically favored
compared to its complete reduction (4 electrons, E°(O,/H,0) = 0.81 V)
[50]. In contrast, the hydroxyl radical (HO") is the most powerful
oxidant among ROS, with a potential of E° (HO"/H,0) = 2.34 V [51].
At low pH values, HO" is the predominant species (pKa (HO' /O ™) =
11.9 [52]. Therefore, the oxidation of pharmaceuticals at pH 3.0 can be
explained by the action of HO".

Most of the TPs were formed during this stage. The DIP TPs showed
an increase in this first part of the process, which is related to the rapid
reaction of this pharmaceutical with ZVSI. Though the formation of
PPN TPs occurred in the presence of sunlight and H,O, addition.

It is well known that DIP is hydrolyzed to 4-MAA, due to the pre-
sence of a water-soluble sulfonate group (R-SOsH). There are four
possible pathways for the cleavage of 4-MAA: (i) loss of the methyla-
mine chain, partial aromatic ring reduction (alkene moiety protona-
tion) and subsequent oxidation, confirmed by the identification of TP9
DIP, with and further hydroxylation opening the pyrazolone ring (TP2
DIP). Oxidation of secondary alcohol from TP2 DIP to ketone forming
TP3 DIP; (ii) TP7 DIP is generated by pyrazolinone ring opening,
leading to loss of the amino-methyl group (TP3 DIP) [53] or formation
of TP2 DIP. TP3 FAA, a TP from formyl-amino-antipyrine (FAA), a
human metabolite of DIP [54] was also observed; (iii) epoxy compound
(TP2 AAA) and N-phenylacetamide (TP9 AAA) originated from acetyl-
aminoantipyrine (AAA), another human metabolite of DIP [54]. TP9
AAA was formed by cleavage of the six-membered ring and further
N—N bond cleavage of the hydrazine group from TP2 AAA, an unstable
intermediate susceptible to oxidation in an acidic medium [55]. The
presence of these DIP metabolites in RHWW was reported by Becker
et al.(2020) [10]; (iv) a hydroxylated derivative of 4-MAA was formed
and oxidized forming a quinone-imine intermediate (TP17 DIP) [17]
(Fig.4a).

TP1 DZP and TP2 DZP were formed by cleavage of the
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benzodiazepinic ring from TP6 DZP, while TP5 DZP was formed by the
loss of CH3 and formation of a five-membered ring [56]. TP1 DZP and
TP5 DZP were detected in drinking water samples [57], evidencing
their formation in the environment, associated with human metabo-
lism. These TPs are recalcitrant and were not removed by conventional
drinking water treatments. TP6 DZP was formed by a hydrolysis reac-
tion of the double bond of DZP during the advanced Fenton process
(Fig. 4b). This TP was previously reported to be a product of a chlor-
ination process [58].

PPN contains two types of reactive sites, the naphthalene moiety
and the lateral chain. Cleavage and ring opening due to electrophilic
hydroxyl radical attack on the naphthalene moiety formed TP7 PPN,
TP22 PPN, TP26/27 PPN, and TP45 PPN. Additionally, TP2 PPN and
TP3 PPN are side chain derived TPs [59-61]. The CO— bond cleavage
and subsequent oxidation of the TP7 PPN formed anphthalic acid (TP37
PPN) [62] (Fig.4c).

The degradation of PCT follow by two hydroxylation steps on the
aromatic ting starts forming TP2 PCT and TP 3 PCT which can be in the
ortho and meta positions, TP 3 PCT is tri-hydroxylated intermediate
(Fig. 4d), which was previously observed during photo-Fenton treat-
ment [63].

PRG undergo H-abstraction, with the first step of the reaction being
electron transfer from oxygen in the enone moiety by ZVSI, followed by
the abstraction of hydrogen by HO", generating TP3 PRG. This TP was
identified by Shamsipur et al. (2017) [64] in studies of the electro-
catalytic oxidation of PRG.

Finally, cleavage of the C O bond of FLX can produce two types of
structures containing and not fluorine atoms. It was possible to identify
TP16 FLX (Fig.4e), evidencing the loss of fluoride and formation of a
cyanide group. This TP was reported previously by Tisler et al.(2019)
[65].

Concerning the single H,O, addition, out of the 23 TPs identified, 9
TPs were persistent throughout the process in the RHWW, whereas in
the DW and SWW matrixes, none of the TPs identified were detectable
at the end of treatment. Of these 9 persistent TPs in the RHWW, three
TPs were from DIP (TP3 DIP, TP9 AAA, and TP3 FAA), 4 TPs from PPN
(TP2 PPN, TP3 PPN, TP22 PPN, and TP37 PPN), and one TP from each
DZP and FXT (TP2 DZP and TP16 FXT) (Fig. S.6.1, supplementary
material). For the successive H,O, additions, from the 9 TPs above,
TP22 PPN, TP3 DIP, and TP2 DZP were not detectable at the end of
process. Therefore, the successive H,O,additions strategy improved the
degradation of both the pharmaceuticals and the TPs.

3.6.1. In silico (Q)SAR predictions risk and
biodegradability of the TPs

The in silico (Q)SAR assessment of toxicity and biodegradability of
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Fig. 4. Proposed degradation pathway during reduction-oxidation process.
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Fig. 5. Acute normalized toxicity (LCso ratios TP/Pharm) and biodegradability of TPs throughout the process. lll No biodegradable for EPI-suite and TOXTREE,
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pharmaceuticals and their TPs were carried out by using EPI Suite™,
Toxtree, and ECOSAR software. Table S.6.2 (supplementary material)
shows the ECOSAR in silico predictions for acute and chronic toxicities
towards the aquatic organisms Fish, Daphnid, and Green algae. The LCso/
ECs0/ChV predicted values were evaluated according to the Globally
Harmonized Classification and Labeling System of Chemicals [66]. The
predictions indicated that the DIP TPs presented acute toxicity, being
harmful to Fish and Daphnid, and toxic to Green algae. DIP TPs presented
high chronic toxicity towards Green algae. Most of the DZP TPs pre-
sented acute toxicity, being harmful to the three organisms tested,
whereas TP1 DZP, TP2 DZP, and TP6 DZP presented high chronic
toxicity towards Fish and Daphnid. TP16 FXT presented harmful acute
and chronic toxicities. For the PCT TP, the predicted lower chronic

toxicity values towards all three organisms indicated a threat to the
aquatic ecosystem. According to the predicted acute and chronic toxi-
city values for PPN TPs, most TPs could be considered non-harmful.
Exception to TP7 PPN and TP22 PPN that showed chronic toxicity to-
wards Daphnid. Finally, TP3 PRG indicated that the molecule could be
considered harmful to the three organisms.

Fig. 5 depicts a normalization of the LCsgand ECsgvalues for Fish,
Daphnid, and Green algae, comparing TPs to their parent compounds in
order to show their toxicity effects (i.e. LCsorp/LCsoparent Gompound)- A
value > 1 indicated that the TP toxicity was lower than their parent
compounds, whereas a value < 1 indicated higher toxicity of the TP.
The LCsp and ECsq ratios showed that the TPs from FXT, PCT, PPN, and
PRG exhibited lower toxicity, compared to its parent compounds
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(ratios > 1). However, TP2 DIP, TP3 DIP, TP7 DIP, TP9 DIP, TP2 AAA,
TP9 AAA, and TP3 FAA exhibited higher toxicities, compared to DIP
(ratios < 1). The same behavior was observed for TP1 DZP and TP6
DZP. Considering the normalized values, Fig. 5 also shows the tzow
where the highest intensity peaks of the most toxic TPs occurred. As
depicted, four TPs (TP7 DIP, TP9 DIP, TP1 DZP, and TP6 DZP) (Fig. 5a
and c) had a higher intensity during the dark stage, with a decrease
during the solar process. The other TPs were formed during the oxi-
dative (solar) stage, with the highest intensities in the first 30 min of the
process, decreasing after. Compared to the other structures identified,
DIP and DZP TPs were predicted as more toxic. PCT and PRG TPs
presented toxicity and most PPN TPs were predicted as harmful and not
harmful (Fig. 5d, e and f).

The Cramer rules were in accordance with most of the ECOSAR
estimations for DIP, DZP, and PPN. It should be noted that the Cramer
prediction reports toxic effects in terms of oral toxicity, while ECOSAR
reports the results in terms of the acute and chronic toxicity values.

The in silico (Q)SAR predictions for biodegradability provided by
BIOWIN 1-7 and START (Toxtree) can be seen in Table S.6.3 (supple-
mentary material). Comparing the in silico (Q)SAR predictions, similar
results were pointed out, indicating most of the TPs as non-biode-
gradable compounds. BIOWIN is fragment-based, while START is based
on structural alerts, which are molecular functional groups or sub-
structures linked to environmental persistence or biodegradability.
Information about the SMILES, ECOSAR fragment type data, and
BIOWIN 1-7 predictions can be seen in Table S.6.3 (supplementary
material).

4. Conclusions

Considering that iron scrap can be easily acquired from industrial
waste, the use of ZVSI as catalyst can improve the economic viability
and can be incorporated in integrated system of reduction-oxidation for
the degradation of pharmaceuticals in complex matrixes. Excellent re-
sults in terms of elimination of the pharmaceuticals were found for the
reuse of ZVSI. The ZVSI provides a continuous release of Fe?*into the
solutions bulk. Successive H,O, additions can be used as a strategy
improving the pharmaceutical degradation and mineralization ratios.
Combining reducing and oxidizing stages was useful for the remedia-
tion of pharmaceuticals and degraded most of the persistent TPs that
presented toxic characteristics. Besides, ZVSI offers an alternative for
the treatment of effluents containing high amounts of salts and organic
matter, reducing the release of toxic products, allowing the reuse of
industrial waste for the degradation of micropollutants.
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S1. Aqueous matrixes studied

Three aqueous matrixes employed were distilled water (DW), simulated
wastewater (SWW), and raw hospital wastewater (RHWW). The composition of the
SWW was adapted from the OECD recommendation (OECD, 1999). The characteristics
of the RHWW can be seen in the table S.1. The RHWW employed in the degradation
studies was used as collected (without filtration). The pharmaceutical compounds were

spiked into the different aqueous matrixes, prior to pH adjustment.

Table S.1Main physicochemical characteristics of the RHWW matrix

Parameters (units) Value Method LOD LOQ
SMEWW
pH 9.9 4500-H"
B
SMEWW
o o _1
Conductivity (uS cm™) 1132 2510 B 1 0.2
Dissolved organic carbon SMEWW 1.68
(mg L) 67.6 5310 3.99
Chemical oxygen demand 173 SMEWW 5 0.8
(mg L' Oy) 5220 B '
Biological oxygen demand 9 SMEWW > 0.6
(mg L' Oy) 5210 B '
SMEWW
s -1
Total solids (mg L) 415 2540 B 10 5
SMEWW
: -1
Total suspended solids (mg L") 156 2540 D 10 5
SMEWW
: _ - -1
Chloride — CI' (mg L") 69.2 4110 B 0.5 0.02
SMEWW
_ 3- -1
Total posphate — PO4 (mg L) 22.27 4500 P E 0.03 0.006

SMEWW - Standard Methods for the examination of water and wastewater (American
Public Health Association et al., 1998).
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S2. Characterization of the ZVSI

Granulometric analysis was performed according to a standard method [1].
Powder X-ray diffraction analyses employed a Rigaku Miniflex 600 instrument operated
with a CuKa radiation source (A= 1.5418 A), 15 mA current, and 40 kV voltage. Scanning
was performed in the 20range from 10 to 90°, at a rate of 2° min’!, with a step size of
0.02°. Scanning electron microscopy images were obtained using a Tescan Vega3 LMU
microscope. EDS mapping was performed using an Oxford Instruments system operated
at 15 kV and equipped with a backscattered electron detector.
For determination of the point of zero charge, 0.1 g amounts of ZVSI were added to
Erlenmeyer flasks, together with 50mL volumes of pharmaceuticals solutions containing
0.1 mol L' NaCl, at different initial pH values in the range from 1 to 11. The mixtures
were stirred for 24 h, followed by zeta potential determination using a Zeta Plus

instrument (Brookhaven Instruments), at A = 660 nm.
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S.3 Experimental conditions: Doehlert Design
Table S.3.1 Doehlert design for pharmaceuticals degradation through combined

reduction-oxidation process.

VARIABLE 1
Codified value -1 -0.5 0 0.5 1
[H:02] (mg L") 10 32.5 55 77.5 100

[H:0;] (mmol L")  0.29 0.95 1.62 2.28 2.94

VARIABLE 2
Codified value -0.866 0 0.866
ZVISI(g L' 0.5 1.25 2
QUADRATIC MODEL
Unember O ZVISL (R aren”
1 1 0 91.35
2 0.5 0.866 97.95
3 -1 0 83.37
4 0.5 -0.866 88.61
5 0.5 -0.866 98.36
6 -0.5 0.866 99.06
7 0 0 94.33
8 0 0 92.01
9 0 0 91.29

aSolar photo-Fenton treatment time (t3ow):25.2 min.

Table S.3.2 Selected ANOVA parameters.

ANOVA parameters
Matrixes DW
Parameter number (p) 6
Experiments number (n) 9
Level number (m) 7

Significance (o) 0.051




Table S.3.3 Analysis of variance for quadratic model in photo-Fenton process for DW

and SW matrixes.

Analysis of Variance - Quadratic Model

VS QS DF oM F test. P
Regression 205.23 5 41.045 24.0458P 0.013
Residuals 5.1209 3 1.707
Lack of fit 0.0719 1 0.0719 0.028471 0.882
Pure error 5.049 2 2.5245
Total 210.35 8
% Variance explained 97.57
% Maximum variance explainable 97.60

bSigniﬁcant values
VS: variance source, QS: quadratic sums, DF: degrees of freedom, QA: quadratic mean, F test: calculated
value of measured test F, p: statistical parameter p.

Table S.3.4 Coefficients for DW and SWW matrixes.

Coefficients

DW

X0 92.54
X1 4.098
X2 2.899
xi2 -5.18
X2 6.332
X1X2 -6.27

Model equation: Y= 92.54+4.098%x1+2.899 *x»-5.184*x,2+6.332%x,? -6.272*x1x2
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Fig S.3.1 Profiles of predicated values and desirability functions for the pharmaceuticals

degradation.

Area decrease %

58



Pareto Chart of Standardized Effects; Variable: Area decrease %
2 factors, 1 Blocks, 9 Runs; MS Residual=1.706689
DV: Area decrease %

(1)H,0, (mg L)L) | 5.435848
ZvSsI (g L')Q) f 5.307832
H,0, (mg L')Q) | -4.34633
1Lby2L |} -4.15645
(2)2VSl (g L)L) f 3.842612
p=.05

Standardized Effect Estimate (Absolute Value)

FigS.3.2 Standardized main effect Pareto chart for the Doehlert design of pharmaceutical

degradation. The vertical line in the chart defines 95% confidence level.



S.4 LC-QTOF MS analysis

The LC was equipped with a reverse-phase Hypersil Gold C18 analytical column
(2.1 mm x 150 mm X 3pum). When ionization in positive mode was selected, the mobile
phase was a mixture of MeOH acidified with 0.1% formic acid (A) and H»O acidified
with 0.1% formic acid (B) at a flow rate of 0.5 mL/min. In this case, the gradient
progressed from 10% A (initial conditions) to 90% A in 10 min, and then maintained for
2 min. The QTOF mass spectrometer was operated in positive ionization mode under the
following conditions: capillary 4000 V, nebulizer 40 psi, drying gas 9 L/min, gas
temperature 200 °C. In all analyses, the injection volume was SpL. The samples injected
were previously filtered through a 0.22 um PVDF filter. The QTOF MS system was
operated in broadband collision-induced dissociation (bbCID) acquisition mode that
provided MS and MS/MS spectra at the same time. All MS information was recorded
over the m/z range of 50—1000 with a scan rate of 2 Hz. The bbCID mode allowed for
work with two different collision energies: one with a Low Collision Energy (LE) of 10
eV, and a second that applies a High Collision Energy (HE) of 70 eV to obtain MS/MS
spectra. TargetAnalysis and DataAnalysis 4.2 software's were employed for analyzes and,
in most cases, for ions with a deviation of +5 ppm of error were assigned possible
elemental compositions and double-bond equivalent (RDB).

Limit of detection (LOD) and limit of quantification (LOQ) for each
pharmaceutical studied, in both water matrixes, were determined for the quantification

method developed in this work (see Table S.4.1).
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Table S.4.1. Parameters for quantification method used to determine pharmaceuticals in

different matrixes studied.

Matrix DW SWw RHWW

. LOD LOQ LOD LOQ LOD LOQ

Pharmaceuticals o1y (gl @gl")  @mgl)  @gl") (gL
Paracetamol (PCT) 0.25 0.83 0.47 1.56 0.1 0.33
Propranolol (PPN) 0.03 0.10 0.05 0.18 0.04 0.13
Dipyrone (DIP) 0.36 1.19 0.44 1.47 0.88 2.94
Fluoxetine (FXT) 4.29 14.28 1.25 4.16 1.07 3.57
Progesterone (PRG) 0.025 0.08 0.09 0.31 0.23 0.77
Diazepam (DZP) 0.01 0.03 0.01 0.03 0.04 0.13
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S.5 Preliminary studies
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Figure S.5.1 Zeta potential of ZVSI in different pH
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Fig S.5.2Area decrease of pharmaceuticals with ZVSI and ZVSI with air for 60 minutes

in darkness.
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S.6Microspecies distribution according pH values
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Fig. S.6.1 Micro-species distribution of DIP (a), PPN (b), PCT (c), FLX (d) and DZP
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S.7 Transformation products

Table S.7.1. TPs identified thought reductive-oxidative process at pH 3.0 in DW, SWW and RHWW matrixes.

Compound Rt Ton Mass (m/z) Error DBE Matrix
(min) Ion Formula [M-H|" Experimental Calculated (ppm) DW SWW RHWW
TP2 DIP 31 C11Hi1sN203 223.1075 223.1077 0.9 5.5 X
CsHioN 120.0808 120.0808 0.2 4.5
TP3 DIP 2 C1iHi3N203 221.0921 221.0921 0 6.5 X
Ci1oH11N2O 175.0864 175.0866 0.9 6.5
C1oHsNO 158.0599 158.06 0.6 7.5
TP7 DIP 5.3 C12H16N303 250.1186 250.1186 0.1 6.5 X
C10H14N302 208.1078 208.1081 1.3 55
CoHi3N>0 165.1016 165.1022 3.8 4.5
C/HiN:2 123.0912 123.0917 3.6 3.5
TP9 DIP 3.8 C1iH13N202 205.0972 205.0972 -0.3 6.5 X X
Ci1oH1i:N20 177.1022 177.1022 0.5 55
CsHioN 120.0806 120.0808 1.5 4.5
TP17 DIP 4.4 C12H14N302 232.108 232.1081 0.1 7.5 X X
CsH14NO 116.1066 116.107 34 0.5
TP2 AAA 5.1 C13H16N303 262.1189 262.1186 -0.9 7.5 X
CsH1303 133.0861 133.0859 -1 0.5
C4Ho0O» 89.0601 89.0597 -4.3 0.5
TP9 AAA 1.1 CsHi10NO 136.0757 136.0757 0.1 4.5 X
CsH;0 119.0492 119.0491 -0.1 5.5
CsH70 95.0492 95.0491 -0.9 3.5
C/H; 91.0543 91.0542 -1.3 4.5

CsHsNO 86.0602 86.06 -1.9 1.5



TP3 FAA

TP1 DZP

TP2 DZP

TP5 DZP

TP6 DZP

TP16 FXT

TP2 PCT

TP3 PCT

TP2 PPN

TP3 PPN

TP7 PPN

TP22 PPN

4.6

7.8

9.3

8.3

6.9

1.2

1.6

1.3

0.9

3.9

C1iH13N204
CsHiiN,O
C7HeNO
CeHsgN
C14sH13CINO
CisH,:CIN
C7Hs0
C16H15CINO;
Cio0H1103
Ci15sH12CIN>O
CsHi,NO
C4Ho
C1sH16CIN20O;
CisH,:CIN
C14H15CINO
CoHsNO
CsHsNO3
CsHeNO>
CsH10NO4
CsHeNO>
C4HeN
C6H14N02
CsHinN
CsHi16NO2
C;HsNO
CsHioN
C;s;HgN
C14sH20NOg4
C16H22NOy4

237.0871
151.0861
120.0443
94.0652
246.0681
228.0575
105.0335
304.0746
179.0698
271.063
102.0912
57.0696
303.0902
228.0574
246.0681
146.06
140.0349
112.0393
184.0602
124.0395
68.0497
132.1018
86.0965
134.1174
74.06
72.0806
56.0492
266.1389
224.0921
292.155

237.087
151.0866
120.0444
94.0651
246.068
228.0575
105.0335
304.0735
179.0703
271.0633
102.0913
57.0699
303.0895
228.0575
246.068
146.06
140.0342
112.0393
184.0604
124.0393
68.0495
132.1019
86.0964
134.1176
74.06
72.0808
56.0495
266.1387
224.0917
292.1543

-0.5
2.9
0.5
-0.9
-0.2
-0.3
-0.3
-3.7
24
0.8
1.2
5.1
-2.4
0.2
-0.4
0.6

-0.1
1.3
-1.4
-2.6
0.6
-0.9
0.9
0.6
2.3
4.5
-0.9
-1.8
24

6.5
4.5
5.5
3.5
8.5
9.5
5.5
9.5
5.5
10.5
0.5
0.5
9.5
9.5
8.5
6.5
4.5
3.5
4.5
4.5
2.5
0.5
0.5
-0.5
0.5
0.5
1.5
5.5
5.5
3.5

X

ol
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CoH,0 131.0492 131.0491 -0.3 443

CsH1sNO 116.1071 116.107 -0.5 6.8

TP26/27 PPN 4.9 Ci6H22NOs 308.1497 308.1492 -14 6.5
Ci6H20NO4 290.1387 290.1387 0.1 7.5

TP37 PPN 114 CsH704 167.0338 167.0339 0.3 5.5
CsHs0; 149.0233 149.0233 0.4 6.5

TP45 PPN 6.7 Ci6H26NO4 296.1836 296.1856 6.8 4.5
CsHi1505 133.086 133.0859 -0.4 0.5

C4HoO, 89.06 89.0597 -3.2 0.5

TP3 PRG 9 C21H290; 313.2158 313.2162 1.3 7.5
CsHo 57.0706 57.0699 -13.1 0.5

X means that the TPs were found at the aqueous matrix indicated.
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Fig S.7.1Profile of the most persistent TPs in the reductive-oxidative process.
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Table S.7.2. Biodegradability and toxicological Hazard of pharmaceuticals and TPs generated trough reduction-oxidation process.

Biodegradability Toxicity
TOXTREE ECOSAR
EPI-suite TOXTREE LCs ratios ECs ratios
1ya . 1\a 50 50
Pharm. Cramer Acute (mg L) Chronic (ChV) (mg L) (TP/Pharm) (TP/Pharm)
. . Fish

Toxicity ) Daphnid Green algae Fish 96h- Daphnid Green algae Fish Daphnid Green algae
LA |- L E“Chso 48h-LCsy  96h-ECs LCso 48h-LCsp 96h-ECx 96h 48h 96h
DIP NO Persistent High 474.00 46.90 56.00 48.80 3.21 16.30 1.00 1.00 1.00
TP2 DIP YES Persistent High 38.4 20.7 6.93 198 20.7 0.08 0.44 0.12
TP3 DIP YES Persistent Intermediate 23.1 15.1 5.16 100 12 0.05 0.32 0.09
TP7 DIP NO Persistent Intermediate 13.70 11.50 4.06 47.90 6.89 0.03 0.25 0.07
TP9 DIP NO Persistent Intermediate 13.3 104 3.65 49 6.73 0.03 0.22 0.07

TP17 DIP NO Persistent Low 2x107 9.69x10° 5.88x10° 2.81x108 2.99x10* 9.44x10° 47046 20660 1.05x10°
TP2AAA | NO Persistent High 6530 20100 26400  |OOGN 1980 138.00 0.14 429 471
TP9 AAA NO Persistent Low 190.00 212.00 16.60 1.67 25.20 7.14 0.40 4.52 0.30
TP3 FAA NO Persistent Intermediate 19.40 13.90 4.82 77.60 9.98 0.04 0.30 0.09
DZpP NO Persistent High 22.60 19.80 3.55 1.00 1.00 1.00
TP1 DZP NO Persistent High 1.99 1.39 2.42 0.09 0.07 0.68
TP2 DZP NO Persistent High 29.80 26.50 4.47 1.32 1.34 1.26
TP5 DZP NO Persistent High 144.00 83.60 67.50 14.40 8.60 18.40 6.37 4.22 19.01
TP6 DZP NO Persistent High 85.30 9.88 8.64 5.44 3.77 0.50 243
FXT NO Persistent High 1.08 1.00 1.00 1.00
TFI;IT6 YES Persistent High 1350.00 689.00 328.00 116.00 49.70 67.40 1250 3937.14 4151.90

PCT NO Persistent High 320.00 63.30 26.30 26.50 5.12 37.00 1.00 1.00 1.00
TP2 PCT NO Persistent Low 27.7 1.2 3.62 1.79 1.37 1.63
TP3 PCT YES Persistent Low 322 1.35 4.16 2.08 1.54 1.87
PPN NO Persistent High 20.20 2.58 1.85 1.00 1.00 1.00
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TP2 PPN NO e — Low 869.00  78.90 112.00 116.00 497 30.40 4302 3058 60.54
TP3 PPN YES g5l High 1999.00  170.00 272.00 321.00 10.10 70.90 9896  65.89 147.03
TP7 PPN YES g5y Low 54.60 5530 28.80 13.40 9.51 270 2143 15.57
gﬁf YES Persistent Low 3870 37.60 20.50 7.62 7.29 192 1457 11.08
g%\? YES g5l Low 1230000  1160.00 1510.00 1450.00 75.80 425.00 60891 449,61 816.22
g’,ﬂ YES g5l Low 932000  4860.00 2540.00 824.00 373.00 549.00 46139 1883.72 1372.97
Tpl;f\f NO pem— Low 122000 115.00 152.00 146.00 7.52 42.50 6040 4457 82.16
PRG NO Persistent High 17.10 6.78 5.57 2.53 1.48 3.63 1.00 1.00 1.00
TP3 PRG NO T — High 24.80 10.50 8.27 401 2.19 492 1.45 1.55 1.48

*The predicted toxicity values by ECOSAR were classified according to the system established by the Globally Harmonized System of Classification and Labeling of Chemicals
(GHS) (United Nations, 2011):

LCso/ECs0/ChV < 1.

not harmful LCso/ECso/ChV> 100;
Biodegradability predictions.

harmful 100 > LCso/ECso/ChV> 10 ;

toxic 10 > LCso/ECso/ChV> 1 ; [l very toxic
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Table S.7.3. TPs identified thought reductive-oxidative process: SMILES, BIOWIN data and class-specific estimations employed in toxicity and

biodegradability predictions.

BIOWIN BIOWIN BIOWIN BIOWIN BIOWIN BIOWIN BIOWIN

1 2 3 4 5 6 7
Lo Linear  Non-linear  Ultimate Primary MITI MITI Anaerobic Class-specific
Comp SMILES K g model model survet survey Linear Non- linear BIOWIN S"SPe
ow . estimations
model model model Linear model
(weeks) (days- model
weeks)
O=CIN(C2=CC=CC=C .
DIP NOGOSCING | 9981 09260 0.9444 27655 35824 01414  0.0332 05157 NO Hydrazines
O=C(C=0)N(C1=CC=C .
TP2 DIP oGO 216 12132 1 2.9123 3.8581 0.6147 05980  0.5075 VES Hydrazines
O=C(C=0)N(C1=CC=C .
TP3 DIP NGO 7578 10554 09999 27568 37315 05103 03896  0.5405 VES Hydrazines
O=C(C(NC)=O)N(C1=C .
TP7DIP N oo 1169 09671 09813 26161 3.6984 01395 00421  -0.2295 NO Hydrazines
TPYDIP ~ N'CCOCCOCEONL 964 07784 08708 27699  3.5580  0.1589 00542  0.4574 NO Hydrazines
O=C1/[N+](N(C)C(C)=C . _ .
TP17DIP  INO-C(C-C2)C-CC2- 15326 0.7972  0.5874  2.6856  3.5322  0.1859  0.0380  -0.3490 NO Aliphatic Amines
O
CNIN(C2=CC=CC=C2)
TP2 AAA  CCICOCINCC-0) 10.364 02462  0.0437 21567  3.3645 0.2405  0.0583  -1.1552 NO Epoxides
=0
TP9 AAA  CCNCIECETCCTED™ 7 958 10214 09962 2.8683 3.8630  0.4781 05323 -0.0703 NO Amides
0O=C(C(O)=O)N(C1=CC .
TP3FAA OIS 9.923 08359 0.8906  3.0638 38974 02324 00745  0.6047 NO Hydrazines
CIC1=CC=C2C(C(C3=
DZP CC-CC-C3-NCC(Nz  9.647 07678 0.8085 23311 34819  0.0837  0.0217  -0.8789 NO Amides
C)=0)=C1
TPIDZP O (CL i, 11569 03493 00449 23142 32022 00135 00148  -0.8607 NO Neutral organics
0=C(C1=CC(Cl)=CC=C
TP2DZP  INCO-OCOC2-CC  14.578 09243 0.8624 24266  3.5617 03357  0.0888  -0.9920 NO Amides

=CC=C2
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TP5DZP  C=CC-C2-N3-CON(  7.836 05643 02589 24163 32967  -0.0209 00107  -0.1910 NO Neutral organics
C)C3=0
O=C(CN1)N(C)C(C(C1(
TP6 DZP  0)(2-CC-CC=C2-C3) 14178 07291 0.6390 21036 3.3457  0.1310 00145  -1.0358 NO Aliphatic Amines
=CC=C3Cl
FC(F)(F)C1=CC=C(0C
FXT (CCNOC2=CC-cC-C 9259 0.4937  0.1305 19910  3.2523 02360  0.0000 05562 NO Aliphatic Amines
2)C=C1
TP 16 FXT O7CCOMNCITCECC 9749 111204 09990  2.7955 3.5558 0.5602 0.6065 0.2112 YES Neutral organics
PCT N o @ 11041 1.0015 09886 28673  3.8748 04866  0.5090  -0.1124 NO Phenol Amines
TP2PCT  CCNCLEIQICCO 4354 11097 09942 2.8883 3.8914 04950 04856  0.0638 NO Phenol Amines
TP3PCT OO CCONCOCC 18976 12179 09971 29093 39080 05034 04623 0.2399 VES Phenol Amines
PPN S IR LL 13966 1.0685 09782 27523 37234 03861 02010 02173 NO Aliphatic Amines
TP2PPN  CCONCCOC-0 5331 12823 1 31160  4.0279 08766 09221  0.8038 NO Aldehydes
TP3 PPN COCNCCCOO 7669 11554 0.9886  3.2492 39578  0.6698 07508  0.8400 VES Aliphatic Amines
O=CC1=CC=CC=C1C(O
TPTPPN  * (cooono . 133932 13926 1 29598  4.0633 09036 08760  0.6200 VES Aldehydes
0/C(CO/C(C1=CC=CC(
TP22 PPN 0)CIC-0)-CICO)-C\ 14547 11256 09987 29344 39331 07164 04297 05186 VES Aldehydes
NC(C)C
0O=C(0O)C1=CC=CC=C1/
Tll),zlf/ 2T coccencoooer 17503 10279 09991 28059 37717 O-BLIM0.6 0659503, 505 VES Aliphatic Amines
N -0 236 432
0O=CC1=CC=CC=C1/C(
OCCONCOC0-CIC( 16233 0.9237 09949 3.0826  4.1495 0.3041 VES Neutral organics
0)=0
TP37PPN OOl 9817 10222 09959 3.0078  3.6235 1.0047 09569  0.9855 VES Aliphatic Amines
OC(CNC(C)C)co/C(C1 . . .
TP45PPN L0 o cico 0.8896 04621  3.0421  3.8435 03826 01337 02790 NO Aliphatic Amines
0=C1C=C2CCC3C(CC :
PRG  CICO-OCHOCCC3 9446 02436 0.0030 20350  3.0427 03623  0.0674  -1.7307 no VinylPropargyl/kK
C2(C)cC1 etones
O=C1C=C2C=CC3C(CC :
TP3PRG  CACO-OCHOCCIC 9171 02446 00031 20395 30456 03412 00481  -1.6377 no  VimyVPropargylk

2(0)CCl
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Zero-valent iron (Fe®) has recently been proposed as a potential candidate for the degradation of
pharmaceuticals, because Fe® can release dissolved iron species, activate molecular oxygen, and react
with oxidant species. Additionally, due to its small particle size and large surface area, this catalyst can
provide better degradation results, compared to traditional processes. This work focuses on the
elimination of pharmaceuticals present in different water matrices, considering the potential harm that
these substances can cause in the environment. The mechanisms of pharmaceutical removal using Fe®
particles include reduction, adsorption, precipitation, and oxidation processes. Most studies have focused
on oxidation processes in the presence of Fe® and radicals derived from oxidants such as hydrogen
peroxide (H,0,), ozone (03), peroxysulfate (SO52~), peroxodisulfate (S,05%7), and oxygen (O). Most of
the results have shown that high percentages of pharmaceuticals can be removed, degraded, and
mineralized. The mechanisms of oxidation and the parameters that influence the degradation of
pharmaceuticals, as well as the possible degradation pathways, are discussed here. This review provides
information on trends of different processes that use Fe?, considering aspects such as particle size, type of
matrix, the pharmaceuticals studied, and the results obtained that can improve understanding of new
advances in the field of advanced oxidation processes (AOPs) for the degradation and elimination of
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pharmaceuticals.
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1. Introduction

Zero-valent iron (Fe®) has received recent research attention for
use in catalysts employed in heterogeneous Fenton and Fenton-
like processes. Fe®, which has a standard reduction potential (E°) of
-0.41 V (SHE), is one of the most promising materials for water and
wastewater treatment at ambient pressure and temperature. Its
advantages include small particle size and high surface area [1],
low cost, green synthesis [2], low toxicity [3], easy association with
other materials, and suitability for use in bioremediation [4]. It can
provide efficient degradation or transformation of hazardous
pollutants such as heavy metals [5], halogenated compounds [6],
pesticides [7], surfactants [8], dyes [9], and phenolic compounds
[10], among others.

The mechanisms of removal of organic contaminants using Fe®
particles include reduction, adsorption, precipitation, and

* Corresponding author.
E-mail address: carla.sirtori@ufrgs.br (C. Sirtori).

https://doi.org/10.1016/j.teac.2019.e00069
2214-1588/© 2019 Elsevier B.V. All rights reserved.

oxidation, with the process being highly pH-dependent. The use
of Fe? involves both homogeneous and heterogeneous processes,
which may act synergistically. The dissolved iron ions leached from
Fe® contribute to homogeneous reactions [11], while Fe® and its
oxides on the surface participate in heterogeneous reactions. A
lower initial pH accelerates the corrosion of Fe® and releases more
electrons, compared to a higher initial pH, while increase of the pH
favors the formation of iron hydroxides that precipitate, hence
decreasing the efficiency of the process [12]. During the oxidation
process, Fe® can release dissolved iron species and activate
molecular oxygen [13], making it an effective catalyst for the
generation of reactive oxygen species (ROS) from oxidants such as
hydrogen peroxide (H,0,), peroxymonosulfate (HSO5™), peroxy-
sulfate (SO52"), persulfate (S,05% ), 0zone (O3), or oxygen (O-). As a
result, Fe® can be used to remove and mineralize emerging
pollutants [14].

In the last decades, pharmaceuticals have become recognized as
bioactive chemicals present at different concentration levels (g
L~! and ng L™ 1) in the environment. The increased production of
these substances by pharmaceutical industries and their use in
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hospitals, households, and veterinary activities has led to their
increasing presence in wastewater. These compounds may be
considered as emerging pollutants, because they are not yet
regulated or are currently in the process of being regulated. Most
countries do not yet possess the conditions for the control of these
substances in wastewaters or natural waters [15].

Many pharmaceuticals cannot be effectively treated by
wastewater treatment plants (WWTP), due to their hydrophilic
nature, resistance to biological processes, and relatively long half-
life, which causes persistence in aquatic ecosystems. The stability
of the active principle in the environment and its transformation in
metabolic pathways can lead to variable amounts of transforma-
tion products (TPs) and metabolites [16] that may present greater
or smaller larger environmental impacts, compared to the parent
compound. Although many studies have reported the degradation
of pharmaceutical products and their TPs, techniques are still
needed to achieve complete mineralization and/or low toxicities.
The low concentrations of pharmaceuticals and TPs require the use
of advanced chromatography techniques combined with high
resolution mass spectrometry for their identification and quanti-
fication. The aim of this review is to provide an overview of the use
of Fe® in the treatment of pharmaceutical products that are present
in different water matrices, focusing on the operational conditions,
progress in the development of catalysts, effect of the matrix, and
the identification and toxicity of TPs. The latest studies and
perspectives for treatments to degrade pharmaceuticals using Fe®
are presented.

2. Fe® performance factors

The main factors that affect the performance of Fe® used in
processes for contaminant removal are the operational conditions,
the catalyst characteristics, and the matrix. It is essential to
consider the effects of these factors in the development of
techniques employing Fe® for water treatment [13].

2.1. Operational conditions

2.11. pH

The efficiency of degradation of pharmaceuticals in Fe®-
mediated processes is strongly affected by pH. The initial pH
affects the surface charge of the Fe® catalyst, with a lower pH
resulting in a more positive charge that facilitates the contact of the
oxidizing reagent and more Fe?* produced by corrosion of Fe?, with
this the Fe®/Fe** reduction potential increases, resulting in
dissolution of the passivated layers, hence promoting the
generation of ROS and degradation of the contaminant. Conversely,
increasing the pH increases the quantity of negative surface
charges on the catalyst, so the formation of repulsive forces inhibits
ROS generation [17]. Cao et al [18] studied the degradation of
tetracycline by HSOs activewith Feunder acidic conditions (2.0,
4.0, 5.0) and alkaline conditions (9.0, 10.0), pharmaceutical
removal efficiency reached a value 76.6%, 72.5%, 58.3%, 69.3%,
63.2%, respectively, these results confirm the best reaction
efficiency by acid pH.

In the case of the Fe®/H,0, system, the optimum efficiency is
also obtained at pH around 3 [19,20], according to studies done by
Daneshkhah et al [14] for the removal of metoprolol, solution pH
values (3, 5, 7, and 9) were evaluated, the results indicate that the
pH of the solution plays an important role in the elimination of
metoprolol from aqueous solutions, since under acidic conditions,
more than 95% of the pharmaceutical was removal. In systems
where chelating agents are used, the best pH values are closer to
neutral. Zhou et al [21] studied the degradation of antibiotic
norfloxacin by heterogeneous sonochemical Fe®/tetraphosphate
Fenton-like systemat a pH range of 3-9, according with the results

neutral to weak alkaline circumstances were favorable for the
pharmaceutical degradation and the maximum ks was achieved
at the system of initial pH 7. In the case of Fe®/S,0s%", it was
demonstrated that the low corrosion rate of Fe® at neutral pH
greatly inhibited degradation performance [22]. The optimum pH
depends on factors such as the ratio of the reagents, pharmaceuti-
cal concentration, and physicochemical characteristics of the
solution, at low pH value, the characteristics of the matrix can
influence the use of aerobic or anaerobic conditions for the
elimination of contaminants in wastewater [23].

2.1.2. Oxidant agents

There are different reaction mechanisms that use Fe® as a
catalyst, with the generation of oxidizing radicals depending on the
oxidant involved in the process. In acidic solution, Fe® can easily
release Fe?* (Eq. (1)), which can activate H,0, to produce hydroxyl
free radicals in the Fenton system (Eq. (2)). The oxidation of Fe® by
dissolved oxygen produces H,0, via the transfer of two electrons
from the particle surface to oxygen (Eq. (3)). The oxidation of Fe?*
in a neutral medium generates hydroxyl radicals, hence increasing
the pH of the solution (Eq. (4)), in a mechanism known as the
advanced Fenton process [24]. The H,0, produced is reduced to
water (Eq. (5)) or is converted to HO", while reaction with Fe?* leads
to Fe** (e.g. FeO?*) (Egs. (2) and (6)). However, the rapid
accumulation of HO" can enable it to be easily eliminated by
H,0, and Fe?" (Egs. (7) and (8)). Furthermore, the Fe>* generated
reacts with H,0, in a Fenton-like process (Eq. (9)), while Fe** can
react sequentially with Fe® to give a sustained supply of Fe** (Eq.
10) [25]. This generation of ferrous iron and recycling of ferric iron
at the Fe® surface can avoid the accumulation of excess ferrous iron
and reduce the precipitation of iron hydroxides during the reaction
(Eq. (11)). The precipitation of Fe>* ions occurs at pH higher than
4.0, while at pH < 4, there is the formation of oxyhydroxides of Fe**
(Egs. (12)-(14)) that have low efficiency for the production of
radicals [26]. The main mechanism of the Fenton process is
represented in Fig. 1.

Fe® + 2H* - Fe?" + H, (M
Fe?* + H,0, — Fe>* + HO" + HO- (2)
Fe® + 2H* + 0, — Fe?* + H,0, (3)
2Fe® + 0, + 2H,0 — 2Fe®" + 4HO- (4)
Fe® + H,0, + 2H* - Fe?* + 2H,0 (5)
Fe?* + H,0, — Fe0?* + H,0 (6)
H,0, + HO" - HO,/0, -+ H,0 (7)
Fe?* +HO™ + H'> Fe'+ H,0 (8)
Fe3*+ H,0, — Fe?* + HO, + H* (9)

2Fe3* + Fe® - 3Fe®" + HO, /O, -+ H* (10)
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Fe3*

H,0 Fe?*

Fe(OH)*

Pharmaceutical

Fe2*
(E S FeO?*
Fe3*
H,0,

Fig. 1. Schematic diagram of pharmaceuticals degradation using Fe®/H,0, system.

Fe* + HO- — Fe(OH); (11)
Fe3* + H,0 — FeOH?* + H* (12)
Fe3* + 2H,0 — Fe(OH)** + 2H* (13)
2Fe®* + 2H,0 — Fey(OH),** + 2H* (14)

Persulfate (S,05%7) and peroxymonosulfate (HSO5~) are acti-
vated by heat, ultraviolet light, ultrasound, and Fe® or other
transition metals, forming the sulfate radical (504 ™-), which is an
efficient strong oxidant for the degradation of emerging pollutants

HO-
HO-

SO,

Fen  Fe”

Fe2*

[27]. The reaction between Fe® and S,05% is shown in Eq. (15), with
the Fe?* formed subsequently reacting with S,0s2" to generate SO
- (Eq. (16)). Meanwhile, HO" can be formed by reaction between
S04~ and H,O/OH™ (Egs. (17) and (18)) (Fig. 2) [28].

Fe® + 25,052 — Fe?* + 250, -+ 25042~ (15)
Fe?* + S,05%~ — Fe3* + 50,2~ + SO, - (16)
SO4 - + H,0 — SO4%~ + HO" + H* (17)
SO, - + HO- — S04%~ + HO (18)

S,04*

Fig. 2. Schematic diagram of pharmaceuticals degradation using Fe®/S,0g?~ system.
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Segura et al. [29] studied the pretreatment of a pharmaceutical
wastewater (PWW) by Fenton oxidation with Fe® and H,0,, with
aeration used to improve degradation of the complex mixture of
organic compounds present in the wastewater. The authors
demonstrated the efficiency of the aerated system (air/Fe®/H,0,)
for pharmaceutical degradation in a complex matrix, which could
be explained by the fact that under oxidizing conditions, oxygen
acts as an electron acceptor, generating H>O, and consequently
improving the efficiency of degradation. Mineralization can be
improved by the successive addition of H,0,, as demonstrated by
improved elimination of dissolved organic carbon (DOC) in effluent
when H,0, was added in two steps [30]. However, it is important
to highlight that at higher concentrations, H,O, inhibited the
corrosion of iron, so it is essential to employ an optimum hydrogen
peroxide concentration [14]. The strong negative effect of a high
H,0, concentration on pollutant removal by Fe°/H,0, might be
due to the scavenging effect of HO® and the inhibition of iron
corrosion by H,0, [31].

Tan et al. [32] studied the removal of chloramphenicol in water
employing HSOs ™, which revealed that the combination of Fe® and
HSOs™ at pH 3.0 and 7.0 was extremely effective for chloramphen-
icol decomposition. This was attributed to the generation of highly
reactive radicals such as SO, -and HO’ in the system, following
addition of the catalyst. Gao et al. [33] obtained satisfactory results
for the degradation of propranolol by Fe®-activated S,05?~, under
ultrasonic irradiation. This oxidant can be activated using
transition metal ions such as Cu?*, Ag*, and Co®* [34].

2.1.3. Ozonation

Another process that can be employed for the degradation of
pharmaceuticals is the coupling of ozonation with a metallic
catalyst. The mechanism proceeds by chemisorption on the
catalyst surface, leading to the formation of active oxidizing
species and redox reactions. The ozonation is accelerated by the
addition of catalysts, with the efficiency of the process depending
on the type and surface properties of the catalyst, as well as the pH
[35]. Study done by Malik et al [36] reported the biodegradability
enhancement, COD (Chemical Oxygen Demand), color and toxicity
removal via O3, O3/Fe?*, O3/Fe® processes. The last process showed
the highest biodegradability (BI=BODs/COD), COD, color and
toxicity removal of 62.3%, 93% and 82%, respectively. One of the
advantages of this process is the reduction in the cost of the
operation, despite the additional expense associated with catalyst
separation. The reaction with ozone leads to the formation of
ozonide, oxygen, and hydroxyl radicals (Egs. (19)-(23)). In some
cases, these reactive oxygen species (ROS) are more reactive than
ozone for pharmaceutical degradation [35].

Fe + 205— Fe?* +205- (19)
Fe?* + 03 - Fe3* + 05— (20)
Fe** + 03 — Fe0?" + 0, (21)
FeO?* + H,0 — Fe3" + HO™ + HO- (22)
Fe3* + 03 —» Fe0?" + H* + HO" + HO- (23)

2.1.4. Weak magnetic field
The application of a weak magnetic field has recently been
employed to improve the performance of Fe®, representing an

efficient and environmentally friendly method without any
additional energy requirement. The “magnetic memory” of Fe®
can induce a heterogeneous magnetic field around the Fe® surface.
The presence of a magnetic gradient force in the solution generates
paramagnetic ions such as Fe?*, which move to the location with
the most intense magnetic force flux, resulting in the localized
distribution of iron ions. This enhances the generation of Fe?* [37],
with the rapid removal of iron oxides, suppression of the negative
effects of scavengers such as SO4%~ [38], greater production of ROS
and iron oxides, and consequent improved removal of contami-
nants [39]. Zhou et al [40] demonstrated significant synergistic
degradation of antibiotic diclofenac in a novel magnetic field
enhanced Fe®/EDTA Fenton-like system, this improved the ks of
pharmaceutical and shortening the initial lag degradation period
with total degradation of 80% of pharmaceutical in 120 min.

2.1.5. Bioprocesses

There is increasing use of processes that offer sustainable in situ
production of hydrogen peroxide, with lower energy consumption.
These processes are characterized by enzymatic activity related to
materials of biological origin, together with the presence of a
source of iron ions [41]. The removal of compounds can be
improved by the combined use of Fe® and anaerobic micro-
organisms, where the Fe® is an electron donor for the reduction of
sulfate, nitrate, and chlorinated aromatics by microorganisms. The
synergetic degradation effect is mainly attributed to the biodegra-
dation capacity of the hydrogenbacteria [42]. Bavandi et al [43]
have also shown that n-Fe® can improve the growth of micro-
organisms and bioproduction. The authors investigated the effect
of starch/n-Fe® as a modifier of Oscillatoria cyanobacteria in the
elimination efficiency of trinitrophenol, with this the bioremoval
efficiency increased by more than 10% compared to the use of
Oscillatoria cyanobacteria alone.

Otherwise, Changotra et al [44] studied the Fenton-biological
joint processes, it combines Fenton applications as pretreatment
technology and biological treatment, the authors showed COD
elimination efficiency of the combined treatment around 84%
compared to 60% obtained by solar photo-Fenton and 40% by
biological treatment, this strategy providing enhanced biodegra-
dation of pollutants in comparison to single stage oxidation or
biological treatment. The proposal of the joint Fenton-biological
process is postulated as a new sustainable method from different
water matrices [41,45].

2.1.6. Temperature

Temperature is another factor that can influence the oxidation
process mediated by Fe®. According to the Arrhenius law, it is
expected that an increase in temperature should lead to faster
generation of radicals. On the other hand, it also increases the rates
of deleterious reactions, so the temperature effect depends on the
respective activation energies. In heterogeneous Fenton oxidation
with Fe® catalyst, it was reported that catalytic activity was
improved by increasing the temperature from 10 to 80 °C, with no
optimum value being observed [46]. Liu et al [47], observed that
the removal rate of chloramphenicol by Fe® increased with
increasing reaction temperature, the 98% of antibiotic was
removed at 40 °Cwith a linear relationship between In Kkops and
1/T (R>=0.988).

2.1.7. Irradiation

Solar processes are effective techniques for the degradation of
pollutants, employing photo-irradiation in the light absorption
range between 290 and 575 nm, which accelerates the reaction
rate, reduces sludge production, and improves the degradation
efficiency. Xie et al [48] studied the degradation of propranolol
with a Fe®/sulfite/O,/photo system, demonstrating that irradiation
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and aeration could effectively accelerate the degradation of
propranolol (96.7%) by promoting the Fe®/O, reaction to produce
HO’, while additional oxygenation by rapid agitation maintaineda
supply of the oxygen necessary for the generation of reactive
radicals. According the authors aeration facilitates the transport of
electrons of active substances in the reaction solution and
increases the utilization of light energy through the detection
photons, increasing the elimination rate of propranolol in the
system.

Ultraviolet radiation has been widely used for disinfection of
drinking water and wastewater treatment. Evaluation of the
performance of Fe®/H,0,/UV and Fe%/S,05%~/UV systems showed
that UV irradiation could remove contaminants by photolysis and
activate the oxidant reagents for generation of ROS (Egs. (24) and
(25)). The use of UV irradiation in degradation processes can help
to overcome the activation energy for oxidation of Fe® and
accelerate the generation and recycling of Fe?*, thereby enhancing
the reaction (Egs. (26) and (27)) [22].

S,0g%" +hv — 2504 (24)
H,0, + hv - 2HO" (25)
Fe® + hv - Fe?" + 2e- (26)
[Fe(OH)]** + hv - Fe?* + HO (27)

2.2. Iron characteristics

The different oxidation states of iron range from Fe® to Fe®"
enriched by the number of accessible spin states. Iron cations have
applicability and great importance in inorganic, analytical, and
environmental chemistry [49]. In advanced oxidation technolo-
gies, iron Fe?* and Fe®* salts are commonly used in homogeneous
processes (such as Fenton and Fenton-like processes). When Fe%is

8,04
H,0,

Heterogeneous system

used in water remediation treatment, the heterogeneous mecha-
nism is considered to mainly involve particle interactions, since the
catalyst is in the solid state, although homogeneous and
heterogeneous reactions can occur in the solution and/or on the
surfaces of the particles of iron and its corrosion products, with
ROS production occurring in both phases (Fig. 3). Iron corrosion
products including goethite, hematite, lepidocrocite, and maghe-
mite have been studied in remediation processes [50]. In photo-
Fenton systems, hematite has significant photoactivity, solid
hematite would act as a iron reservoir that would be released
and/or activated under irradiation (Fe*>* photoreduction to Fe**) for
the Fenton process to take place in solution (Fe?*+H,0,) [51].
Moreover, some modifications in the structure of iron corrosion
products are being studied and successfully applied in the
elimination of pharmaceuticals, such as the study carried out by
Yang et al [52], where the authors synthesized and studied the
effect of hematite-biochar compounds (FOC) and pyrite-biochar
compounds (FSC) on the elimination of norfloxacin from the
aqueous solution, with the synthesis the average pore width
increased the functional groups on the surface of FOC and FSC,
which could interact with the pharmaceutical product through
hydrogen bonds, action of the m-m electron acceptor donor,
complexation and ion exchange interaction. FOC and FSC showed
an elimination capacity of 81.63% and 96.34%, respectively.

The dissolved iron ions in solution, generated from Fe®, play an
important role in determining the efficiency of the degradation
system, since the concentrations of ROS including HO', 0,'-, HO, -,
and SO, - are affected by the concentrations of these iron ions [11].
However, an excessive quantity of Fe® may cause decomposition of
the oxidant to produce unreactive oxygen species, as well as
scavenging of the active radical species [29].

2.2.1. Particle size

The particle size also affects pollutant degradation, since it
influences the mobility, stability, and reactivity of the components
of the system. Ambika et al. [53] studied the effect of particle size
on phenol removal, with mesozero-valent iron (m-Fe®) particles
being quantitatively evaluated in comparison with coarse zero-

Fe2+ Fe2+
Fe3* Fe?*

~~~~~ > Fe2* +H,0, - Fe3* + HO® + HO"

Fe?* +5,0,2" - Fe¥* + 50,2+ 50,*

Fe3* Fes*
e
Fe?

Fe3* et

Fe2* Fe3*

Fe3*+ H,0, -> Fe* + HO,® + H*

..... >

Fe3* + H,0 > FeOH?* + H*
Fe3* + HO™ - Fe(OH),

Homogeneous system

Fig. 3. Schematic diagram of homogeneous/heterogeneous systems using Fe®.
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valent iron (c-Fe®) and nanozero-valent iron (n-Fe®) particles. The
c-Fe® particle size was between 0.2 and 5 mm, while n-Fe® was
typically smaller than 100 nm and m-Fe® presented an intermedi-
ate particle size. The experiments were carried out under different
pH conditions (pH 3, 4, 6, 7, 8, and 10) and the results showed that
the m-Fe® particles provided consistent phenol degradation at
neutral pH, with an efficiency of 89% in 20 min, helping to avoid
disadvantages such as the agglomeration and low reactivity
presented by c-Fe® and n-Fe®. In the work of Ma et al. [54], the
use of n-Fe® provided greater efficiency in the removal of
norfloxacin, which was attributed to higher catalytic activity
provided by the high specific surface area and consequent greater
availability of active sites, favoring corrosion of the catalyst surface
and enhanced formation of HO". Despite high reactivity, n-Fe® has
drawbacks related to the preparation process, which in some cases
requires an inert atmosphere and expensive reagents, which can
hinder scale-up. Depending on their size, the particles may require
storage media in order to maintain reactivity, due to the tendency
for aggregation and passivation.

The work of De Perini and Nogueira [30] demonstrated the
influence of particle size on the efficiency of sertraline degradation.
The degradation rate was improved when the quantity of larger
particles (20 mesh) was increased, while no significant change was
observed in the case of smaller particles (200 mesh).

It has been suggested that m-Fe® particles may be especially
suitable for use under field conditions, where a consistent
degradation process is necessary. These particles are reactive at
slightly higher pH, due to the size of the particles and their
resistance to dissolution, being able to transport electrons through
the iron oxide formed on the surface at high pH, unlike n-Fe°
particles that tend to agglomerate and produce potentially stable
larger particles in the long term [53].

2.2.2. Bimetallic systems

Many studies have demonstrated that zero-valent metals (such
as Cu, Ni, Pd, Ag, and Bi) show satisfactory performance when H,0,
is used for the degradation of organic pollutants [54]. Bimetallic
Fe® (Fig. 4a) exhibits super-magnetic properties and can be easily
separated from the liquid phase under the influence of an external
magnetic field [55]. The added metal can significantly accelerate
the rate of corrosion of Fe° increasing its reactivity and the
formation of hydrogen species on the surface, which can suppress
the oxidation of Fe® [56]. These bimetallic particles have been

O = Metal
OrFe

(b)

Fig. 4. Representation of Fe catalyst: (a) bimetallic, (b) supported in other material and (c) complexed.

(a)

shown to present higher activity, compared to monometallic
systems. For example, Ni/n-Fe® and Cu/n-Fe® have been used as
inexpensive materials to promote highly efficient removal of
pharmaceuticals at pH 6.0 [57] and from wastewater at neutral pH
[58]. Weng et al [59] examined functional bentonite-supported
nanoscale (B-Fe/Ni) for the simultaneous removal of amoxicillin,
ampicillin and penicillin, the results showed degradation percen-
tages of 94.6%, 80.6% and 53.7%, respectively. Kinetics studies of
mixed antibiotics using B-Fe/Ni confirmed that adsorption and
degradation occurred simultaneously as removing of antibiotics in
the presence of particles. In other work, Ni has been used as a
catalyst that improved the stability of iron-based bimetallic
nanoparticles in air, preventing oxidation and providing better
corrosion stability, while offering lower costs for on-site remedia-
tion [60]. Bi/n-Fe®has gained attention due its low carrier density,
high electron distribution, and highly anisotropic Fermi surface, as
well as its low cost and environmentally friendly characteristics
[61].

2.2.3. Support materials

In order to improve the stability of Fe® in suspensions and
during transportation, various materials have been used as
supports or for the purpose of encapsulation, including biochar
[62], activated carbon [63], magnesium aluminum phyllosilicate
[64], vermiculite [65,66], bentonite [1,67], kaolinite [68], zeolite
[46], graphene [69], carbon spheres, and carbon polystyrene resin
(Fig. 4b). Iron waste has also been used as a source of Fe® for
eliminating bacteria and contaminants in municipal wastewater
[70]. Additionally, biopolymers such as alginate have been
successfully used to immobilize different iron species [58]. For
example, the use of alginate [59,71,72] and chitosan to immobilize
Fe® led to mechanisms of diffusion of oxidants or ions that were
mediated by the pore size of the cross-linked structure. Elsewhere,
chitosan was employed for the immobilization of Fe>* and Fe® [34].
This catalyst was used with S,052~, achieving 98.5% degradation of
acetaminophen, with minimum leaching of the iron. The material
showed excellent stability when used with S,05%~ to produce
abundant free radicals for the oxidation of pharmaceuticals, and
also protected the metal ions from leaching.

Pirsaheb et al. [73] studied the use of n-Fe® encapsulated in
carbon for the removal of amoxicillin and ciprofloxacin. The useful
characteristics of this eco-friendly catalyst included high surface
area, high reactivity, and efficient removal of the compounds at
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different pH values. It was found that the removal efficiencies were
highly dependent on the properties of the antibiotic and the
structure of the catalyst. Otherwise, studies reported that the
sepiolite-supported n-Fe® prevent agglomeration and provide a
large reactive area with removal percentages for metoprolol higher
than 50% in the presence of SO42~, Cl-, HCOs-, and NOs- ions at pH
3.0 [14]. However, other work using Fe-zeolite as a catalyst found
appreciable catalytic activity of this type of catalyst at near-neutral
pH (pH 4-6) [46].

Sulfide-modified zero-valent iron (S-Fe®) is a new material
based on Fe® that offers enhanced reactivity and selectivity
towards different pollutants. Sulfidation, modifies with reduced
sulfur (i.e., sodium sulfide, dithionite, and thiosulfate), in such a
way the iron sulfides replaced the iron oxide passive layer on the
Fe® particles, increasing electron transfer [74] and inhibit nearby
adsorption sites for oxygen, consequently lowering the dissocia-
tion of O, and subsequent growth of iron hydroxide. This has two
positive effects, since it enhances the generation of H,0, and HO®,
while preserving a considerable amount of Fe® for subsequent Fe3*
reduction. Given the high conductivity of S-Fe®, it can act as an
electron shuttle in the reduction of surface bound Fe*" to Fe?" by
Fe®, with the regenerated Fe?* then being used for repeated HO®
generation [75]. S-Fe®was applied to HSO5~ to degrade sulfameth-
oxazole, the removal efficiency of pharmaceutical by S-m-Fe°/
HSO5~ system was increased by 29.4% in comparison with m-Fe®/
HSOs™ system [74], this result suggests that sulfidation has good
potential for the elimination of micropollutants in the aquatic
environment.

2.2.4. Chelating agents

The use of chelating agents was recently reported to improve
the efficiency of degradation of pollutants by means of an oxidative
mechanism [76]. In this technique, Fereleases dissolved iron
species in the presence of chelating agents that enable the
operation to be performed at different pH values. In tests using
nanoparticles of Fe® in the presence of different chelating agents
[77], it was found that EDTA presented the best chelating effect
with Fe®with a weight percentage of iron of 91.28%, which could
solve the stability problem of Fe® for its applications in
environmental remediation and water purification (Fig. 4c).

EDTA

FeZ*

According with Zhou et al [40], in the Fe®-EDTA system, the
degradation of pharmaceuticals can be attributed to the activation
of O, and in situ generation of ROS mainly HO" in the redox cycle of
Fe-EDTA ligands, in this study, a significant synergistic degradation
of the diclofenac antibiotic was demonstrated in a Fe?/EDTAFen-
ton-like system with percentages of degradation greater than 90%
for the elimination of antibiotic. Bautitz et al. [19] studied the
degradation of diazepam in an homogeneous system using EDTA as
a chelating agent. Evaluation was made of parameters such as the
concentration and pretreatment of iron, as well as the effect of
complexation with EDTA under oxic and anoxic conditions, with
the best results achieved under oxic conditions following
pretreatment using H,SO,.

The role of the complexation agent in an oxygenated system is
related to Fe-complex formation after fast oxidation of Fe® to Fe?*
and Fe3". The Fe?*-EDTA complex is capable of activating dissolved
oxygen and generating reactive oxygen species such as O, or HO»,
which lead to H,0, formation (Egs. (28)-(29)) [19]. Fenton
reactions performed in the presence of the Fe-EDTA complex
are able to oxidize a wide variety of pharmaceuticals (Fig. 5).
Chelating agents such as EDTA can undergo a series of coordination
reactions with ferrous ions and the main product generated by the
photolysis is Fe?* (Eq. (30)), which in the presence of H,0, gives
rise to the Fenton reaction.

(02)ads + e~ = 0’ or HO,™ (acidmedium) (28)
HOZ. + HOZ' - H202 + 02 (29)
[Fe-EDTA]- + hv— Fe?*+EDTA™~ (30)

Another chelating agent that has been widely studied is sodium
citrate, because it is an environmentally friendly and readily
biodegradable multidentate organic complexing agent. In evalua-
tion of the behavior of acetaminophen degradation with citrate
and S,05%~, Deng et al. [78] found that when the dosage of sodium
citrate was increased, it could compete with the pharmaceutical
for SO4'- radical attack, consequently reducing the degradation
efficiency.

Fe3+ S| Fe** EDTA
Fe?*
Feb F 3+ J
> ¢ Fe2 EDTA H,0, §
Fe3* Fe2+ — N
Fe>* EDTA -
EDTA

Fig. 5. Schematic diagram of pharmaceuticals degradation using Fe®/EDTA system.
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2.3. Matrix effects

The elimination of emerging contaminants by AOPs is
influenced by the quality of the water matrix, with the efficiency
reflecting the interactions of the dissolved components, which
may have neutral, inhibitory, or promoter effects. The composition
of the water matrix depends on the source (for example, domestic,
hospital, agricultural, or industrial) and can also have a significant
impact on the inactivation of bacteria in water disinfection
processes [79]. The wastewater components include organic
compounds such as natural organic matter (NOM) composed of
humic and fulvic acids, carbohydrates, proteins, and inorganic
species such as carbonate, bicarbonate, nitrite, sulfate, chloride,
phosphate, and surfactants, which can be scavengers of HO" and
SO, -.

The absorption of light can have an inhibitory effect, due to the
substances present in the matrix. It may also result in the
formation of less active iron complexes and competition for
catalytic active sites. The presence of NOM has been found to cause
a significant increase in energy consumption, due to its strong
absorption properties and its high reactivity with oxidizing
radicals [80]. In the case of Fe® the catalyst may be deactivated
by poisoning of the active sites or fouling of the surface area, as
well as by modification of the surface electrical charge due to the
effects of pH or ionic strength [46,79].

Considering the anions commonly found in aqueous media, it
has been found that HCO5;~ has a greater influence than SO4>~ or
NO5~, with the order of inhibition usually being: HCO3 >Cl™>
S042~> H,PO, > NO;~ [33]. Studies have shown the inhibitory
effects on pharmaceutical degradation of HCOs~ [34], CI~ and
C052~ [32], SO4%~ [35,54], and cations [14]. However, it has been
reported that some species can also act as promoters, an example
being NO3~, which produces HO" and NO," radical species, hence
promoting the photodegradation of pollutants [79]. At low
concentrations, chloride ions can have a positive effect on the
kinetic constants and the percentage degradation, because they
can react with HO' to generate dichloride (Cl, ) and chlorine (CI°)
radicals that can then react with organic compounds in solution
[81]. The presence of chloride ions accelerates the corrosion of Fe®
by H,0, and the formation of ROS, hence increasing the
degradation of organic materials. In contrast, phosphate has been
found to inhibit ROS formation and the degradation of organic
compounds [82].

As has been noted, the temperature and values lower of pH
accelerate the realize of ions from surface of Fe® to solution,
subsequently, the ions can active the oxidant reagent to generate
radicals, which directly participates in the degradation of
pharmaceutical, the activation of oxidant reagent can originated
from homogeneous (releasing ions from Fe® surface) and
heterogeneous process (on Fe® surface). The most common
oxidizing agents used with Fe® are H,0,, S,0g%>~ and HSO5 ", the
concentration used must be careful, since high concentration
causes an elimination effect, the successive addition of oxidizing
agent is an alternative to improve the mineralization.The weak
magnetic field, bimetallic systems, support materials and chelating
agents have recently been used to improve the Fe® yield and the
efficiency of pharmaceuticals degradation by means of oxidative
mechanism.

Besides, the optimum conditions for the degradation of
pharmaceutical products using Fe® also depend on the proportion
of the reagents and total organic matter (TOC) (catalyst/oxidant
agent, Fe®/TOC or oxidant agent/TOC). Segura et al [29] studied the
degradation of pharmaceuticals in wastewater, the authors
reported a TOC reduction of up to 80%, this value was reached
with moderate loads of Fe® and H,0,, Fe®/TOC weight and H,0,/
TOC molar ratios of 12 and 3.2, respectively.

3. Fe? as a potential catalyst in the removal of pharmaceuticals

Pharmaceutical products are continuously introduced into the
environment, mainly from hospital wastewater [83], personal care
products [84], pharmaceutical industry waste [85], and inappro-
priate discarding of drugs [86]. Their presence at low concen-
trations is recognized as being potentially harmful to ecosystems,
while the persistence of traces of pharmaceuticals and other
xenobiotic compounds in water can lead to public health problems
following their ingestion in drinking water or contaminated food
[87].

A plausible mechanism for pharmaceuticals degradation using
Fe® and oxidant involvesadsorption, reduction and oxidation. The
elimination of pharmaceuticals by Fe® is mediated by its surface.
The iron oxide/hydroxide layer blocks the active sites and,
therefore, inhibits the transfer of electrons from the surface,
which promotes the reductive degradation of pharmaceutical, at
the same time it increases its absorption and that of its
intermediates [88], the electrostatic interaction between iron
oxide/FeO and pharmaceutical play an important role in removal
processsince it depends on the charge of the compound and the
iron surface there may be a greater or lesser interaction. On the
other hand, at a pH acid at an acid pH, the best electron transfer is
promoted, which means that upon contact with an oxidizing agent,
ROS can be generated and, therefore, oxidative degradation can
also occur [12].

Karim et al. [20] investigated the degradation of 17a-
ethinylestradiol, used asa model steroidal estrogen, by commer-
cially sourced n-Fe® at pH 3, 5, and 7, under different oxygen
conditions. It was found that the dominant radicals were HO" at pH
3 and O,- at pH 5. Liu et al. [47] showed that Fe could be
employed to efficiently remove chloramphenicol from different
natural waters within several minutes, demonstrating that n-Fe® is
a promising material that can be used to reduce antibiotic selection
pressure in the environment. Weng et al. [1] reported that the
removal of amoxicillin was based on a combination of adsorption
and reductive degradation.

The use of ultrasonic irradiation in advanced oxidation
technologies enables the production of highly reactive species
such as HO", O°, H', and H,0, by thermal fragmentation of water
molecules and organic solutes during acoustic cavitation involving
the formation, growth, and subsequent implosion of bubbles [35].
This technique has been reported to improve the effectiveness of
the Fenton process [54,39].

Considering the kinetics of the degradation processes, Du et al.
[31] reported three phases in the sulfamethoxazole degradation
curve, with an initial lag phase, a second rapid degradation phase,
and finally a stationary phase. The stationary phase was due to
saturation of the surface of the material, representing a disadvan-
tage of the process. One way to address such a drawback is to use
bimetallic materials that offer greater stability at different pH
values.

Table 1 summarizes the main and most recent studies
concerning the removal of pharmaceuticals using Fe® as a catalyst
in different systems, providing information about the nature of the
matrix, the principal results obtained, and the TPs identified.

The main groups of pharmaceuticals employed in the studies
involving processes with Fe® were antibiotics and anti-inflamma-
tory compounds in distilled or deionized water. In the majority of
cases, the parent compound removal percentages exceeded 70%,
while the identification of TPs and their toxicities are topics that
are currently a focus of investigation. The reaction time can vary
according to the concentrations of the reagents used, the nature of
the matrix, and the physicochemical characteristics of the
pharmaceuticals. The shortest time reported was 10 min, while
some processes required days. Higher degradation efficiency was
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Table 1

Studies reported in the literature concerning the removal of pharmaceuticals using Fe®as catalyst.
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Pharmaceutical / initial

concentration

Family or function

Experimental conditions

Water matrix

Results

TPs Ref.

Tetracycline

20 mg L'

Metopropol

3mgL!

Ciprofloxacin
10 mg L!

Diazepam
25mgL!

17a-ethinylestradiol

0.01 mmol L!

Sulfamethazine
10 mgL!

Pharmaceutical

Wastewater
samples
TOC=01gL!

Sertraline

72 pmol L!

Cloroamphenicol

10 mgL!

Propranolol
40 pmol L

Acetaminophen

30 mgL!

Ibuprofen

Antibiotic

B1 receptor blocker

Antibiotic

Benzodiazepine
family
(calming effect)

Estrogen

Antimicrobial

Antidepressant

Antibiotic

B blocker

Nonsteroidalanti-
inflammatory

Nonsteroidalanti-
inflammatory

[Fe®]=04gL!

Air aeration = 500 mL min~

pH=25
Time = 30 min
[Fe°]=05gL!

[H,0,] = 10 mmol L™

pH=3.0
Time = 60 min

[Fe®] = 0.05 mmol L™
[S205%7] = 1.6 mmol L™!

pH=70+02

Temperature = 25 °C

Time = 20 min

[Fe] = 5,25, and 40 g L !
Particle size = 0.85 mm
[EDTA] = 119 mg L

pH =25

With presence and absence of O,

Time = 120 min

[Fe®] = 89.5 mmol L!

pH = 3, 5, and 7 under different oxygen

conditions

200 rpm

Time = 90 min
[Fe®/BC] =12 gL}
BC: Biochar

[H205] = 20 mmol L'

pH=3.0

Temperature = 20.0 + 0.2 °C

Time =12 h

[Fe®] = 0.6,1.2, and 2.4 g L

[H,0,] = 0.23 and 0.96 g L

pH=3.0

Temperature = 22 + 2 °C
-1

Air flow = 5 L min
Time = 60 min
[Fe®] = 0.5-2.5 g L™!

Particle size = 74 and 840 pwm
[H,0,] = 5 mmol L'

pH =25
Time = 90 min
[Fe°]=05gL!

[HSO5~] = 0.2 mmol L'
pH = 3.5, 7.0, and 10

Temperature= 20 °C
Time = 120 min
[Fe°]=015gL!

Particle size = 50 nm
[S205%7] = 1 mmol L!

pH =3, 4.5, and 7

P =250 W
Time = 30 min
[Fe®] =0.08 g L!

[S208%7] = 2.0 mmol L™

pH =70
Time = 35 min

Deionized water

Deionized and tap
water

Deionized water

Ultrapure water

Distilled water

Ultrapure water

Real industrial

wastewater generated
from a pharmaceutical
manufacturing plant

Ultrapure water and
effluent from a sewage

treatment plant

Distilled water

Ultrapure water

Deionized water

[Fe®-graphite] = 5 mg L' Fe equivalent Ultrapure water

of the catalysts

Fe®/air process achieved

90% degradation

Maximum removal rates of

67.24% and 55.16%

99% degradation

96% degradation

and 60% mineralization

Maximum removal of 99.4%
at pH 3.0 under anaerobic
conditions and ambient
oxygen, and 85.8% under
saturated oxygen conditions

74.04% removal efficiency

Air/Fe°/H,0, system achieved
TOC reductions of up to 80%

Sertraline was totally degraded
in water and effluent using the

Fe®/H,0, system

97.2% removal at pH 3.5, with

small proportion of
mineralization

Removal rate up to 94.2%

98.5% removal efficiency,

without pH control

TOC degradation rates of 79%
and 41% with Fe®-graphite;

[12]

[14]

[17]

[19]

[20]

[25]

[29]

[30]

[32]

[33]

[34]

[35]
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Table 1 (Continued)

Pharmaceutical / initial Family or function Experimental conditions Water matrix Results TPs Ref.
concentration
10 mgL! Particlesize = 20-100 nm 100% ibuprofen elimination
was obtained with Fe®-graphite
and ultrasonic irradiation
pH = 6.5
Osflow = 12 mg min~!
861 kHz
Time = 60 min
Diclofenac Nonsteroidalanti- [Fe®] = 1.0 mmol L~! Deionized water Total removal v [37]
inflammatory
20mgL! [H,0;] = 1.0 mmol L'
pH = 3-6
Time = 60 min
Tetracycline Antibiotic [Fe°] =038 g Simulated municipal Removal rates reached over 90% [42]
wastewater
1, 10, 30, 50, 80, 100, and 150 Particle size = 100 nm
mgL!
pH =70
Anaerobic biodegradation
Time = 25 days
Ibuprofen Nonsteroidalanti- [Fe®-zeolite] = 4.8 g L ! Distilled water and 88% of ibuprofen and 27% of 1=  [46]
inflammatory TOC were removed
20 mg L! [H,0;] = 6.4 mmol L~! Effluent from a
municipal wastewater
treatment plant
pH =43
Temperature = 25 °C
Time =3 h
Propranolol B blocker [Fe®] = 0.1 mmol L~! Ultrapure water Degradation improved from v [48]
68.5% to 98.7% with increased
sulfite dose
20 mmol L' Particle size = 46.2 wm
[Sulfite] = 0.5 mM
pH=6.0+0.2
Temperature = 25 °C
Simulated sunlight irradiation
Time = 60 min
Norfloxacin Antibacterial [Fe®-Cu] = 0.25 g L} Ultrapure water Removal efficiencies of 46.68% [54]
and 91.5% using n-Fe®/H,0,and
US/n-Fe®/H,0, systems,
respectively
5mgL! Particle size = nano-sized (625 mesh)
[H205] = 10 mmol L~!
pH= 3.0
Ultrasound power of 240 W at 20 kHz
Time = 30 min
Chloramphenicol Antibiotic [Fe°]=1gL! Distilled water 54.0 mg v [55]
¢~ 'removalcapacityofthe
material
100 mg L ! Particlesize = 12 nm
pH=6.5
Temperature = 40 °C
Oxytetracycline Antibiotic [Ni/n-Fe°] = 200 mg L! Ultrapure water 71.4, 62.3, and 31.1% removal [57]
using Cu/n-Fe° Ni/n-Fe®, and
Fe?, respectively
100 mg L! [Cu/n-Fe°] = 200 mg L'
Particle size = 20-80 nm
pH = 6.0
Time = 240 min
Amoxicillin and ciprofloxacin Antibiotic [Fe®] = 765 mg L ! Distilled water and Removal of 90% ofamoxicillin [73]
hospital effluent and 51% of ciprofloxacin from
distilled water; removal of 71
and 34%, respectively, from real
wastewater
100 mg L! Particle size = 240 nm
[H205] = 20 mmol L!
pH =35
Time = 60 min
Diclofenac Nonsteroidalanti- [S-Fe] =3g L! Ultrapure water Removal rates reached 92.5, [75]
inflammatory 84.2, and 73.6% for 1, 5, and 10
mg L' of diclofenac
10 mgL! Particle size = 100 nm

pH =3.0

Temperature = 25 + 5 °C
Oxygen aeration = 800 mL min~
Time=2h

1
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Table 1 (Continued)

Pharmaceutical / initial Family or function Experimental conditions Water matrix Results TPs Ref.
concentration
Diclofenac Nonsteroidalanti- [Fe®]=04gL! Distilled water The system was successful for [40]
inflammatory the degradation of diclofenac
10 mgL! [EDTA] = 2 mmol L'
pH=5.0
Temperature = 25 °C
With presence and absence of O,
Time = 120 min
Acetaminophen Nonsteroidalanti- [Fe®] = 0.1-1 mmol L™ Distilled water 93.19% removal of [78]
inflammatory acetaminophen and 36.81 and
38.92% removal of TOC at pH 3
and 5.5
0.066 mmol L' [S205%7] = 0.4 mmol L!
pH =1.5-10
Temperature = 80 °C
Time = 180 min
Chloramphenicol Antibiotic [Fe®] = 1.8 mmol L! Deionized water, Removal efficiencies of 92.0, v 47]
groundwater, river 93.7, 96.8, and 87.9% for
water, seawater, and groundwater, river water,
wastewater seawater, and wastewater,
respectively
0.30 mmol L’ Particle size = nanomaterial
pH =70
Temperature = 303 K
Time = 30 min
Tinidazol Antibiotic [Fe]=02¢g Not reported 93% removal, with COD removal [89]
greater than 50%
45, 80, and 100 mg L’ [H20,] = 1 mol L™!
pH=3.0
130 kHz radiation frequency
Time = 150 min
Pharmaceutical and personal [Fe] = 01% w/w Sewage sludge Most of the pharmaceuticals [90]
care products collected from a and personal care products
municipal wastewater could be removed
treatment plant
Particle size = 160 nm
pH =70
Time = 30 days
Sulfamethoxazole Antibiotic [Fe®] =25 mg L' Deionized water 97.9% degradation was v [91]
achieved
25 pumol L! Particle size = 3.9 wum
[H,0,] = 0.25 mmol L™
pH=3.0
Temperature = 20 = 1 °C
Time = 10 min
Amoxicillin Antibiotic [Fe®] = 0.027 mmol L' Deionized water and 100% amoxicillin removal from [92]
soils aqueous systems and soils
10 mgL! Particle size = 20 and 100 nm
[H,0,] = 0.36 mmol L~!
pH =3.0 and 7.0
Time = 15 min
Ciprofloxacin Antibiotic [Wheat straw-Fe®] = 0.75 g L' Ultrapure water More than 85% of the [93]
pharmaceutical was removed
20-100 mg L! pH = 6.0
Temperature = 25 °C
Time = 240 min
Ciprofloxacin Antibiotic [Fe®] = 5 mmol L! Deionized water Complete removal of [94]
ciprofloxacin with 59.99% TOC
removal
10 mgL! Particle size = 61.16 nm

pH =70
Time = 120 min

Where: TOC: Total organic carbon; COD: Chemical oxygen demand; »~: Transformation products (TPs) evaluation was performed.

achieved at acid pH values, although some studies reported
removal percentages above 60% at pH near 7.0.

4. Transformation products and toxicity assessment

The formation of TPs in processes involving Fe® and oxidant
reagents has been attributed to H-abstraction (reduction reac-
tions), with formation of amine and amide groups [12], as well as
deprotonation by electron abstraction, leading to hydrolysis and
the loss of methyl and amino groups [20,21].

The degradation pathways involve successive hydroxylation,
decarboxylation, loss of some functional groups, open aromatic
ring, addition to unsaturated bond reaction of radical and
eventually mineralization [18,33,95]. Depending on the structure
of the pharmaceutical, the TPs can include several isomers [46] and
homo and heterogeneous dimers [47]. The hydroxylation reaction
with the electrophilic addition of HO" to the aromatic ring can form
a resonance-stabilized carbon-centered radical [19]. Hydroqui-
nones can be formed from aromatic rings, while substances such as
acetamide and phenol can be produced after the breaking of bonds
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by free radicals [34]. Dechlorination or hydroxylation can open
benzene rings and generate low molecular weight organic acids
such as oxalic, acetic, and formic acids, which can be oxidized to
CO, and H,0 [37]. In pharmaceuticals containing a sulfonamide
group, a hydroxylation of the phenyl ring is produced followed by a
radical attack on the S—N bond to generated aminothiazole and
sulphanic acid, which is further oxidized to form aniline [96,97]. In
another way, fluoride abstraction is a important stepin the
degradation of fluorinated pharmaceuticals [98], in this case,
C—F bond is broken though radical substitution due to its
nucleophilicity and instability [99]. These TPs can be identified
using chromatographic techniques such as LC-MS/MS [94].

The toxicities of Fe® nanoparticles are a function of their
properties, the tolerance presented by organisms, and environmen-
tal conditions. The main mechanism of toxicity caused by nano-
particles is oxidative stress induced by reactive oxygen species [100],
with negative effects such as disturbances in the functioning of the
cell due to the blockage of cellular ducts. In bacteria, Fe® can cause
structural changes in the membranes, inhibiting mobility and
nutrient intake, consequently leading to cell death. The ROS
generated by Fe® can cause lipid peroxidation and DNA damage.
Negative effects of nanoparticles on the reproduction and mortality
of soil and water organisms have been reported. In plants, there may
be blocking of the absorption of water and nutrients by the roots, due
to the deposition and accumulation of n-Fe® particles on the root
surface. The low solubility of Fe® causes the particles to persist in
biological systems, leading to long-term effects that include
mutagenic effectsinorganisms[101]. The TPs generated in processes
employing Femay be more toxic than the original pollutant,
resulting in additional inhibitory and/or toxic effects in certain
organisms [102].

5. Conclusions and future prospects

In the search for new and better technologies for water
treatment, Fe® is a promising material for the elimination of
emerging pollutants. The main disadvantage of using Fe® for
degradation of pollutants is the cost of catalyst synthesis, catalyst
instability, acidic conditions, high concentrations of iron released
in the solution and long reaction times. Advances in terms of new
supports and in the immobilization and complexation of Fe® have
led to excellent results in the degradation of pharmaceuticals,
providing solutions to the aforementioned disadvantages. An
important advantage of using Fe® is the possibility of reusing the
material, hence generating less waste. This, combined with the in
situ generation of H,0,, makes the process environmentally
friendly by reducing of cost and any negative impacts caused by
excess of oxidizing agents.

However, further studies are needed to investigate the
degradation of pharmaceuticals present in matrices such as
hospital, domestic, and industrial wastewaters, as well as the
degradation of mixtures of pharmaceuticals. In future studies of n-
Fe®, improvements are required in terms of particle longevity and
the use of environmentally friendly synthesis methods employing
inexpensive and biodegradable sources, at the same time
integration of Fe® with conventional biological treatment is
necessary in order to improve the methods currently employed
in WWTPs. It is important to evaluate the use of radiation sources
such as LEDs and solar light, as well as other sources of energy, for
the degradation of pharmaceuticals using Fe® taking into
consideration the costs of developing and operating reactors
and scale-up for application in real wastewater treatment and
water disinfection.In terms of the different groups of pharma-
ceuticals, there is a paucity of studies concerning the reaction
behaviors and degradation efficiencies for psychiatric and hor-
monal drugs as well as understand the interactions between the

new Fe®-based catalysts and pharmaceuticals, considering the
impact of the toxicities of the TPs generated and their mechanisms
of degradation, especially when bioprocesses are employed.
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4.1.2 Solar photo-Fenton process: immobilized iron in alginate

As it mentioned above, Fenton processes have been shown to be enhanced by light
due to the decomposition of the photoactive [Fe(OH)]** species, promoting an additional
generation of HO" radicals in solution!®. Therefore, in order to remove the iron ions from
solution, separation techniques are necessary with additional operational costs. For this
reason, the development of photo-Fenton processes has been promoted on the basis of
heterogeneous catalytic systems, which provide an easy separation-recovery of the
catalyst from the treated wastewater.

In this way, research efforts are currently focused on the use of support with high
stability and allowing an efficient generation of HO". In the literature, different organic
and inorganic materials have already been reported as supports for the immobilization of
active iron species in heterogeneous photo-Fenton processes!?7-110,

This subsection therefore presents a study focused on the analysis of the
immobilization of iron in alginate as a continuous iron dosing strategy in the solar photo-
Fenton process for the degradation of model pharmaceuticals (Paper IIT)!!!. The spheres
produced from a biodegradable raw material (alginate) could easily remove from the

reaction medium and considered for reuse. In addition, the possible TPs generated during

the treatment processes were analyzed.
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Abstract

A solar homo/heterogeneous photo-Fenton process using five materials (Fe(II), Fe(Ill), mining waste, Fe(Il)/mining waste, and
Fe(Ill)/mining waste) supported on sodium alginate was used as a strategy to iron dosage for the degradation of eight pharma-
ceuticals in three different water matrices (distilled water, simulated wastewater, and hospital wastewater). Experiments were
carried out in a photoreactor with a capacity of 1 L, using 3 g of iron-alginate spheres and an initial hydrogen peroxide
concentration of 25 mg L ™", at pH 5.0. All the materials prepared were characterized by different techniques. The Fe(IIl)-alginate
spheres presented the best pharmaceutical degradation after a treatment time of 116 min. Nineteen transformation products
generated during the solar photo-Fenton process were identified by liquid chromatography coupled to quadrupole time-of-
flight mass spectrometry, using a purpose-built database developed for detecting these transformation products. Finally, the
transformation products identified were classified according to their toxicity and predicted biodegradability.

Keywords Pharmaceuticals - Solar homo/heterogeneous photo-Fenton process - Hospital wastewater - Neutral pH -

Transformation products

Introduction

In recent years, the photo-Fenton process has been widely stud-
ied for the removal of persistent pollutants from wastewater,
using solar light as the radiation source; looking at the viability
of any field-scale water treatment technology, it depends on its
efficiency under natural solar irradiation instead of artificial
light sources (Bansal et al. 2018). The results of the studies
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show a faster removal and mineralization of recalcitrant organic
compounds, compared to typical dark Fenton processes, and
has the advantage of being able to use solar light for UV irra-
diation (Alalm et al. 2015). The heterogeneous photo-Fenton
reaction has been successfully used for the degradation of phar-
maceuticals in water and wastewater (Mirzaei et al. 2017), of-
fering a more environmentally friendly approach, according to
life cycle assessment, for the treatment of pharmaceuticals in
wastewater, compared to other advanced wastewater treatment
processes (Rodriguez et al. 2016). Besides, this system allows
to extend the range of viable operative pH.

Recent studies have reported the successful use of iron sup-
ported on sodium alginate, a biopolymer (Titouhi and Belgaied
2016; Cruz et al. 2017). This material is derived from algae and
can undergo ion exchange with divalent or trivalent cations,
producing an “egg-box” type structure (Liu et al. 2016). It
can be employed as a catalyst in Fenton reactions, taking ad-
vantage of the ability of alginate to form solid gel structures and
iron ions to participate in the cation exchange; this strategy
represents a new way to maintain iron as an effective catalyst
at neutral pH. The reaction of Fe(Il) or Fe(Ill) with alginate
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enables the synthesis of an environmentally friendly support for
iron that is not harmful to health and offers the possibility of
working with sunlight (Carra et al. 2014).

Previous studies have evaluated the efficiencies of simple
Fenton-like solid catalysts produced using iron oxide minerals
such as magnetite (Fe304) (Sun and Lemley 2011; Sun et al.
2013), hematite (Fe,O3) (Catala et al. 2015; Arzate-Salgado
et al. 2016), and pyrite (FeS,) (Bae et al. 2013), among others,
as potential materials for the elimination of emerging contami-
nants with ease of work at pH close to neutrality in the presence
of UV radiation (Iervolino et al. 2015; Vaiano et al. 2015)
showed a high percentage of mineralization in the first 40 min
of treatment. The magnetic properties of these minerals enable
the catalysts to be easily removed from the solution (Giannakis
et al. 2016; Su 2017). However, the use of iron ions or mineral
oxides immobilized in biodegradable material has received little
attention for the degradation of pharmaceuticals in different
matrices under mild operational working conditions.

On the other hand, simultaneously to the degradation of the
pharmaceuticals which are generated, different intermediate
species may be more stable or toxic than the parent compound
(Kiimmerer 2009). The monitoring of these species, known as
transformation products (TPs), represents a serious challenge,
in environmental matrices, because the TPs are present at very
low levels (< ng L™"). This necessitates the use of high-
resolution mass spectrometric techniques, such as quadrupole
time-of-flight tandem mass spectrometry (QTOF), for the de-
tection and identification of unknown compounds, with the
acquisition of full spectra with high mass accuracy and high
sensitivity (Fatta-Kassinos et al. 2011). In addition to the low
concentrations of TPs, their potential toxicity and low biode-
gradability are characteristics that indicate the importance of
studies than can provide information concerning the degrada-
tion of these emerging pollutants.

The present work focuses on evaluating the degradation ca-
pacity of eight pharmaceutical contaminants from different
homo/heterogeneous photo-Fenton processes using modified
alginate spheres as a strategy to iron dosage in three different
water matrices, which allows working at pH values close to
neutrality. In addition, the identification of TPs through LC-
QTOFMS using a purpose-built database allowed elucidating
possible degradation pathways for some pharmaceuticals and
made possible to evaluate the predicted biodegradability and
the toxicological hazard of each TP.

Materials and methods
Chemicals
The reagents used for the chromatographic analyses, includ-

ing LC-MS grade (Lichrosolv®) acetonitrile (ACN) and
methanol (MeOH), as well as formic acid (98% purity), were
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purchased from Merck (Darmstadt, Germany). The pharma-
ceuticals investigated in this work were purchased from dif-
ferent providers and were of analytical grade (> 98.99% puri-
ty). The catalysts were produced using sodium alginate
(Dindmica, Sao Paulo, Brazil), iron sulfate pentahydrate
(Fey(SO4)3-5H,0; Synth, Sao Paulo, Brazil), and iron
sulfateheptahydrate (FeSO4-7H,0O; Synth, Sao Paulo,
Brazil). Photo-Fenton experiments were performed using al-
ginate spheres containing Fe(I) and Fe(IIl) ions, reagent
grade hydrogen peroxide (H,O,, 35% w/v; Synth),and sulfuric
acid (H,SOy, 98%; Synth) for pH adjustment.

Immobilization of iron in alginate

The methodology for the immobilization of iron in alginate
has been adapted from Souza et al. (2008). Alginate spheres
were made from 2.0% (w/v) aqueous sodium alginate solution,
which was prepared by mixing sodium alginate powder in
ultrapure water at 60 °C. The sodium alginate solution was
stirred for 24 h to facilitate the elimination of air bubbles
formed during the mixing process, in order to decrease its
viscosity and to reduce the drop size for the next step. Then,
sodium alginate solution was added dropwise to 0.1 mol L™
CaCl, solution, at 4 °C, to obtain resistant spheres of calcium
alginate. These beads were placed in aqueous solution of
FeSO, and Fe,(SO,); (0.05 mol L) each one for 15 days
under refrigeration; in this step, the Fe(I) and Fe(IIl) were
immobilized on the beads by an ion exchange process, and
Fe(ID)-alginate and Fe(I1)-alginate beads were obtained, after
which the spheres were washed repeatedly with distilled water
to remove the excess iron in the surface.

In the case of the mining waste spheres, 10 g of mining
waste was added to 100 mL of 2.0% (w/v) alginate solution,
for its subsequent cross-linking with CaCl, solution; this ma-
terial was denoted mining waste-alginate. Finally, materials
consisting of mining waste and iron ions (Fe(Il) or Fe(IIT))
supported on alginate were prepared. For this, spheres of the
mining waste-alginate were placed in contact with Fe(Il) or
Fe(IIl) solutions following the methodology initially de-
scribed. These two additional materials were denoted Fe(II)/
mining waste-alginate, and Fe(Ill)/mining waste-alginate.
Prior to use, all the spheres were dried for 24 h at 40 °C to
eliminate water. Further information is provided in Fig. S.2.1
(Supporting Information).

The iron content in the mining waste powder used in this
study was quantified by flame atomic absorption spectrome-
try, using a Perkin-Elmer A Analyst 200 instrument fitted with
a hollow cathode lamp (Lumina™, Perkin-Elmer). The results
showed an iron content of 36.86% (w/w). The determination
of immobilized iron in alginate for Fe(I)-alginate and Fe(III)-
alginate was determined by UV-Vis spectrometry (Cary 50
UV-Vis spectrophotometer) with previous digestion of the
sample in an acid solution HNO5:HCI (1:3) at 70 °C for 1 h,
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subsequently; with an adequate dilution, its concentration was
measured by colorimetric determination with 1,10-
phenanthroline, according to the ISO (1998) procedure. It
was determined that Fe(Il)-alginate and Fe(Ill)-alginate con-
tain 7.56 mg and 25.11 mg, respectively, of iron immobilized
in 1 g of alginate spheres. In turn, Fe(II)/mining waste-alginate
contain 1.76 mg of iron, and Fe(Ill)/mining waste-alginate
contain 3.03 mg of iron immobilized in 1 g of the material.

Characterization of the different prepared alginate
spheres

The alginate spheres were characterized using optical micros-
copy (Olympus BX41). X-ray diffraction (XRD) pattern was
investigated by a Siemens D500 equipment operated at 30-kV
voltage and 17-mA current using a monochromatic Cu Ko
radiation (A =0.15406 nm) on the measured range, with steps
of 0.05° and counting time of 2 s per step. ATR-IR spectra
were acquired using a Bruker Alpha FTIR spectrometer. The
Alpha-p ATR accessory was equipped with a single-reflection
diamond ATR hemisphere and a spring-loaded mechanical
press for compacting solid samples at the ATR waveguide
surface, under uniform and reproducible pressure (Miiller
et al. 2014). Each spectrum was recorded from 4000 to
500 cm_l, with 24 co-added scans performed in ~ 1 min, with
resolution of 4 cm™'for the samples and 24 cm™ 'for the
background.

Solar homo/heterogeneous photo-Fenton process

Solar homo/heterogeneous photo-Fenton experiments were
carried out using a solar batch photoreactor (1 L) equipped
with a magnetic stirrer. In all the experiments, the pH was
adjusted to pH 5.0 using H,SO, (0.05 mol L™"). This pH
was selected because it was intermediate between pH 2.8—
3.0 (which is the optimum pH for the Fenton process, but
implies stronger conditions and higher reagent consumption)
and neutral pH (which is close to the pH of hospital wastewa-
ter). For each degradation study, a quantity of 3 g of catalyst
was used and 5 different types of catalysts (Fe(I)-alginate,
Fe(Ill)-alginate, mining waste-alginate, Fe(Il)/mining waste-
alginate, and Fe(Ill)/mining waste-alginate) were used sepa-
rately, followed by addition of hydrogen peroxide (35% w/v)
at an initial concentration of 25 mg L' at the beginning of the
experiments. Solar UV radiation was measured by a solar
energy meter (ICEL SP-2000), which provided data in terms
of incident UV (W m 2). All these data were used to calculate
tzow (Nogueira et al. 2005).

Eight pharmaceuticals were selected for use in this study:
nimesulide (NMD), furosemide (FRS), paracetamol (PCT),
propranolol (PPN), dipyrone (DIP), fluoxetine (FXT), proges-
terone (PRG), and diazepam (DZP). The individual initial
average concentrations were below 500 pg L™'. Working

solutions were obtained by appropriate dilution of the stock
solutions prepared using analytical standards of the
compounds.

Experiments were carried out using three different water
matrices: distilled water (DW), simulated wastewater (SW),
and raw hospital wastewater (RHW). The SW composition
was adapted from OECD (1999), in order to simulate the
organic content of the real hospital wastewater employed in
this work (composition for 1 L of SW: 160 mg L™ peptone,
110 mg L™ beef extract, 30 mg L' urea, 2 mg L' Mg,SO,-
7H,0, and 4 mg L™'CaCl,-2H,0). The characteristics of the
RHW used were as follows: pH 8.98, 49.1 mg L' chloride,
conductivity of 722 uS cm™', BOD of 69 mg L™ O,
67.56 mg L'DOC, COD of 217 mg L™ O,, 9.45 mg L™
phosphate, 67 mg L™' total suspended solids, and
261 mg L ™! total solids. The RHW employed in the degrada-
tion studies consisted of raw wastewater that was used as
collected (without filtration). The pharmaceutical compounds
were added to this water matrix before pH adjustment and
before additions of the different iron-alginate spheres and
HzOz.

Analytical determinations during the treatment
processes

The total iron concentration was monitored by colorimetric
determination with 1,10-phenanthroline, according to the
ISSO (1998) procedure, using a Cary 50 UV-Vis spectropho-
tometer. Hydrogen peroxide was analyzed by a spectrophoto-
metric method using ammonium metavanadate, based on for-
mation of the red-orange peroxovanadium cation during the
reaction of H,O, with metavanadate (Nogueira et al. 2005).

Liquid chromatography-quadrupole time-of-flight
mass spectrometry

Degradation of the pharmaceuticals and the TPs generated
during the solar heterogeneous photo-Fenton process was
monitored using a Shimadzu Nexera X2 UHPLC system con-
nected to an Impact II QTOF mass spectrometer
(BrukerDaltonics). The UHPLC system was equipped with a
reversed phase Luna®Omega C18 analytical column
(2.1 mm % 50 mm x 1.6 pm). The mobile phase was a mixture
of MeOH acidified with 0.1% formic acid (eluent A) and H,O
acidified with 0.1% formic acid (eluent B), at a flow rate of
0.28 mL min ", The gradient elution was from 10% A (initial
condition) to 90% A, in 10 min, with a final hold for 2 min.
The QTOF mass spectrometer was operated in positive ioni-
zation mode, under the following conditions: capillary at
4000 V, nebulizer at 40 psig, drying gas at 9 L min "', and
gas temperature of 200 °C. The QTOFMS system was oper-
ated in broadband collision—induced dissociation (bbCID) ac-
quisition mode, which provided MS and MS/MS spectra at the
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same time. All the MS information was recorded over the m/z
range 50-1000, using a scan rate of 2 Hz. The bbCID mode
allows operation with two different collision energies: a low
collision energy of 10 eV and a high collision energy of 20 eV
(to obtain MS/MS spectra). The pharmaceuticals were quan-
tified using the TargetAnalysis and QuantAnalysis 2.2 soft-
ware packages. The limits of detection (LOD) and quantifica-
tion (LOQ) for determination of the pharmaceuticals during
the treatment processes were calculated based on signal-to-
noise ratios of three and ten, respectively (Table S.1.1,
Supporting Information). The data from the TP analyses were
processed using an automated method with a purpose-built
database that was developed and adapted for this application
(Cuervo Lumbaque et al. 2018). All data related to suspected
TPs were evaluated using DataAnalysis 4.2 software. In most
cases, possible elemental compositions for ions with a devia-
tion of +5 ppm were assigned.

Predicted biodegradability and toxicological risk
of the TPs

Toxtree software (v. 2.6.13) was used to evaluate the predicted
biodegradability (START biodegradability) and the toxicolog-
ical hazard (Cramer rules) of the TPs tentatively identified.

Results and discussion
Characterization of different alginate spheres

Observation using optical microscopy showed that the Fe(II)-
alginate and Fe(Ill)-alginate samples consisted of beads with
an average diameter of 2.5 mm (Figs. S.2.2 and S.2.3,
Supporting Information). The spheres presented homoge-
neous structures, with small stretch marks caused by the dry-
ing process. The mining waste-alginate spheres could not be
analyzed by optical microscopy, because their structure did
not allow the light to pass through them.

The XRD analyses (Fig. S.2.4, Supporting Information)
revealed the presence of (012), (104), (110), (113), (024),
(116), (122), (208), (101), (220), and (128) planes related to
the hematite phase (JCPDS card 33-0664). In addition, peaks
corresponding to the SiO, phase were indexed at 20 of 20.8°
(100),26.6° (101),42.5° (200), 50.1° (112), 45.7° (201), 59.9°
(211), 63.9° (113), 65.6° (300), 67.8° (300), and 77.7° (220)
(JCPDS card 85-0335).

The diffractograms of the samples of alginate, Fe(Il)-algi-
nate, and Fe(Ill)-alginate, in the range 10-80°, showed the
presence of the (311), (440), (422), (511), and (533) planes
corresponding to the magnetite phase (JCPDS card 75-0033).
The (311), (422), and (511) planes of the maghemite phase
(JCPDS card 39-1346) are shown in Fig. S.2.5 (Supporting
Information). However, it was not possible to index the low-
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intensity plane present at 20 of 69.6°. Overall, the mining
waste sample presented hematite (-Fe,O5), SiO,, magnetite
(Fe(Ill),Fe(I)Oy4), and maghemite (y-Fe,O3) as the main
phases. Finally, the alginate phase showed three characteristic
peaks at 20 of 13.5°,21.0°, and 39.6° (Cullity and Stock 2001;
Sharma et al. 2012).

Particle size was determined using the Scherrer equation:
Dy,.=0.94)\/ 3 cos 0, where A is the wavelength of the X-ray
source, (3 is the full width at half maximum (FWHM) of the
main peak of each phase identified in the diffractogram, and 6
is the Bragg diffraction angle of the measured plane. As a
result, the average particle size values calculated from the
hematite (D;g4), maghemite (D3qq), and magnetite (Dg4q9)
planes, and an average value from (311) and (111) planes of
SiO, shows 53 nm, 43 nm, 27 nm and 47 nm, respectively.
The lattice constants of the cubic iron oxide phases were also
determined, with values of a=8.4176 A for the magnetite
phase and a=8.4176 A for the maghemite phase. The lattice
constant values shown on the JCPDS cards (referred to above)
were a =8.3967 A and a =8.350 A, respectively.

The sample of alginate encapsulated with mining residue
showed a decrease in the intensity of diffraction compared to
the mining waste intensity pattern due to the presence of dif-
ferences like the crystalline structure, which is related to the
habit of the crystal sample. On the other hand, the samples
encapsulated with the Fe(IIl) and Fe(II) salts initially appeared
to be similar, although detailed analysis of the samples re-
vealed small peaks in the range 35—40° in the diffractogram
of the sample encapsulated with Fe(II), which were related to
the (110) and (201) planes of the hematite phase. This finding
could be interpreted as a result of the interaction between this
particular ion and the polymer.

In high angle values, the diffraction patterns for the mining
waste and encapsulated mining waste samples indicated that
the behaviors of the indexed SiO, (119) and hematite (220)
planes were opposite to those of the other planes present in the
diffractograms shown in Fig. S.2.6 (Supporting Information).
This could be explained by the existence of interactions of
these planes with the alginate, specifically with the carboxyl-
ate group, as also indicated by the infrared results (see “Solar
homo/heterogeneous photo-Fenton processes using SW and
RHW?), with greater metal-polymer interaction leading to
higher intensities for these planes. Finally, for the samples
encapsulated with iron salts, the intensity of the plane (101)
of SiO, shows lower values compared to the mining waste
sample.

The main infrared modes of alginate, a linear polysaccha-
ride, were found in the range 1800-600 cm ™' (Fig. S.2.7 and
Table S.2.1, Supporting Information), with strong bands at
1735, 1593, and 1406 cm ', corresponding to stretching
modes of the C=0 (-COOH) group, together with asymmetric
and symmetric stretching modes of the carboxyl group. A
band at 1317 cm ™ 'was attributed to the bending mode of the
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CH group, while a shoulder band at 1265 cm™'was associated
with the VC-O (—COOH) mode. Finally, weak bands were
present at 1123 cm™' (CO + vCC), 1085 cm™' (LCO), and
946 cm™' (VCO + VCCH + ring + §CH). All these
corresponded to the alginate structure and were in agreement
with literature reports (Petrone and McQuillan 2011; Xiao
etal. 2014).

A band at 548 cm™ 'was attributed to the stretching mode of
hematite (Table S.2.1), while bands at 573 and
526 cm 'corresponded to the maghemite phase. Petrone
et al. (2011) reported that the ratio of the absorbance intensi-
ties of bands at 1593 cm ™" and 1038 em™" (I;503/11038) could
be used to indicate the degree of deprotonation of the alginate
ion, with an I;593/1; ¢35 ratio of around 1.25 being indicative of
a fully deprotonated sample. In the present work, an I 593/1;035
value of 1.37 was obtained for the alginate sample, while the
samples of iron-alginate with Fe(Il) and Fe(IIl) presented
values of 0.81 and 1.74, respectively. These values suggested
that the alginate and Fe(Ill)-alginate samples were fully
deprotonated, while the Fe(Il)-alginate sample presented
around 60% protonated alginic acid. Quadrado and Fajardo
(2017) reported that iron binds to the M and G blocks of
alginate according to a mechanism consisting of a combina-
tion of acid and ionotropic gelation, as a consequence of the
union of iron ions with free carboxylate groups and the salts of
alginic acid.

A detailed infrared analysis was performed of the surfaces
of the Fe(I)/mining waste-alginate and Fe(IlI)/mining waste-
alginate beads (Figs. S.2.8 and S.2.9, Table S.2.1, Supporting
Information). Spectra were also acquired for these samples
after leaving them in contact with solutions of Fe(I) and
Fe(II) for 1 h. The resulting samples were denoted Fe(ID)-
alginate + 1 h and Fe(Ill)-alginate + 1 h. The vibrational
modes observed are shown in Table S.2.1 (Supporting
Information).

The Fe(II)/mining waste-alginate and Fe(I)-alginate 1-h
samples showed a band at 1417 cm™ ', attributed to the
stretching mode of carboxylate groups, which was not ob-
served for the samples containing Fe(III). A band at
545 cm '(the Ty, phonon mode), associated with magnetite
Fe-0, was observed for the Fe(Il)/mining waste-alginate and
Fe(Il)-alginate + 1-h samples (Fig.S.2.9, Supporting
Information).

In the range 600-500 cmﬁl, a band at 570 cmﬁl, attributed
to the maghemite phase vibrational mode (T, phonon mode,
Fe + O), was observed for the Fe(Ill)-alginate + 1-h sample
(Chamritski and Burns 2005). The same sample presented a
band at 590 cm ™', corresponding to stretching vibration of Si—
OH. The Fe(ID)-alginate sample showed the presence of car-
boxylate anions, indicative of a more basic environment, com-
pared to the Fe(IlT) samples. The Fe(IlI)-alginate + 1-h sample
showed a mode corresponding to silicon oxide/hydroxide, in-
dicative of greater acidity of the surface environment,

compared to the samples with Fe(I). It was not possible to
determine the 1593/ g3gintensity ratios for these samples.

Solar homo/heterogeneous photo-Fenton processes

Preliminary adsorption and photolysis tests were performed,
as shown in Fig. S.3.1 (Supporting Information). In the ad-
sorption tests, the alginate spheres were placed in contact with
solutions of the pharmaceuticals for 60 min, in the dark. The
results indicated that PPN, NMD, FXT, and PRG were the
compounds that adsorbed most strongly on the alginate. The
chemisorption of pharmaceuticals has previously been report-
ed as a possible mechanism in processes employing a catalytic
surface, where part of the substrate is adsorbed onto the sur-
face (Rahim Pouran et al. 2015; Titouhi and Belgaied 2016;
Mirzaei et al. 2017). This behavior may be due to electrostatic
interactions between the positively charged compounds and
the negatively charged alginate surface. Absorption may also
occur when interactions (chemical bonding) are established
between the compound and the alginate structure (Alvarino
et al. 2018). The photolysis tests showed that FRS and DIP
presented photosensitivity and were degraded under solar
light (after 51 min of treatment), as reported previously by
Isidori et al. (2006) and Gémez et al. (2008).

The consumption of H,O, and the total amount of iron
dissolved (by leaching of iron to the solution) were monitored
during all the solar homo/heterogeneous photo-Fenton pro-
cesses. For the Fe(I)-alginate system, the total iron concen-
tration was 10.2 mgL 'and 13.1 mgL™" for Fe(Ill)-alginate
system, with it evidencing an iron dosage to solution, so it
could be considered that the iron used in the treatment systems
is present in the sphere (heterogeneous) and in the solution
(homogeneous) which makes the system have a synergy of
solar homo/heterogeneous photo-Fenton process. The release
of'iron could be explained by the immersion of the Ca-alginate
spheres in iron solutions for 15 days, with the ions diffusing
into the structure of the Ca-alginate catalyst. Although some
of the iron ions could be coordinated with carboxylic groups
or with hydroxyl groups of the polysaccharide chains, most of
the iron ions were trapped (non-coordinated) in the structures
of the spheres and were not removed during washing and
drying. When the catalyst was immersed in the solution, the
non-coordinated iron was leached from the spheres to the
solution. The concentrations of total iron dissolved at pH 5.0
could indicate that there are Fe(Il) and Fe(IIl) ions forming
aqua-complexes with water molecules [Fe(H,0)¢]**and
[Fe(H,0)s]**, respectively (Rabajczyk and Namiesnik 2014)
without evidence of precipitates. The H,O, consumption was
around 21.7 mg L 'and 22.9 mg L 'respectively for Fe(Il)
and Fe(Il])-alginate system, which is indicative that the pro-
cess is environmental friendly, since high concentrations of
residual hydrogen peroxide represent toxicity to the aquatic
organism. For more information on the behavior of hydrogen
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peroxide consumption, see Fig. S.3.5 (Supporting
Information).

Considering that Brazil is globally the second largest pro-
ducer of iron, together with the fact that according to
UNCTAD (United Nations Conference on Trade and
Development), annual global iron mining production was
around 1940 billion tons in 2015 (Heider 2017), iron (II and
IIT), mining waste, and iron enhanced—mining waste were
produced and tested. The first was prepared with the iron
mining waste supported on alginate beads. Additional beads
were prepared by separately placing these beads in contact
with Fe(Il) and Fe(IlI) solutions, generating two other mate-
rials: Fe(Il)/mining waste-alginate and Fe(IIl)/mining waste-
alginate.

The results (Fig. 1a) showed that most of the pharmaceuti-
cals studied were degraded using Fe (II)-alginate and Fe (III)-
alginate systems, with PCT, DZP, and PRG being the most
persistent compounds. Use of the mining waste and the min-
ing waste-alginate only resulted in significant degradation of
DIP and FRS. These results were in agreement with other
studies employing the photo-Fenton process (Gémez et al.
2008; Klamerth et al. 2013; Assumpcéo et al. 2013), where
DIP and FRS exhibited rapid degradation in the first minutes
of treatment. The rapid degradation could also be due to the
photosensitivity exhibited by both compounds. In the case of
the mining waste without immobilization, previous studies
have found that the presence of magnetite, hematite, and goe-
thite in this material results in high efficiency of degradation
by the Fenton process (Rad et al. 2015; Catala et al. 2015).
However, the processes were generally performed at acidic
pH, with high concentrations of hydrogen peroxide, which
influenced the performance of the system. The results obtain-
ed here using the Fe(Il)/mining waste-alginate and Fe(III)/
mining waste-alginate materials showed rapid degradation of
DIP and FRS while the other pharmaceuticals evaluated (PCT,
NMD, PPN, FXT, DZP, and PRG) were more persistent.

The H,0, consumed and the total iron leached to the solu-
tion were determined during the solar heterogeneous photo-
Fenton processes employing the Fe(II)/mining waste-alginate
and Fe(Ill)/mining waste-alginate materials. At the end of the
treatments, the Fe(I[)/mining waste-alginate system presented
a total iron concentration of 3.2 mg L™ 'and H,O, consump-
tion of 19.6 mg L', while the Fe(Ill)/mining waste-alginate
system presented 4.1 mg L™ 'of total iron and
22.9 mg L™'H,0, consumption after 116 min of treatment.
Detailed information for each process is provided in the
Supporting Information (Figs. S.3.2-S.3.4). Additionally, the
high coefficient of molar absorptivity (¢) of the iron species
generated in the different systems (7.749 x 10° to 8.352 x 10°
L mol " cm™) represents an interesting form of iron storage
and vehicle for its release, since the iron lixiviate throughout
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the process is very effective at absorbing light in visible wave-
length range, which can have better performance to complete
the cycle of reducing—oxidation of iron in photo-Fenton
process.

The final concentrations of the pharmaceuticals in the sys-
tems that showed the best degradation performance are pre-
sented in Table 1. For all the systems evaluated, PPN could
not be completely degraded. The other pharmaceuticals were
degraded and reached concentrations lower than the LOD of
the method at the end of the treatment (after 116 min).

Reuse of the Fe(Il)-alginate, Fe(Ill)-alginate, Fe(II)/mining
waste-alginate, and Fe(Ill)/mining waste-alginate spheres as
catalysts in the solar heterogeneous photo-Fenton reaction
was investigated for degradation of the pharmaceuticals in
DW as the aqueous matrix, during three consecutive runs,
each one with a time of 116 min. The results are shown in
Figs. S.4.1-S.4.4 (Supporting Information). When the Fe(III)-
alginate system was used, the degradation efficiency de-
creased slightly between the second and third cycle. The
Fe(ID)-alginate, Fe(Il)/mining waste-alginate, and Fe(IIl)/min-
ing waste-alginate systems showed substantial decreases of
pharmaceutical degradation, with NMD, FXT, DZP, and
PRG being the most persistent compounds in the reuse cycles,
the catalytic efficiencies of these decrease with the increase of
the number of reuse cycles since the mechanical resistance of
the materials decreased, as reported by Li et al. (2010), who
found that alginate can be depolymerized by HO' radicals
under neutral and alkaline pH conditions (pH >5) and during
a longer reaction time. However, the Fe(Ill)-alginate spheres
do not evidence a decrease in mechanical resistance which
allows their prolonged recyclability, besides its extended
photo-response efficient, being a great advantage reported in
other studies of iron immobilization (Bansal et al. 2018).
Quadrado and Fajardo (2017) reported high stability of
Fe(ID) in alginate, which was attributed to effective bonding
between Fe(I1l) and the mannuronate and guluronate blocks of
alginate. These results were supported by the findings of the
infrared analyses, specifically concerning the differences in
the vibrational modes associated with the carboxylate anion
and silicon oxide. Accordingly, the Fe(Ill)-alginate system
presented the best results in terms of pharmaceutical degrada-
tion and catalytic efficiency (Fig. 1b), so this material was
selected for use in evaluation of degradation of the pharma-
ceuticals in more complex matrices (SW and RHW).

As mentioned previously, the immobilized Fe(Ill) material
presented the best response in degradation of the eight phar-
maceuticals, because the process involved synergistic effects
of homogeneous and heterogenecous systems. Therefore, a
more detailed investigation was made of the processes with
Fe(III) supported on alginate, using Fe(Ill)-alginate (Fig. 2a)
and Fe(Ill)/mining waste-alginate (Fig. 2c). The Fe(IIl)-
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alginate process was compared with a solar homogeneous
photo-Fenton experiment with sequential additions of iron at
the same concentrations found in the experiments employing
Fe(IlI)-alginate (Fig. 2b). Degradation of the pharmaceuticals
during the process was slower than Fe(III)-alginate, although
the results were similar after 116 min of treatment, with the
concentrations of most of the compounds decreasing to below
the LOD of the method. This represents an advantage of the
process using the Fe(Ill)-alginate spheres, since better results

Pharmaceutical

m Fe(Ill)-alginate
E Fe(IIT)/mining waste-alginate

were obtained in the first minutes of treatment, compared to
the homogeneous process, avoiding successive additions and
being able to reuse the same catalyst for more than three cy-
cles, as observed in the reuse tests.

A similar study was carried out with Fe(Ill) and mining
waste, in this case comparing two systems. The first was to-
tally heterogeneous (Fig. 2d), with mining waste immobilized
in alginate, in the presence of hydrogen peroxide. The second
simulated the release of Fe(Ill) to the solution, using 3 g of
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Table 1 Final concentration of

pharmaceuticals for different Compound/ Fe(ID)- Fe(lII)- Fe(II)/mining waste- Fe(llI)/mining waste-

systems studied after 116 min of system alginate alginate alginate alginate

treatment time (ug LY (g LY (ng LY (ng L
DIP <LOD <LOD <LOD <LOD
PCT 18.07 <LOD <LOD <LOD
PPN 483 6.08 4.18 3.60
FRS <LOD <LOD <LOQ <LOD
NMD <LOD <LOD <LOD <LOD
FXT <LOQ <LOD 36.51 <LOD
DZp 9.75 <LOQ 0.60 0.13
PRG 6.65 481 <LOD 8.70

mining waste powder (Fig. 2e) and sequential additions of
iron at the concentrations obtained using the Fe(Ill)/mining
waste-alginate system. The results showed slower degradation
of the pharmaceuticals, compared to use of the Fe (IIT)/mining
waste-alginate, in accordance with low hydrogen peroxide
consumption, hence demonstrating that the synergy among
Fe(I1I), the mining waste, and the alginate contributed to deg-
radation of the pharmaceuticals by HO' radicals.

These results demonstrated that the reason for the com-
pounds’ degradation is the release of iron into the solution.
Therefore, it does not appear to be an adsorption process but a
controlled release of iron from the spheres to the solution; this
is related to studies that have shown that sequential additions
of'iron can improve the degradation process (Carra et al. 2013,
2014). Therefore, the findings showed that the Fe(III)-alginate
and Fe(IlI)/mining waste-alginate materials were homo/
heterogeneous systems that provided a strategy of iron dosage
with better performance in degradation of pharmaceuticals,
compared to similar systems.

The experimental results for the homo/heterogeneous and
homogeneous systems were used to construct kinetic models.
The systems using spheres of Fe(IlI)-alginate and Fe(III)/min-
ing waste-alginate showed faster initial decomposition rates
and higher degradation capacity in the first minutes of treat-
ment, after which the efficiencies decreased. This behavior
was investigated using the method described by Chan and
Chu (2003), resulting in coefficients of determination (*) in
the range from 0.96 to 1.00. The equation of the model and the
results of the kinetic study are shown in Table S.3.1
(Supporting Information). The behaviors of the homogeneous
systems employing Fe(Ill) and Fe(III) with mining waste
could be described by pseudo-first-order models, with r-
%values from 0.88 to 0.99.

Solar homo/heterogeneous photo-Fenton processes
using SW and RHW

Solar homo/heterogeneous photo-Fenton processes were per-
formed using the Fe(Ill)-alginate spheres with the SW and
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RHW matrices. This catalyst was selected because it presented
the best degradation rates for most of the pharmaceuticals
evaluated and offered the possibility of being used more than
twice. Figure 3 shows the degradation of the pharmaceuticals
after 171 min of treatment.

Measurements of H,O, consumption and the total iron
concentration were made during the treatments using the
SW and RHW matrices. The presence of additional organic
matter in SW and RHW, compared to the DW matrix, neces-
sitated additional doses of H,O, after 61, 88, and 117 min of
treatment (adding 25 mg L 'ofH,0, at each time). According
to Fig. S.5.1, the release of iron in SW is easier than that in
RHW; this is in agreement with the principle of counterion
effect: the higher the conductivity, the higher the difficulty of
transfer of ions into that solution; at the end of the processes,
the total iron concentrations in the SW and RHW matrices
were 14.6 and 12.7 mgL ™", respectively; these results were
below the maximum concentration limit for iron permitted by
Brazilian legislation (15 mg L™"). Once the iron ions are in the
solution (homogenous phase), more H,O, is consumed, and
consequently the concentration of HO' radicals augment and
the degradation effect as well.

The final concentrations of the pharmaceuticals were deter-
mined using calibration curves constructed with standards
prepared in both of these water matrices. Table 2 presents
the pharmaceutical concentrations for all the water matrices
employed. The compounds PPN and PRG showed persistence
in all the experiments, while NMD, FXT, and DZP were per-
sistent in the RHW matrix. These results can be supported in
studies made by loannou-Ttofa et al. (2019); according to the
authors, the physicochemical characteristics of the wastewater
matrix influence the degradation of pharmaceutical products
independently of the pH value, which affects differently the
oxidation of each pharmaceutical compound.

The low efficiencies of the treatment processes using the
SW and RHW matrices could be explained by the presence of
organic matter and various ionic species (Petrone and
McQuillan 2011; Klamerth et al. 2013), resulting in greater
complexity of these matrices, with consequent effects on the
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Fig. 3 Solar photo-Fenton process for degradation of pharmaceuticals. a
SW. b RHW (3 g of Fe(lll)-alginate spheres; 25 mg L' ofH,0, (177 min
of treatment time, with H,O, additions at 0, 61, 88, and 117 min of
treatment time and pH 5.0))

treatment process. Lanzafame et al. (2017) reported that the
observed behavior was likely to be caused by the presence of
different ions that are commonly found in wastewater. These

Table2 Final concentrations of pharmaceuticals in SWand RHW using
Fe(IlI)-alginate as catalyst

DW SW RHW

(gL (ngL™h (ngL™H
DIP <LOD <LOD <LOD
PCT <LOD <LOD <LOQ
PPN 6.08 17.75 5.76
FRS <LOD <LOD <LOQ
NMD <LOD <LOD 189.26
FXT <LOD 47.75 276.01
DZP <LOQ <LOQ 138.76
PRG 481 10.71 104.93
@ Springer

species can act as scavengers of the hydroxyl radicals and lead
to the formation of less reactive species, hence explaining the
reduced degradation of the selected pharmaceuticals.
However, it is important to highlight that the application of
the solar photo-Fenton process at a pH close to neutral offers
the advantage of avoiding excessive acidification of the efflu-
ents, which is important to reduce the operational cost of the
process and the subsequent increase in the salinity of the treat-
ed effluent (Duran et al. 2018; Ioannou-Ttofa et al. 2019) with
the possibility of reuse of the catalyst.

Transformation products

In order to detect the presence of possible TPs formed during
the treatment processes, samples from each system were ana-
lyzed by UHPLC-QTOFMS operating in positive ionization
mode. For this purpose, an adapted purpose-built database
was employed and the results were used for qualitative iden-
tification of different TPs.

Table S.6.1 (Supporting Information) summarizes the in-
formation for the suspected TPs in all the processes and water
matrices studied, including elemental compositions, theoreti-
cal and experimental masses of the ions and their respective
errors (in ppm), and double bond equivalents (DBE), provided
by the software. The low mass errors (below 5 ppm in most
cases) enabled correct assignation of the elemental
compositions.

According to the results presented in Table S.6.1, up to 19
TPs were identified: six for DIP (TP6 DIP, m/z 192.0648,
C10H10N03; TP7 DIP, m/z 2501186, C12H16N303; TP9
DIP, m/z 2050971, C11H13N202; TP10 DIP, m/z 1651018,
C9H13N20; TP17 DIP, mlz 2321078, C12H14N302; and
TP18DIP, m/z 195.076, CoH ;N,03); eight for PPN (TP3
PPN, m/z 134.1176, CcH1sNO,; TP4 PPN, m/z 150.1127,
Ce¢H1¢NO3; TP5/TP19 or TP20 PPN, m/z 282.1336,
C14H20N05; TP6 PPN, mlz 2921543, C16H22NO4, TP7
PPN, m/z 266.1395, C4H0NO,4; TP26 PPN, m/z 308.1497,
C16H22N05; TP27 PPN, m/z 308. 1495, C16H22NO5;
TP28/TP29/TP30 or TP31 PPN, m/z 310.1649,
C16H>4NOs); and one each for DZP (TP1 DZP, m/z
246.0676, C14H3CINO), NMD (TP5 NMD, m/z 279.0798,
C13H;5sN,03S), FXT (TP1 FXT, m/z 326.1355,
C17H19F3N02), FRS (m/z 3289995, C12H9C1N205S), and
PRG (TP4 PRG, m/z 313.2157, C;1H,40,).

The DIP TPs were reported previously by Gomez et al.
(2008) and Pérez-Estrada et al. (2007). The DIP TP structures
identified were indicative of loss of the sulfonic group from
DIP, with further oxidation yielding the corresponding
quinone-imine intermediate TP17 DIP, while loss of the me-
thylamine group and oxidation of C2 of the pyrazolinone
group could lead to TP9 DIP. The identification of TP6 DIP
was also consistent with the TP9 DIP structure, since it should
originate from the loss of a methyl group and subsequent
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formation of an isoxazole ring. The opening of the
pyrazolinone ring by HO' radical attack on the double bond
was indicated by the identification of TP7 DIP, which gave
rise to the appearance of TP18 DIP by loss of methyl and
secondary amide groups. In turn, TP10 DIP could be attribut-
ed to loss of the oxamoyl chain from TP7 DIP, or opening of
the pyrazolinone ring and loss of the hydroxyl methyl alde-
hyde chain from TP9 DIP (further information is provided in
Figs. S.6.1 and S.6.2 of the Supporting Information).

The TPs identified for PPN could be attributed to the gen-
eration of photocatalytic by-products, as reported by Santiago-
Morales et al. (2013). Elucidation of TP5/TP19 or TP20 PPN
was not possible, because the compounds showed the same
mass and elemental composition and also shared the same
fragments present for different retention times. No character-
istic fragments were observed for these TPs, making it impos-
sible to identify which of the two TPs was involved.
Elucidation of TP28/TP29/TP30 or TP31 PPN was not possi-
ble, because the compounds had the same chromatographic
profiles, with absence of characteristic fragments, as observed
for TPS PPN and its isomers. The addition of hydroxyl groups
to the aromatic nuclei was probably the first step in the deg-
radation pathway of PPN. TP6 PPN was a product of naphthol
ring opening and oxidation of the PPN structure. The interme-
diates TP26 PPN, TP27 PPN, and TP28/TP29/TP30 or TP31
PPN were the consequence of attack of hydroxyl radicals dur-
ing ring opening. TP7 could be formed by the loss of a car-
bonyl group from TP27 PPN. The oxidation of rings of
TP28/29/30 or TP31 PPN, with loss of methyl alcohol, could
lead to the corresponding TP5 PPN or its isomers. TP3 could
be attributed to cleavage of the ether bond of PPN, as reported
by Santiago-Morales et al. (2013). Finally, TP4 PPN could be
attributed to oxidation of the aliphatic chains of any of the TPs
mentioned above (for more information, see Figs. S.6.3 and
S.6.4 of the Supporting Information).

Only one TP was observed for each of the compounds
DZP, FRS, FXT, NMD, and PRG. TP1 DZP corresponded
to opening of the benzodiazepinic ring of DZP. This TP was
previously identified by Carpinteiro et al. (2017) in a study of
the kinetics of the reaction of DZP during water chlorination.
TP3 or TP4 FRS was a product of FRS reduction. TP1 FXT,
resulting from hydroxylation of the FXT ring, was reported by
Zhao et al. (2017) as an intermediate product generated after
ozonation, especially at more alkaline pH, due to higher con-
centrations of hydroxyl radicals in the medium. TP5 NMD
arose from reduction of the nitro group of NMD to an amino
derivative, while TP4 PRG was produced by the reduction of
PRG.

Finally, the tentatively identified TPs were evaluated using
Toxtree software, which employs the chemical structure of a
molecule for estimation of its biodegradability (START bio-
degradability) and toxicological hazard (Cramer rules)
(Cramer et al. 1976). The results obtained for the TPs are

shown in Table S.6.2 (Supporting Information). Most of the
these substances showed significant toxicity or the presence of
reactive functional groups, and were therefore classified as
highly toxic, according to the Cramer rules. Evaluation of
biodegradability showed that most of the TPs identified in this
work could be classified as persistent substances. Previous
work found that TP6 DIP, TP7 DIP, TP9 DIP, and TP10 DIP
did not present significant acute toxicity towards D. magna
(Gomez et al. 2008), while Pérez-Estrada et al. (2007) dem-
onstrated that photo-Fenton treatment did not increase solu-
tion toxicity due to TP17 DIP and TP18 DIP. Santiago-
Morales et al. (2013) showed the formation and
accumulation of toxic transformation products in studies of
PPN. Carpinteiro et al. (2017) found that TPs of DZP could
exhibit higher toxicity (with lower concentrations causing
acute and chronic toxicity), compared to the parent com-
pound. However, it is important to note that the concentrations
of the TPs were not determined in the present work. The
presence of many different compounds at varying concentra-
tions could influence the toxicity, increasing the complexity of
the analysis and hindering prediction of the toxicities of the
TPs generated during the treatment processes.

Conclusions

Characterization was made of different catalysts used in solar
homo/heterogeneous photo-Fenton processes. The infrared
and XRD analyses showed that several phases of iron oxide
and silicon oxide were present in the samples studied. A dif-
ference in the chemical environment was detected in samples
containing Fe(Il) oxide, with infrared spectroscopy showing
the presence of carboxylate anions. It was also possible to
identify the magnetite, hematite, and goethite phases in the
mining waste used.

The results obtained for removal of the pharmaceuticals
and reuse of the catalysts showed that the alginate spheres
containing Fe(III) provided the best performance as iron dos-
age for the degradation of pharmaceuticals in different matri-
ces. The characterization techniques applied during the degra-
dation and reuse experiments indicated that for the four main
materials evaluated, the processes occurred according to a
homo/heterogeneous solar photo-Fenton process.
Additionally, the Fe(Ill)-alginate material presented slower
pharmaceutical removal in the more complex matrices (SW
and RHW), compared to its performance in the DW matrix.

Finally, identification of 19 TPs generated during the solar
heterogeneous photo-Fenton process was achieved using a
purpose-built database. The major TPs identified could be
classified as highly toxic, according to Cramer’s rules, with
the presence of reactive functional groups. Biodegradability
evaluation indicated that these compounds could be classified
as persistent substances.
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S.1 Parameters for quantification method

Table S.1.1 Parameters for quantification method used to determine pharmaceuticals in different matrixes
of study.

DW SW RHW
Pharmaceuticals LOD LOQ LOD LOQ LOD LOQ
(ng L (ng L (ngLh (ugLh (ugLh (ugLh

Nimesulide (NMD) 0.24 0.82 0.42 1.39 1.03 345
Furosemide (FRS) 0.78 2.61 1.36 4.55 1.07 3.57
Paracetamol (PCT) 0.20 0.68 0.58 1.92 1.11 3.70
Propranolol (PPN) 0.01 0.03 0.39 1.32 1.76 5.88
Dipyrone (DIP) 0.31 1.03 1.20 4.01 15.0 50.0
Fluoxetine (FXT) 0.31 1.04 5.17 17.24 5.36 17.86
Progesterone (PRG) 0.02 0.08 13.04 43.48 0.01 0.23
Diazepam (DZP) 0.01 0.03 0.01 0.02 0.01 0.02
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S.2Characterization of alginate spheres

2% (m/m)
warmed

Dripped into CaCl,
solution

OH

iron mining waste
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Fe(II), Fe(1II) solutions
(0.05mol L)
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|
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I
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Fe(lll) : eliminated water.
|
|
|
|
|
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Fe(Il)-alginate  Fe(Ill)-alginate Mining waste —alginate

Fig S.2.1 Methodology for obtain the catalyst.
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=

Fig S.2.2 Alginate spheres of (a) calcium alginate (reference), (b) Fe(Ill)-alginate, (c) Fe(Il)-alginate and
(d) mining waste-alginate.

Fig S.2.3 Optical microscopy Fe (II)-alginate (a.1-a.3) and Fe (III)-alginate (b.1-b.3).
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Fig S.2.4 Diffraction pattern of samples of mining waste and mining waste - alginate sample in the range
of 30° - 80 °.The labels H, MG, Mh, §, and * correspond to hematite, magnetite, maghemite, SiO2, and
unidentified phase respectively.

f —— Alginate
A —— Fe(ll) - Alginate
Fe(lll) - Alginate

" w‘"‘.‘

Intensity (Arb. units)

‘\L"meﬂz" i

Lt .,‘ AL LT
. ‘I‘l"\i'r';’lf‘"ﬁ..lm.

T ! T 4 T T T 1 T T T T T Y 1
10 20 30 40 50 60 70 80

20 (degree)

Fig S.2.5 The diffraction pattern of samples of alginate, Fe(I)-alginate and Fe(III)-alginate in the range
of 10° - 80°.The label A, and S correspond to alginate and SiO:z phase respectively.
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Fig S.2.6 The diffraction pattern of a waste residue sample and mining waste- alginate sample in the
range of 71° - 75°.The label H, and S corresponds to hematite and SiOz phase respectively.
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Fig S.2.7 Infrared spectra in the region from 1800 cm™ - 600 cm™! of different materials encapsulate in
alginate samples.
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Fig S.2.8 Infrared spectra in the region from 1400 cm™ - 500 cm™ of mining waste sample, Fe(I)-alginate
S, Fe(Ill)-alginate S, Fe(II)-alginate + 1-hour and Fe(IlI)-alginate + 1-hour samples.
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Fig S.2.9 Infrared spectra in the region from 600 cm™ - 500 cm™ of mining waste sample, Fe(Il)-alginate
S, Fe(Ill)-alginate S, Fe(II)-alginate + 1-hour and Fe(IlI)-alginate + 1-hour samples.

107



Table S.2.1.Infrared absorption band of alginate samples.

Fe(Il)- Fe(I1T)-
. Fe(D)- Fe(I1I)- alginate/ alginate/ Fe(I)-alginate Fe(IlT)-alginate Mining waste . a

Alginate alggn;te alg(ina)te Nigining Nigining a(fte)r 1 iour sztel)' 1 l%our sanglple Assignment

waste waste
3287 vOH
3227w, 3295(.) 3283w, 3294 v, 3294 v, 3294 v, 3294 b, vOH
3246s,sh)

2929 p,m) 2934 (sh,vw) 2934 m,vw) vCH
1735w 1728 ww) vC=0 (-COOH)

1672 (sh,vw) 1681w) 60H (H20)

1621ww) 1627 w) 1627 w) 1619(m) 1621 (sh,w)
1593 1599 m) 1575(m) LasCOO-
1447 w) 1447 w) 1447 (vw,sh)
1406 1416(m) 1407 w) 1417 w) 1417 w) LsCOO-

1317 sh,m) 1318¢ww) 1304vw) 6CH
1265(sn) vC-0 (-COOH)
1226¢sn)
1163sn) 1163 (sh,w) 1168(sh,vw)
1123w 1122w 1123sh,vw) 1126(w) 1126(w) 1126(w) 1126(sh,vw) vCO + vCC

1103(m) 1108 (w) vCO + vCOH+80H
1085 (w) 1085 w) 1082 (sh,vw) 1086 (vw) 1086 (sh,vw) vCO
1038 (m) 1025 (m) 1024 (m) 1031 (m) 1031 (m) 1031 (m,sh) 1031 (m)
991 (sh,vw) 991 (sh,vw)
946(w) 943 (vw) 957 (w) vCO + vCCH+ring+3CH
904(vw) 928(vw)
809(vw) 817 (shyw) 812(ww)
903 b,vw) LSi-O-Si
666(vw)
594w 594 w.vw) LvSi-OH
573 ww) 572ww) 571 ww) vFe-O (maghemite)
548 ww) 545ww) 545ww) 542 (vw) vFe-O
526(vw) 529ww) vFe-O (maghemite)

 Relative intensity: w, weak; b broad; s, strong; sh shoulder; mult., multiple; m, medium; d, double; vw, very weak; shp, sharp, v stretching mode, § bending mode.
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S.3 Homo/heterogeneous photo-Fenton process

120.0
100.0
_ 80.0
s
S
E 60.0
=
v
(3]
) 40.0
A
20.0
DIP PCT PPN FRS NMD FXT DzZp PRG
u Adsorption (%) 10.9 1.5 72.1 0.0 554 77.0 0.9 86.3
u Photolysis (%) 100.0 0.0 9.6 100.0 83 0.0 1.9 14.4
u Degradation Fe(IlT)-alginate (%) | 100.0 | 100.0 99.6 100.0 100.0 | 100.0 99.7 99.6
Fig S.3.1 Pharmaceutical photolysis and adsorption on calcium alginate.
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Fig S.3.2 Fe(Il)-alginate process a) Pharmaceutical degradation b) Fe release and H2O2 consumed (25 mg

L' of H202 at pH 5.0).
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Fig S.3.3 Mining waste powder process a) Pharmaceutical degradation b) Fe release and H2O2 consumed

(25 mg L' of H20z at pH 5.0).
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Fig S.3.4 Fe(Il)/mining waste-alginate process a) Pharmaceutical degradation b) Fe release and H2O:

consumed (25 mg L! of H20O2 at pH 5.0).
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Fig S.3.5 Hydrogen peroxide consumed and iron release for (a) Fe(Ill)-alginate (b) Fe(IIl) solution (c)
Fe(Ill)/mining waste-alginate (d) mining waste-alginate (e) Fe(Ill) with mining waste powder, (116
minutes of treatment time, 25 mg L' of H20z and pH 5.0).



Table S.3.1 Kinetic model employed Fe(Ill) in DW matrix.

Fe(III)-alginate Fe(III) solution Fe(Ily/mining — Fe(IID) solution with
residue-alginate mining residue
Pharm Kinetic 2 Kinetic ) Kinetic 2 Kinetic 2
behavior behavior behavior behavior
DIP 1.D 1.D 1.D 1.D
First First First
PCT 1.D order 0.98027 order 0.98827 order 0.97608
model model model
FRS 1.D 1.D 1.D 1.D
Chan & First Chan & Chan &
PPN Chu 1.00000 order 0.91265 Chu 0.99951 Chu 0.96954
model model model model
First First
NMD 1.D order 0.99645 1D order 0.94303
model model
Chan & First Chan & First
FXT Chu 1.00000 order 0.98185 Chu 0.99309 order 0.89384
model model model model
Chan & First Chan & First
DZP Chu 1.00000 order 0.99662 Chu 0.99808 order 0.93032
model model model model
Chan & First Chan & First
PRG Chu 1.00000 order 0.98035 Chu 0.99828 order 0.87501
model model model model
[.D: Insufficient data number to perform the kinetics study.
Chan & Chu model
S =p+GtHd(C/C0)= p > (D)
1-(C/C)) dt (p+ot)

According to Chan & Chu model C is the concentration of the pharmaceutical remaining in the system
after a reaction time ¢ (min), Co is the initial concentration, and the parameters p (min) and ¢
(dimensionless) are two characteristic constants related to the reaction kinetics and the degradation
capacity. Therefore, a higher value for 1/p indicates a faster initial degradation rate of the pharmaceutical.
When ¢ is high and approaching infinity, the reciprocal of constant ¢ is the theoretical maximum
pharmaceutical removal fraction.
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S.4 Test reuse of spheres Fe(Il)-alginate,
Fe(III)/mining residue-alginate

Fe(III)-alginate, Fe(II)/mining residue-alginate and
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Fig S.4.1 Pharmaceutical degradation in solar photo-Fenton process after tzowl16 min of treatment (3 g of
Fe(ID)-alginate spheres; 25 mg L' of H202 and pH 5.0) in three cycles of use.
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Fig S.4.2 Pharmaceutical degradation in solar photo-Fenton process after tzowl16 min of treatment (3 g of
Fe(I1)-alginate spheres; 25 mg L' of H202 and pH 5.0) in three cycles of use.
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Fig S.4.3 Pharmaceutical degradation in solar photo-Fenton process after tsowl16 min of treatment (3 g of
Fe(I1)/mining residue-alginate spheres; 25 mg L! of H202 and pH 5.0) in three cycles of use.
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Fig S.4.4 Pharmaceutical degradation in solar photo-Fenton process after 116min of treatment time (3 g
of Fe(Ill)/mining residue-alginate spheres; 25 mg L! of H202 and pH 5.0) in three cycles of use.

S.5 Degradation of pharmaceuticals: SW and RHW matrixes.
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Fig S.5.1 Fe release and H>O> consumed in treatment using Fe(IlI)-alginate spheres in RHW and SW.
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S.6 Transformation products

Table S.6.1 TPs identified during the different heterogeneous Photo-Fenton process treatment.

PROCESS/MATRIX
Ion mass m/z Fell Felll Fell/M | Felll/M
error
Ion Formula Exper. Cale. (ppm] RDB E E a % E E
TP6 DIP C1oH1oNO3 192.0648 192.0655 3.8 6.5
X | X X
CsHsN 94.0653 94.0651 2.2 35
TP 7 DIP Ci2Hi6N30;3 250.1186 250.1186 0.2 6.5
CioH14N;0; 208.1074 208.1081 33 5.5 X X | X X X
CoH13N>0 165.1017 165.1022 3.5 4.5
C/HiN; 123.0914 123.0917 2 35
TP9 DIP C11Hi3N>O, 205.0971 205.0972 0.3 6.5
CoHsNO 146.0598 146.06 1.9 6.5 X X
C7HgNO 120.0444 120.0444 0 5.5
CsHsN 94.0653 94.0651 -1.9 35
CsHgN 56.0495 56.0495 0.1 1.5
TP 10 DIP CoH13N>0 165.1018 165.1022 2.7 4.5
X X X X
C/HiN; 123.0914 123.0917 2 35
TP 17DIP Ci2H1sN;0; 232.1078 232.1081 0.9 7.5
TP 18 DIP CoH11N>0;3 195.076 195.0764 2.1 5.5
TP1 DZP C14H13CINO 246.0676 246.068 1.8 8.5
X | X X X
Ci4H1iCIN 228.0571 228.0575 1.5 9.5
TP5 NMD C13H15sN>038 279.0798 279.0798 -0.1 7.5
TP1 FXT C17H19F3NO; 326.1355 326.1362 23 7.5 X
TP3 or 4 FRS | CioH;oCIN,OsS 328.9995 328.9993 -0.6 8.5 X X X
TP3 PPN CeHisNO> 134.1176 134.1176 -0.4 -0.5
CsH14NO 116.1072 116.107 -1.7 0.5 X x | x X X
C;HsNO 74.06 74.06 0.7 0.5
C4HioN 72.0808 72.0808 0 0.5
C;HgN 56.0496 56.0495 -1.6 1.5
TP4 PPN CsHsNO3 150.1127 150.1125 -1.8 -0.5
X X
C¢Hi14NO> 132.102 132.1019 -0.7 0.5
CsH12NO 114.091 114.0913 2.5 1.5
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C3HsNO 74.0599 74.06 12 0.5

TPS 20 | CubNOy 282.1336 282.1336 0.1 55
CsH:O; 149.0233 149.0233 0.5 65

CsH1NO 116.1072 116.107 2 0.5

CsHLN 98.0965 98.0964 0.3 15

CSHN 56.0497 56.0495 35 15

TP6 PPN CiHpNOs | 2921543 |  292.1543 02 6.5
Colf;0 131.0493 131.0491 22 | 65

TP7 PPN CuHxNO; | 2661395 | 266.1387 3.1 55
CLHNOs | 2481294 | 248.1281 53 | 65

CsHLN 98.097 98.0964 5.5 15

TP26PPN | CiHnoNOs | 308.1497 |  308.1492 16 | 65
CieHoNOs | 2901389 |  290.1387 07 | 75

C1oH:0; 175.0399 175.039 5.1 75

C1iHyO 157.0658 157.0648 62 | 75

CoH10, 147.044 147.0441 0.5 65

CsHLNO 116.1072 116.107 15 | o0s

CsHuN 98.0966 98.0964 2 15

CiHoN 72.0808 72.0808 09 | 05

CSHN 56.0495 56.0495 0.6 15

TP27PPN | CiHuNOs | 308.1495 308.1492 07 | 65
CieHoNOs | 2901387 |  290.1387 0.1 75

C1oH:0; 175.0392 175.039 46 | 75

CoH:0 131.0493 131.0491 1 65

CsH1NO 116.1073 116.107 28 | o0s

CsHuN 98.0965 98.0964 0.9 15

CHIoN 72.081 72.0808 25 | o0s

b g? 2o | CithaNoy 310.1649 310.1649 0.1 55
CiHpNOs | 2921542 |  292.1543 0.6 65

CiHoNOs | 2741436 |  274.1438 0.7 75

TP4 PRG C21Ha0s 3132157 | 3132162 1.7 75
CarHr0 2952052 | 295.2056 16 85
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Table S.6.2 Toxicological hazard, biodegradability and toxicity studies reported.

Chemical Toxicological START Toxicity studies reported
TP structure hazard biodegrability Main results Authors
proposed
HaC O /© . Persistent
TP6 DIP \&/N ( ngflin) chemical
o N (Class 2)
HaC \CH3
TP7DIP | = 7 High PErSiS'tenlt Daphni
T (Class I1I) ehemica The TPs dphnia magna
Ly 0 0 (Class 2) . acute
3 genetared did . o
immobilization
not present
. tests
significant acute
CHy toxi;igntz D. (Gomez et al.
O - Persistent 2008)
TP9 DIP XJ ( Clae I chemical
HO N (Class 2)
e @ Persistent
. ersisten
N High .
TP10DIP | ™ N chemical
%O (Class III) (Class 2)
o
i:; Hich Persistent The TPs BioTox
TP 17 DIP i ( Clas% 1) chemical genetared did luminometric
Oﬁ/% (Class 2) not present toxicity test kit
Ve o significant with
toxicity to Vibrio fischeri
Vibrio fischeri bacterium
High Persistent bacterium.
TP 18 DIP o N _CH, (Class IIT) chemical (Pérez-Estrada
Y N (Class 2) et al. 2007)
" O%KOH
o m The TP Daphni
. Persistent © dphma magna
TP1 DZP High chemical presented LCso
(Class III) (Class 2) toxicity to (Carpinteiro et
Daphnia magna al.2017)
Cl
o
HyC._]
PN .
N S0 Hich Persistent
TP5 NMD °\© ( Clas% 1) chemical Not reported
(Class 2)
NH
. The toxicity Marine
. Persistent .
TP1 FXT High chemical decrease after luminescent
(Class III) (Class 2) the treatment Vibrio fischeri
but cannot be bacterium
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fully removed.
O\Q‘* (Zhao et al.
: 2017)
HO
. . \/f\} . Persistent
TP3F(;{STP4 m\g]@;(w ’ ( CE ;%%H) chemical Not reported
g (Class 2)
CHs
H3C%N Low Persistent
TP3 PPN / chemical
HO
j—\OH (Class I) (Class 2)
CHj
H3C%N o Low Persistent
TP4 PPN o / ( Clas D chemical
HO oH (Class 2)
HSC%(:H’ . Green algae
TP 5,19 or Ny @ High I;ff:;;ffg P. subcapitata
20 PPN HO o \0 O/ (Class III) (Class 2) and
TPs presented bioluminescent
e . Persistent toxicity, which . marine .
TP6 PPN N B High chemical qccumulated Vibrio ﬁtvcherz
R (Class III) Class 2 with the cycles bacterium
\ (Class 2) of treatment.
e %‘“ﬁ Easy (Santiago-
" Low biodegradable Morales et al.
TP7 PPN %@ (Class 1) chernical 2013)
_ (Class 1)
o . Persistent
TP 26 PPN %8 (ngflin) chemical
o (Class 2)
4
ol . Persistent
TP 27 PPN e ( cggflin) chemical
\\ " (Class 2)
Ha(‘%m* . Persistent
TP 28 29 30 e High .
or 31 N /| (Class 1) E?:Tmlc;;
HO ass
. Hich Persistent
TP4 PRG ﬁ( ( Clas% 110 chemical Not reported
I’ (Class 2)
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4.1.3 Solar photo-Fenton process: Fe3":EDDS

Based on the photo-activity of the ferric species, the photo-Fenton process can be
considered catalytic, and an enhanced form of the classic Fenton reaction inducing the
formation of extra hydroxyl radicals for wastewater treatment®’. However, due to the
insolubility of the ferric aquo or hydroxy species at neutral pH, the system is pH-
dependent, and its full-scale application is subject to limitations. This drawback can be
overcome by introducing ligands to iron and generate the subsequent ROS at neutral or
weakly alkaline pH without initial acidification and/or subsequent neutralization.

Hence, this subsection presents a work focused on solar photo-Fenton like process
in a homogeneous system with EDDS (chelating agent as biodegradable alternative). In
this study (Paper IV)!'2) the stability of the Fe**:EDDS complex was evaluated in
different proportions, pH values, presence of sunlight, and aqueous matrices. The
optimization of experimental conditions was performed through Doehlert design and

cyclic voltammetry.
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ARTICLE INFO ABSTRACT

This paper demonstrates the effectiveness of Fe(III)-EDDS complex for degradation of pharmaceutical com-
pounds in a solar photo-Fenton-like process at neutral pH in two different aqueous matrixes. Electrochemical
experiments were performed to monitor the formation and stability of the complex, as a function of the amount

Keywords:
Solar photo-Fenton
Fe(II)-EDDS complex

Neutral pH of complexing agent and pH. Eight compounds, including diazepam, dipyrone, fluoxetine, furosemide, nime-
Transformation products lid 1 d lol lvzed in distilled d simulated

Toxicity sulide, paracetamol, progesterone, an 1proprano ol, were analyzed in distilled water and simulated wastewater,
Biodegradability at initial concentrations of 500 ug L™ ". By applying Doehlert matrix design and the response surface metho-

dology the optimal experimental conditions were found to be 0.28 mmol L~! Fe(II)-EDDS and 5.00 mmol L~!
H,0,, with a ratio of 1:2 for Fe(IlI)-EDDS. The most persistent transformation products (TPs) generated during
the treatment process were investigated using liquid chromatography coupled with quadrupole time-of-flight
mass spectrometry. 16 TPs were identified and classified as having high toxicity (according to the Cramer rules),
low biodegradability (according to the START scheme), and possible carcinogenicity and/or mutagenicity. Most
of the compounds were degraded in the first minutes of treatment, and most of the identified TPs had been

successfully removed at the end of the process.

1. Introduction

The Fenton (Fe(II)/H,0,), Fenton-like (Fe(III)/H,0,) and photo-
Fenton (UV/Fe(Ill)/H,0,) reactions are known as the most efficient
advanced oxidation processes (AOPs) that have been used for the re-
moval of different kinds of emerging pollutants from water and was-
tewater, including pharmaceutical compounds [1-4]. The traditional
photo-Fenton-like process employs Fe(Ill) and H,O, in acid condition
(pH 2.8-3.0), leading to high degradation levels. At neutral pH, how-
ever, the process is limited due to the low solubility and poor stability
of Fe(Ill), slowing the rate of HO" generation and decreasing the effi-
ciency of this treatment process [5,6]. In order to improve the acces-
sible pH range and efficiency of the photo-Fenton treatment, chelating
agents such as aminopolycarboxylic acids (APCAs) have been used to
maintain Fe(III) in solution [5,7]. Among the APCAs, ethylenediami-
netetraacetic acid (EDTA) is widely used [8,9], but due to its low bio-
degradability [10] has been considered an emerging contaminant
[6,11], representing a risk for aquatic organism [12].

* Corresponding authors.

As an alternative, ethylenediamine-N,N’-disuccinic acid (EDDS), a
structural isomer of EDTA but more environmentally friendly metal
chelating, with high biodegradability and nontoxicity under environ-
mental conditions, can be used for the solubilization of iron species
[11,13-15] with high effectiveness in the pH range 3-9 [5,16]. The Fe
(II1)-EDDS complex offers higher photoabsorption compared to iron
aquo complexes [7,16,17]. The photochemical activity is associated
with the ligand-to-metal charge transfer (LMCT) transitions [18], with
fast photochemical reactions occurring under solar UV radiation.

The HO’ yield in the Fenton process strongly depends on the ex-
perimental conditions such as the pH value, iron/H,0, ratio and li-
gands present in the solution [19]. When the concentration of Fe
(IIN):EDDS is high and the matrix contains high dissolved organic
matter, these factors act as an HO" scavenger that inhibits the de-
gradation of contaminants, similarly, large amounts of hydrogen per-
oxide have a negative effect [20]. In order to achieve high degradation
rates is necessary to study the effects of concentration of Fe(III):EDDS
and H,0, involved in the processes. For this purpose, the use of
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experimental designs has been widely explored in recent years, de-
termining the effects of each variable and their interactions, estab-
lishing an optimal experimental condition [21,22].

During the photo-Fenton process, several reactions occur in series
and in parallel, including hydroxylation, decarboxylation, and dehy-
drogenation, among others [23,24], leading to a variety of reactive
intermediates. The identification of these intermediates, known as
transformation products (TPs), would be crucial to understanding the
possible pathways involved in the degradation of these pharmaceu-
ticals. Therefore, the goal of this paper is to define the optimal condi-
tions to improve the removal of pharmaceuticals in a photo-Fenton-like
process using Fe(II[)-EDDS complex at neutral pH in two different
aqueous matrixes. At the same time, using UHPLC-QTOF MS and da-
tabase-built of transformation products (TPs) the main pathways are
proposed.

2. Materials and methods
2.1. Electrochemical experiments

Electrochemical experiments were carried out using an Autolab
PGSTAT302 N potentiostat with a conventional three-electrode cell
setup. A saturated calomel electrode (SCE) was used as the reference
electrode, together with a platinum wire as an auxiliary electrode and a
glassy carbon electrode (GCE) as the working electrode. Prior to each
measurement, the GCE was carefully polished to a mirror-like surface,
using 0.5 pm alumina slurry, followed by thorough rinsing with deio-
nized water. Cyclic voltammograms were recorded in 0.05M KCl so-
lution at a scan rate (v) of 50mV s~ . The electrolyte solutions were
degassed by purging with high-purity argon (99.999%) before the
measurements.

2.2. Chemicals and aqueous matrixes

All solutions were prepared and diluted using ultra-pure water (18.2
MQ.cm water repared Milli-Q system). The stock solution of the com-
plex was prepared according to the methodology described by Soriano-
Molina [25]. Briefly, Feo(SO4)3.5H>0 (purity > 95%, purchased from
Synth, Sao Paulo, Brazil) was dissolved in water, previously acidified to
pH 3.0 with 1 mol L™! HCI, to prepare a stock solution of 85 mmol L.~
Next, EDDS (in different proportions) was added to the iron solution
and the mixture was stirred for 5 min to ensure formation of the Fe(III)-
EDDS complex followed by the adjustment to the required pH.

Standards of nimesulide (NMD), furosemide (FRS), paracetamol
(PCT), propranolol (PPN), dipyrone (DIP), fluoxetine (FXT), diazepam
(DZP), and progesterone (PRG) (analytical grade; purity > 90%) were
used for degradation study. A mixed stock solution of pharmaceutical
compounds was prepared at concentration of 14 g L™ for each of these
model compounds in ACN:MeOH (2:1) (v/v) and the initial pharma-
ceuticals concentration (each of them) for the degradation experiments
(500 pg L) was prepared by appropriate dilution of the stock solution.

The composition of the simulated wastewater (SW), adapted from
the OECD [26], consisted of peptone 160mgL~', beef extract
110 mgL ™!, urea 30 mgL ™!, Mg,S047H,0 2mgL~! and CaCly2H,0
4mgL™ 1

2.3. Solar photo-Fenton-like process

Optimization of the conditions used for the solar photo-Fenton-like
experiments was carried out using a Doehlert design with two variables
(see Table 1) [19]. Batch experiments were performed using distilled
water (DW) or simulated wastewater (SW) in a solar photoreactor (1 L)
equipped with a magnetic stirrer. The Fe(III)-EDDS complex was added
to the photoreactor containing the initial mixed pharmaceuticals solu-
tion, followed by the addition of hydrogen peroxide (35% w/v). In all
experiments, after the complex addition, the pH was adjusted to 7.0
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using sodium hydroxide (0.2 mol LY,

Solar UV radiation was measured using a solar energy meter (SP-
2000, ICEL), which provided data in terms of incident radiation (W
m~2). These data were used to calculate the normalized irradiation
time tsow [27].

2.4. Analytical determinations

The total iron concentration was monitored colorimetrically using
1,10-phenanthroline [28]. Hydrogen peroxide was determined by the
ammonium metavanadate method [29], using a Cary 50 UV-vis spec-
trophotometer. Mineralization was evaluated by measuring the dis-
solved organic carbon (DOC) of the water samples. DOC measurements
were performed by direct injection of filtered samples into a Shimadzu
TOC-L CSH analyzer.

2.5. LC-QTOF MS instrumentation

Pharmaceuticals and their degradation products were monitored
and quantified using an LC (Shimadzu Nexera X2) connected to a QTOF
MS (Impact II, Bruker Daltonics). The identification of TPs was carried
out through the implementation of a purpose-built-database with TPs
reported in the literature, this database has more than 175 compounds
[30], each TP is assigned a number with the acronym of the pharma-
ceutical from which it originated (for example, the first transformation
product of dipyrone is coded as TP1 DIP). Further details are provided
in the Supporting Information (Section S.1).

2.6. Predicted biodegradability and toxicological risk of the TPs

The Toxtree software was used to predict parameters such as bio-
degradability, toxicological risk, carcinogenicity and mutagenicity po-
tentials of the identified TPs. It is a flexible and easy-to-use full-featured
open source application that allows the estimation of toxic hazards by
applying a decision tree approach for the toxicological hazard Cramer
rules [31,32]. It also evaluates biodegradation and persistence, based
on a compilation of structural alerts for environmental persistence and
biodegradability potentials, according to the Canadian EPA [33], in
turn estimated carcinogenicity and mutagenicity using the European
Commission report. [34].

3. Results and discussion
3.1. Characterization of the Fe(II[)-EDDS complex

Electrochemical experiments were performed to evaluate the Fe
(II1):EDDS complex formation. Fig. 1(a) shows cyclic voltammograms
registered in 0.05 M KCl solution containing the metal and the ligand at
different molar ratios. The measurements were carried out at pH 3.0 in
order to maintain the iron ions in solution. In the first scan, the sharp
peak depicted at -0.153 V corresponds to the reduction of Fe(III) to Fe
(I). After the first addition of EDDS, the current substantially decreased
while a new reduction peak appeared at -0.262V due to formation of
the iron complex. This peak continued to increase until it reached the
1:1 metal-ligand ratio, from which it remained constant. This result
indicates that Fe(Ill) ions formed a stable complex with EDDS at a
stoichiometry of 1:1, which is in agreement with previous reports [7].
The peak due to the oxidation of Fe(I), however, continue to grow and
become constant only from a ratio of 1:2.5, pointing out that an excess
of EDDS become necessary to stabilize the Fe(Il) signal. Gomes Jinior
et al. [16] already reported that increased availability of the organic
ligand promotes the stability of the metal complex, offering a favorable
condition for the photo-Fenton reaction.

Since the pH of the medium plays a crucial role in the iron cycle and
the Fe(III):EDDS speciation, the influence of the pH on the stability of
the complex was evaluated in the pH range 3.0-9.0. According to the

126



E. Cuervo Lumbaque et al.

Catalysis Today 328 (2019) 259-266

Table 1
Doehlert designs for pharmaceuticals degradation in DW and SW matrixes.
VARIABLE 1
Codified 1 05 0 05 1
value
[H20:]
(mmol L) 0.01 2.51 5.00 7.50 10.00
VARIABLE 2
Codified -0.866 0 0.866
value
[Fe(III)-
EDDS] 0.05 0.28 0.50
(mmol L)
QUADRATIC MODEL
Experiment Response
number [H202] [Fe(III)-EDDS] (% decrease 3 area)®
DW SW
1 10.00 0.28 97.95 74.63
2 7.50 0.50 92.94 80.53
3 0.01 0.28 65.32 41.53
4 2.51 0.05 50.56 44.19
5 7.50 0.05 90.77 43.58
6 2.51 0.50 96.08 65.59
7 5.00 0.28 97.92 79.32
8 5.00 0.28 97.67 79.44
9 5.00 0.28 98.70 70.78

2Solar photo-Fenton treatment time (tzoy): 15.8 min.
The box in Table 1 represents the optimum conditions of the solar photo-Fenton process or the
central point in Doehlert design performed as is described in second paragraph of section 3.2.

literature [6,11,35], four different complexes can be found depending
on the pH, Fel.™ (pH 2.0-7.5), FeOHL? (pH 7.5-9.75), Fe(OH),L*> (pH
9.75-10.75) and Fe(OH),~ (pH > 10.75). On the other hand, L™* is not
the predominant specie at pH < 9 considering the protonation con-
stant of EDDS KHL®/L* = 10. Fig. 1 (b) shows the voltammograms
obtain in 0.05 mol L'! KCl and a mixture of the Fe(IIl) and EDDS salts in
a molar ratio of 1:2. The current and potential remained almost un-
changed up to pH 6. However, a slight decreased in the current in-
tensity and small shifting of the potential were observed at higher pH
values. Since these variations did not significantly affect the stability of
the complex, Fe(III)-EDDS (at 1:2) could be employed at neutral pH or
even under alkaline conditions.

The stability of the complex was also evaluated under exposure to
solar light at pH 5.0, 7.0, and 9.0. A treatment performed at neutral pH
would help to reduce operating costs in industrial-scale applications.
Furthermore, most hospital wastewater has pH from neutral to alkaline
[36]. The cyclic voltammograms recorded at different times are shown
in Figs. S.2.1, S.2.2, and S.2.3 (Supporting Information). The peaks
corresponding to the Fe(III)-EDDS redox remain unaffected in the first
10 min of exposure, and almost disappeared after 180 min, which could
be interpreted as being due to degradation of the complex under the
effect of sunlight. Given these results, 120 min was established as the
maximum time that the complex remained stable under incident sun-
light. Fig. 1(c) shows a comparative graph of the behaviors of the
complex at the three pH values, under sunlight, at the beginning and at
the end of the experiment (120 min).

The stability of the complex in the SW matrix (Fig. S.2.4, Supporting
Information), that have a high organic loading similar to that of a real
hospital effluent, was also evaluated Lower signal intensity was ob-
tained under this condition, due to adsorption of some species on the
carbon electrode surface with a consequent decrease in the electron
transfer. Nevertheless, the results confirmed the stability of the Fe(III)-
EDDS complex and its suitability for use in solar photo-Fenton-like
processes.

3.2. Optimization of experimental conditions: Doehlert design

A multivariate experimental design was applied for the assays using
DW and SW, in order to optimize the most important variables for the
homogeneous photo-Fenton process in different matrixes. The variables
evaluated were the Fe(II)-EDDS concentration (using a ratio of 1:2) and
the H>O, concentration. The pH was set at 7.0, since this value is close
to the pH of real hospital wastewaters [36]. Nine experiments were
required and the percentage decrease of the summed peak areas of the
pharmaceuticals ((1-2(C¢/Cp))*100), after 15.8 min of treatment using
the solar photo-Fenton-like process, was used as the analytical response
(Table 1).

The optimum conditions of the solar photo-Fenton processes using
the DW and SW matrixes were found for the central point according to
Doehlert design with 5.00 mmol L.~! of H,0, and 0.28 mmol L™! of Fe
(II1)-EDDS (1:2) (experiments 7, 8, and 9 of Table 1). This condition was
selected because the response was very close to those for the experi-
ments with the most significant responses (experiment 1 using DW and
experiment 2 using SW), but required lower concentrations of H,O, and
the complex, hence making the process more environmentally friendly
and economically viable.

The quality of fit of the mathematical model to the experimental
data was assessed by analysis of variance (ANOVA), using electronic
spreadsheets, with evaluation of the significance of the regression [37].
All the results obtained from the Doehlert design are presented in the
Supporting Information), with the concentrations of H;O» and Fe(III)-
EDDS being the principal factors that influenced the solar photo-Fenton
process [38,39].

3.3. Degradation of pharmaceutical compounds

The solar photo-Fenton-like process was carried out for tsg, of
110.4 min, using the DW and SW matrixes under the optimized con-
ditions. The results showed that some of the compounds were elimi-
nated in the first minutes of treatment. DIP presented the highest de-
gradation rates in both DW and SW, while PPN, FXT, DZP, and PRG
were more persistent in both matrixes evaluated (Fig. 2a and b).
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Fig. 2. Pharmaceutical degradation employed solar photo-Fenton-like process
at neutral pH in DW matrix (a) and SW matrix (b).

For DW, the compounds showed concentrations < LOD at the final
treatment time, PCT (< 0.20ug L™'), DIP (< 0.31pg L™1), FRS
(<0.78ug L™Y, PPN (< 0.01ug L™ 1, NMD (< 0.24pug L™1), FLX
(< 0.31ug L™ 1, DZP (< 0.01 ug L™ 1) and PRG (< 0.02 pg L™1). Blank
experiments were carried out in DW matrix to determine the impact of
the direct photolysis and the concentration of H,O, used on the de-
gradation of pharmaceuticals in the absence of Fe(III)-EDDS complex
(see Figs. S.4.1-S.4.3), the results indicated a total degradation of DIP
and FRS by direct photolysis and with photolysis + H,0,, the use of
H,0- in the absence of sunlight confirmed that light and H>O, has a
greater effect on the degradation of pharmaceutical compounds.
However, when comparing 60 min of blank experiments and a solar
photo-Fenton-like process, it was evidenced that the presence of the Fe
(II1)-EDDS complex improves the degradation rates, this shows the real
impact and the positive effect of the Fe(II)-EDDS complex in the de-
gradation of pharmaceuticals at neutral pH.

When the process was performed using the SW matrix, the most
pharmaceuticals presented values lower than LOD, DIP (< 1.20 ug L™ ")
and FRS (< 1.36ug L™1) were easily degraded, this behavior is re-
ported in other works using photo-Fenton [27-30], NMD (< 0.42pug
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L™, PCT (< 0.58 g L™1) and FXT (< 5.17 ug L™') were more per-
sistent through time, while PPN (< 1.32ug L™ %), DZP (< 0.02ug L™ 1),
and PRG (< 43.48ug L™H presented concentrations < LOQ, these
three are the pharmaceuticals that showed the greatest resistance to
oxidation using the photo-Fenton like process. The results presented in
this paper present a rapid degradation of pharmaceutical compounds,
which is a result of the synergy effect of the EDDS radicals, H,O,, HO"
and O, ~ [40] (Egs. (1)-(5)). These radicals have different standard
reduction potentials such as HO" (+2.8V), perhydroxyl radical HO5'
(+1.7 V) and superoxide radical 02"~ (—2.4 V) [41], which makes the
HO' has greatest contribution in the oxidation process [42-44],

Fe(II):EDDS + 2H,0, — Fe(Il) + EDDS" + O,"~ +2HO™ )
Fe(Il) + H,0, — Fe(lll) + HO" + HO™ (2)
EDDS + O, — EDDS?>™ + 0, ™ 3)
EDDS’ + OH~ —EDDS®~ + HO’ 4
EDDS’ + Fe(Il)/Fe(Ill) - EDDS?>~ + HO’ (5)

The final concentrations of dissolved Fe(III)-EDDS were 0.17 mmol
L~ for DW and 0.19 mmol L™! for SW. The final H,O, concentration
was 0.66 mmol L™ for DW, and 0.15 of H,0, was found for SW, the
UV-vis spectra of Fe(IlI)-EDDS and H,0O, behavior during the solar
photo Fenton-like process in DW can see in Fig. 3a and 3b, for more
information about UV-vis spectra in SW see Fig. S.4.4 of Supporting
Information. About 28.41% of the DOC mineralization was achieved in
DW (DOC, 67.5mg L™ 1) after tzo, 110.4 min. The DOC DW profile are
characterized by an initial fast reaction rate, mainly associated to the
fast reduction of Fe(IIl) to Fe(II), enhanced by the photodecarboxyla-
tion of Fe(III):EDDS complex under UV-vis light, followed by a very
slow reaction rate after tsg,, 15.8 min, which is correlated to the low
consumption of H,O,. However, only 12.72% of mineralization was
attained in SW matrix (DOC, 170.75mg L~ 1) in the final time of photo-
Fenton-like treatment (Fig. 3c). These results are similar to the work
carried out by Trové et al [45], where the authors analyzed the de-
gradation of caffeine in different water matrixes through the photo-
Fenton process, the results showed lower mineralization rates verified
for a high load organic.

The performance of Fenton-like process can be affected by the
presence of constituents of SW matrix, such as organic matter, dissolved
and suspended solids, alkalinity, as well presence of ions. Suspended
solids and color can hinder photochemical reactions by light scattering
and absorption and may impair the performance. Carbonate, bicarbo-
nate, and chloride ion, are known to act as radical scavengers, these
compounds compete with pharmaceuticals for hydroxyl radicals;
therefore their presence increases oxidant demands and lowers the
treatment efficiency. Also C1~, Ca®* and Mg** SO4* can compete with
Fe(IlI) for the complexing agents [46,47]. The recalcitrance of some
pharmaceuticals such as FLX, PPN, DZP and PRG can be explained due
those compounds also contain aromatic moieties contain electron-
withdrawing group as trihalides, halides, ketones or amide that leads to
this low reactivity with the radicals generated [48], these groups make
aromatic substitution reactions slower and more complex.

The results for the solar photo-Fenton process in DW showed a faster
initial decay rate and higher degradation capacity in the first minutes of
treatment, after which the efficiency decreased. This behavior was in-
vestigated using the method described by Chan and Chu [49], who
derived a mathematical model (Eq. (6)) to simulate the reaction ki-
netics:

t d(C/Cy)

—p
—_=p+ot
1—/cy PToT 4

T (p+ot)?

6))

where C is the concentration of the pharmaceutical remaining in the
system after a reaction time t (min), C, is the initial concentration, and
the parameters p (min) and o (dimensionless) are two characteristic

263

Catalysis Today 328 (2019) 259-266

constants related to the reaction kinetics and the degradation capacity.
Therefore, a higher value for 1/p indicates a faster initial degradation
rate of the pharmaceutical. When t is high and approaching infinity, the
reciprocal of constant o is the theoretical maximum pharmaceutical
removal fraction. In the present case, this was equivalent to the max-
imum oxidation capacity of the solar photo-Fenton process at the end of
the reaction.

For the solar photo-Fenton-like processes performed with the DW
and SW matrixes, the coefficients (r?) in the range from 0.91 to 1.00
were obtained, indicating that the degradation kinetics of the phar-
maceuticals were well described by the model (with the exception of
NMD), showing pseudo-first order kinetic behavior (Table 2). These
results were in agreement with the findings of Frontistis et al. [50].

3.4. Transformation products

With support of the purpose-built-database for the identification of
pharmaceuticals TPs, a total of sixteen TPs were identified in the SW
matrix and four in the DW matrix (Table S.5.1, Supporting
Information). For DIP, identification was made of six TPs (TP6, m/z
192.0655; TP7, m/z 250.1185; TP8, m/z 136.0757; TP9, m/z 205.0971;
TP10, m/z 165.1022; and TP16, m/z 94.0652) and one metabolite (TP2
AAA, m/z 262.1183, C;3H;6N303). There were three proposed TPs for
DZP (TP2, m/z 304.0735; TP5, m/z 271.0627; and TP6, m/z 301.0733),
one for FXT (TP5 FXT, m/z 260.0893), one for PRG (TP1 PRG, m/z
335.2206), and four for PPN (TP1, m/z 118.0864; TP3, m/z 134.1178;
TP25, m/z 294.1707; and TP 28, m/z 310.1663).

The DIP TP structures identified were indicative of loss of the sul-
fonic group from DIP, followed by loss of the methylamine group and
oxidation of C2 of the pyrazolinone group, resulting in TP9 DIP. The
identification of TP6 DIP was also consistent with the TP9 structure,
since it should originate from the loss of a methyl group and subsequent
formation of an isoxazole ring. The opening of the pyrazolinone ring
was indicated by the identification of TP7 DIP. In turn, TP10 DIP could
be attributed to loss of the oxamoyl chain from TP7 DIP, or opening of
the pyrazolinone ring and loss of the hydroxyl methyl aldehyde chain
from TP9 DIP. The formation of TP8 DIP suggested the loss of a methyl
group from TP10 DIP, or pyrazolinone ring opening, loss of a molecule
of H,0, and subsequent loss of an ethyl group from TP6 DIP. Finally,
aniline (TP16 DIP) could originate from the loss of an amino carbonyl
chain from TP7 DIP, TP10 DIP, or TP8 DIP (see Figs. S.5.1 and S.5.2,
Supporting Information). The TPs identified were previously reported
by Gémez et al. and Pérez Estrada et al. [51,52].

Three DZP TPs were identified: TP2 DZP, TP5 DZP, and TP6 DZP. In
the case of TP5 DZP, a 6-member ring was formed, resulting in a qui-
nazolinone moiety. TP6 DZP and TP2 DZP could be produced by
opening and oxidation of the benzodiazepinic ring, while TP6 DZP
could originate from DZP or TP2 DZP, with addition of an alcoholic
group in the N-methyl group (Figs. S.5.3 and S.5.4, Supporting
Information). These TPs of the DZP were also reported by Carpinteiro
et al and Kosjek et al [53,54].

Santiago-Morales et al. [55] studied the TPs of PPN formed during
photocatalytic degradation under simulated solar light. Five PPN TPs
were identified in the present study: TP1 PPN, TP3 PPN, TP25 PPN,
TP28 PPN, and other three isomers (TP29 PPN, TP30 PPN, and TP31
PPN) that could not be fully elucidated. Unfortunately, it was not
possible to observe specific fragments of the suspected TPs (TP29 PPN,
TP30 PPN, and TP31 PPN), preventing specific identification of these
compounds. The addition of hydroxyl groups to the aromatic nucleus is
probably the first step in the PPN degradation pathway (Figs. S.5.5 and
S.5.6, Supporting Information). TP25 PPN, TP28 PPN, TP29 PPN, TP30
PPN, and TP31 PPN were the consequence of ring-opening attack of
hydroxyl radicals on the naphthol moiety. TP3 PPN could be attributed
to cleavage of the ether bond of PPN, with its reduction producing TP1
PPN.

Other TPs identified were TP5 FXT, TP1 PRG, and TP2 AAA (see
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Fig. 3. UV-vis spectrum of total iron in DW (a); UV-vis spectrum of H,O, in DW (b); Total iron in solution, HO, consumed and DOC in DW and SW matrixes
employed solar photo-Fenton process (c).

Table S.5.2, Supporting Information). These TPs have previously been classified as Class II, with a structure that was less innocuous, compared
identified as intermediate products generated after ozonation of FXT, to the TPs in Class I, but without structural features suggestive of
PRG, and acetamino antipyrine (AAA) [56-58]. toxicity (such as those of the TPs in Class III). TP8 DIP, TP10 DIP, TP16

Finally, the TPs tentatively identified were evaluated using Toxtree DIP, TP1 PPN, TP25 PPN, and TP28 PPN, classified in Class I, were
software, the results obtained are shown in Table S.5.2 (Supporting innocuous substances with simple chemical structures and known me-

Information). According to the Cramer rules, ten of the TPs could tabolic pathways. The most readily biodegradable TPs were TP1 PPN,
present high toxicity (Class III). These substances showed chemical TP3 PPN, and TP1 PRG.

structures that precluded any strong initial impression of safety, and Most of the TPs identified presented predicted structures with alerts
that could even be suggestive of significant toxicity. TP7 DIP was for potential genotoxicity and carcinogenicity, based on a list of
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Table 2
Kinetic modeling of pharmaceuticals degradation by solar photo-Fenton-like process.
DW SW

Pharmaceuticals p~Y(min~1) o ! r? p ~Y(min™) o ! r?
PCT > > b 0.1858 0.9803 0.9133
DIP b b b b b b
FRS b b b 62.5 0.8584 1.0000
PPN 100 1.0000 1.0000 0.7309 1.0152 0.9993
NMD b b b c c 0.9820
FXT 45.4545 0.9980 1.0000 0.3014 1.0416 0.9893
DZP 66.6666 0.9980 1.0000 0.1864 1.0263 0.9866
PRG 67.1141 0.9971 1.0000 0.3519 1.0309 0.9972

Y Insuficient data for calculate.
¢ pseudo-firts order.

structural alerts (SA) according to electrophilicity theory. The SAs for
carcinogenicity are defined as molecular functional groups or sub-
structures that are linked to carcinogenic activity of the chemicals, with
attack leading to alteration of DNA being the main step in the me-
chanism of action of many carcinogens (such as the so-called genotoxic
carcinogens).

However, the TPs identified in this work were degraded by the solar
photo-Fenton-like process with Fe(II[)-EDDS at neutral pH. The only
TPs that persisted after 110.4 min of treatment were TP1 PPN and TP3
PPN, indicating that the treatment process can be incorporated into a
later biological treatment for total degradation of the pharmaceuticals
and their TPs. In turn, this study allowed to know some of the TPs that
can be generated when working with real hospitals wastewaters, which
due to the complexity of the matrix can generate even more toxic and
persistent compounds.

4. Conclusions

Electrochemical experiments were performed to evaluate formation
and stability of the Fe(IlI)-EDDS complex, this allowed to identify a
broad stability of the complex with variables such as pH and the sun-
light incidence. The use of the Doehlert quadratic model with RSM
enabled determination of the optimal experimental conditions for de-
gradation of eight pharmaceutical compounds present in distilled water
and simulated wastewater matrixes. For both matrixes, the treatment
process provided effective degradation of all the compounds, in most
cases achieving concentrations < LOD, with total consumption of
H,0,, FLX, PPN, DZP and PRG presented more recalcitrance, the effect
of the matrix was evidenced in the degradation behavior of pharma-
ceuticals between DW and SW. In both cases showed a faster initial
decay rate and higher degradation capacity in the first minutes of
treatment, after which the efficiency decreased. Sixteen TPs were
identified by LC-QTOF MS, the most of these were hydroxylation pro-
ducts of pharmaceuticals initially present. Using Toxtree software, these
TPs were mostly classified as high toxicity persistent chemicals with
potential carcinogenicity and mutagenicity. The identification of TPs is
very useful because by implementing this process in a real hospital
wastewater matrix with greater organic load and complexity, the pro-
cess could not be completely efficient and it is very important to know
the structures and the behavior of the intermediate products.
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S.1 LC-QTOF MS analysis

The LC was equipped with a reverse-phase Luna®Omega C18 analytical column
(2.1 mm x 50 mm % 1.6 um). When ionization in positive mode was selected, the
mobile phase was a mixture of MeOH acidified with 0.1% formic acid (A) and H,O
acidified with 0.1% formic acid (B) at a flow rate of 0.28 mL/min. In this case, the
gradient progressed from 10% A (initial conditions) to 90% A in 10 min, and then
maintained for 2 min. The QTOF mass spectrometer was operated in positive ionization
mode under the following conditions: capillary 4000 V, nebulizer 40 psi, drying gas 9
L/min, gas temperature 200 °C. In all analyses, the injection volume was 10 pL. The
samples injected were previously filtered through a 0.22 pm PVDF filter. The QTOF
MS system was operated in broadband collision-induced dissociation (bbCID)
acquisition mode that provided MS and MS/MS spectra at the same time. All MS
information was recorded over the m/z range of 50—1000 with a scan rate of 2 Hz. The
bbCID mode allowed for work with two different collision energies: one with a Low
Collision Energy (LE) of 10 eV, and a second that applies a High Collision Energy
(HE) of 70 eV to obtain MS/MS spectra. Target Analysis and Data Analysis 4.2
software's were employed for analyzes and, in most cases, for ions with a deviation of
+5 ppm of error were assigned possible elemental compositions and double-bond
equivalent (RDB).

Limit of detection (LOD) and limit of quantification (LOQ) for each
pharmaceutical studied, in both water matrixes, were determined for the quantification

method developed in this work (see Table S.2.1).
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Table S.1.1. Parameters for quantification method used to determine pharmaceuticals in

different matrixes studied.

DW SW
Pharmaceuticals LOD LOQ LOD LOQ
(ngLh  (ugLlh)  (uglhH  (ugl?h

Nimesulide (NMD) 0.24 0.82 0.42 1.39
Furosemide (FRS) 0.78 2.61 1.36 4.55
Paracetamol (PCT) 0.20 0.68 0.58 1.92
Propranolol (PPN) 0.01 0.03 0.39 1.32
Dipyrone (DIP) 0.31 1.03 1.20 4.01
Fluoxetine (FXT) 0.31 1.04 5.17 17.24
Progesterone (PRG) 0.02 0.08 13.04 43.48
Diazepam (DZP) 0.01 0.03 0.01 0.02

S.2 Characterization Fe(III)-EDDS complex

Initial time
—— 5 minutes
—— 10 minutes

15 min
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—— 45 min

60 min
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Figure S.2.1 Cyclic voltammograms of Fe(III)-EDDS (1:2) at pH 5.0 under solar-light

irradiation (KCI 0.05 mol L'!, Fe(IIT) 0.5 mmol L' and v=50mVs™).
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Figure S.2.2 Cyclic voltammograms of Fe(III)-EDDS (1:2) at pH 7.0 under solar-light

irradiation (KCI 0.05 mol L'!, Fe(IIT) 0.5 mmol L' and v=50mVs™).
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Figure S.2.3 Cyclic voltammograms of Fe(III)-EDDS (1:2) at pH 9.0 under solar-light

irradiation (KCI1 0.05 mol L', Fe(IIT) 0.5 mmol L' and v=50mVs™).
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Figure S.2.4 Cyclic voltammograms of Fe(IlI)-EDDS (1:2) in SW matrix at pH 7.0

under solar-light irradiation (KC1 0.05 mol L*!, Fe(III) 0.5 mmol L' and v=50mVs™).
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S.3 Optimization of experimental conditions: Doehlert Design

Table S.3.1 Selected ANOVA parameters for DW and SW matrixes.

ANOVA parameters

Matrixes DW SW

Parameter number (p) 6
Experiments number (n) 9
Level number (m) 7
Significance (o) 0.051

Table S.3.2 Analysis of variance for quadratic model in photo-Fenton process for DW

and SW matrixes.

Analysis of Variance - Quadratic Model

VS QS DF QM F test. P
Matrixes DW SW DW Sw DW SwW DW Sw DW SwW
Regression | 2413.2 2112.7 5 482.64 42254  374.83* 11.734* 2E-04 0.035

Residuals | 3.8629 108.03 3 1.2876 36.011
Lack off it | 3.2856  58.719 1 3.2856 58.719 11.383 2.3814 0.078 0.263
Pure error | 0.5773 49314 2 0.2886  24.657
Total 2417 2112.7 8
% variance explained 99.84 95.14
% maximum variance explainable 99.98 97.78

b Significant values
VS: variance source, QS: quadratic sums, DF: degrees of freedom, QA: quadratic mean, F test:
calculated value of measured test F, p: statistical parameter p.

Table S.3.3 Coefficients for DW and SW matrixes.

Coefficients
DW SW
X0 98.10 76.51
X1 17.06 13.42

X2 13.77 16.84
xi2 -16.46 -18.43
x22 -15.19 -17.91
X1X2 -25.03 898
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Figure S.3.1 Normal probability graph of Doehlert design in DW matrix optimization.
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Figure S.3.2 Normal probability graph of Doehlert design in SW matrix optimization.
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Pharmaceuticals degradation(%)

05 0

H202 Fe (Ill-EDDS

Y=98.1+17.06%(x1)+13.77*(x2) -25.03*(x1+X2) -16.46*(x1?)-15.19%*(x22) (Equation I)

Figure S.3.3. Response surface for Doehlert design in DW matrix.

~
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D
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Pharmaceuticals degradation(%)
[,
(=]

H202 Fe (ll)-EDDS

Figure S.3.4. Response surface for Doehlert design in SW matrix.

Y= 76.51+13.42%(x1)+16.84%(x2) +8.978*(x1+x2)-18.43%(x12)-17.91*(x2?) (Equation 2)
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S.4 Degradation of pharmaceutical compounds: blank experiments
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Figure S.4.1

neutral pH.
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Figure S.4.2 Degradation of pharmaceutical compounds with direct photolysis with

H>0> (5 mmol L) at neutral pH.
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Figure S.4.3 Degradation of pharmaceutical compounds with H>O, (5 mmol L) in

dark (without sunlight) at neutral pH.
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Figure S.4.4 UV-vis spectrum of total iron in SW (a); UV-vis spectrum of H>O; in SW
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S.5 Transformation products

Table S.5.1. TPs identified thought solar photo-Fenton process at pH 7.0 in DW and

SW matrixes.

Presence
Compound Ion Formula Ion mass (m/z) Error RDB  in matrix
[M+H] Experimental Calculated [ppm] DW SWwW
TP2 AAA C13H16N303 262.1183 262.1186 1.1 7.5 X
CioH11N20, 191.0812 191.0815 1.7 6.5
TP6 DIP C10H10NO; 192.0655 192.0655 0.1 6.5 X
CioH15N202 195.1123 195.1128 2.4 4.5
CsHi1oNO 136.0756 136.0757 0.9 4.5
CsH;0 119.0492 119.0491 -0.2 5.5
CesHsN 94.0652 94.0651 -0.4 3.5
TP 7 DIP C12H16N303 250.1185 250.1186 0.6 6.5 X
CioH14N30, 208.1077 208.1081 1.7 5.5
CoHizN20 165.1022 165.1022 -0.0 4.5
C/HiN; 123.0914 123.0917 2.2 3.5
TP8 DIP CsH1oNO 136.0757 136.0757 -0.3 4.5 X
CsH;0 119.0492 119.0491 -0.2 5.5
CesHsN 94.0652 94.0651 -0.4 3.5
TP 9 DIP CuH1:N202 205.0971 205.0972 0.2 6.5 X X
CsHgN 56.0493 56.0495 2.3 1.5
TP 10 DIP CoH1i:N20 165.1022 165.1022 0.3 4.5 X X
C/HiuN; 123.0914 123.0917 2.2 3.5
TP 16 DIP CeH;sN 94.0652 94.0651 -0.8 3.5 X
C/H; 91.0542 91.0542 0.2 4.5
TP2 DZP C16H15CINO3 304.0735 304.0735 -0.1 9.5 X
Ci1sH14CIN2O 273.0779 273.0789 3.7 9.5
TP5 DZP C1sH12CIN2O 271.0627 271.0633 1.9 10.5 X
CsHi,NO 102.0912 102.0913 1.1 0.5
TP6 DZP C16H14CIN2O; 301.0733 301.0738 1.7 10.5 X
Ci4sH11CINO 244.0516 244.0524 3.2 9.5
TP5 FXT C2H3F3NO; 260.0893 260.0893 -0.1 5.5 X
CioHy 129.0696 129.0699 2.0 6.5
TP1 PRG C20H3104 335.2206 335.2217 3.2 5.5 X X
C20H203 317.2114 317.2111 -0.8 6.5
C20H270, 299.2002 299.2006 1.2 7.5
TP1 PPN CsH12NO2 118.0864 118.0863 -1.0 0.5 X X
C:HsNO> 76.0391 76.0393 2.7 0.5
CsHioN 72.0808 72.0808 0.2 0.5
TP3 PPN CsH16NO2 134.1178 134.1176 -2.0 -0.5 X
C:H4NO> 74.0236 74.0237 0.3 1.5
CsHioN 72.0808 72.0808 -0.5 0.5
CsHgN 56.0494 56.0495 0.9 1.5
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TP 25 PPN Ci6H24NOy4 294.1707 294.1700 -2.5 5.5 X
C;HsNO 74.0601 74.0600 -1.0 0.5
TP 28 PPN Ci6H24NOs 310.1648 310.1649 0.2 5.5 X
Ci6H22NO4 292.1547 292.1543 -1.4 6.5
Ci6H20NOs 274.1411 274.1438 9.6 7.5
TP 29 PPN Ci6H24NOs 310.1663 310.1649 -4.5 5.5 X
Ci6H22NO4 292.1548 292.1543 -1.6 6.5
CsHioNO; 116.0706 116.0706 -0.2 1.5
C4HioN 72.0806 72.0808 2.2 0.5
TP 30 PPN Ci6H24NOs 310.1645 310.1649 1.2 5.5 X
Ci6H22NO4 292.1547 292.1543 -1.2 6.5
TP 31 PPN Ci6H24NOs 310.1646 310.1649 0.8 5.5 X
Ci6H22NO4 292.1549 292.1543 -2.0 6.5
Ci6H20NOs 274.1434 274.1438 1.4 7.5
ESQ \CH3 HO o TP, DIP HO o TP DIP
NaO 0 Dipyrone (DIP)
CH3 /@ ©
—_—
H C
HyC ?Hg 3 NH

A/N / TP,, DIP
0/

O

CHj, TP, DIP
TP, DIP

TP, DIP

Figure S.5.1 Degradation pathway of dipyrone in Solar photo-Fenton like process at

neutral pH (SW matrix).
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Figure S.5.2 DIP and its TPs in Solar photo-Fenton like process at pH 7.0.
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Figure S.5.3 Degradation pathway of diazepam in Solar photo-Fenton like process at

neutral pH (SW matrix).
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Figure S.5.5 Degradation partway of propranolol in Solar photo-Fenton like process at

neutral pH (SW matrix).
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Table S.5.2. Toxicological Hazard, biodegradability and carcinogenicity of TPs

generated trough the sola photo-Fenton like process.

Name Structure Cramer START Mutagenic and
rule biodegradability cancerogenicity
CH3
P2 \S_/ /© High Persistent Structural alert
chemical for genotoxic
AAA (Class LI (Class 2) carcinogenic
TP6 /@ High Persistent Structural alert
chemical for genotoxic
bIP \S—/ (Class 11T (Class 2) carcinogenic
TP7 /@ Intermediate Persistent Structural alert
chemical for genotoxic
bIP HY (Class 1) (Class 2) carcinogenic
TPS @ Low Persistent Structural alert
chemical for genotoxic
bIP (Class I) (Class 2) carcinogenic
. Persistent Structural alert
EII)E N/© ( CE ;fliﬂ) chemical for genotoxic
\\ (Class 2) carcinogenic
TP10 Low Persistent Structural alert
DIP \ (Class T) chemical for genotoxic
o (Class 2) carcinogenic
TP16 /@ Low Persistent Structural alert
chemical for genotoxic
bIP (Class I) (Class 2) carcinogenic
H3C
P2 High Persistent Structural alert
chemical for genotoxic
bzp (Class I1T) (Class 2) carcinogenic
o
Ao
TP5 High Persistent Structural alert
chemical for genotoxic
bzp (Class IIT) (Class 2) carcinogenic
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HN

L/(

we g T Sl
X
bzp O O (Class I1I) (Class 2) carcinogenic
TN N Persistent Structural alert
mo UL e T S
FX 5 . .
T e (Class IIT) (Class 2) carcinogenic
H c:4<CH3 Easy Structural alert
TP1 ° N Low biodegradable for genotoxic
PPN o _> (Class I) chemical carcgin N
o/ (Class 1) ogenic
CHs Easy
TP 3 H3C‘<NH High biodegradable Sftrllcturai alqt
PPN (Class III) chemical OT BENOTOXIC
(Class 1) carcinogenic
H3C ’ .
TP25 NH Low Per51sFent Structural al@rt
PPN _>—\ (Class ) chemical for genotoxic
HO 0 / (Class 2) carcinogenic
H3C " .
TP28 Low Per51sFent Structural al@rt
PPN 3—\ (Class ) chemical for genotoxic
(Class 2) carcinogenic
3
H3C
TP Hich Persistent Structural alert
29-31 _>—\ ( Clasf 1IT) chemical for genotoxic
PPN (Class 2) carcinogenic
Easy
TP1 High biodegradable Neeati
PRG (Class IIT) chemical cgative
(Class 1)
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4.1.5 PhotoMetrix PRO®

The analytical control of Fenton processes must be careful and carried out
throughout the degradation treatment. In this context, when Fenton or solar photo-Fenton
processes are performed, the determinations of iron species and H2O> play a vital role in
keeping the process "active".

Currently, advances in new technologies for image acquisition and processing
have attracted the attention of the scientific and educational community, mainly due to
the proof of the effectiveness of their results in comparison to traditional colorimetric
equipment. Analyses previously restricted to laboratory equipment, such as
spectrophotometers and colorimeters, can now be investigated, in loco, using a fast, easy,
low cost and less waste generation methodology. The processing of these images occurs
through the variation of the RGB color components of each pixel that forms them.

In this context, a smartphone application called PhotoMetrix PRO® (developed by
two research groups from UFRGS and UNISC — both universities in Brazil) captures and
analyzes digital images through mathematical models'!>. Image capture can be done
through the device's camera, and instantly perform calibration curves and capture samples
of unknown concentration. In this thesis, the use of smartphones to obtain the images
allowed the development of a much more practical, simple and accessible method when
compared to the standard method referenced. The app provides the user with a degree of
reliability in measurement and opening up perspective applications in fieldwork and solar
experiments in the future.

The objective of Paper VI'' was to develop an alternative method of
spectrophotometry to determine H>O, and Fe in different matrices treated by AOPs,
through the acquisition of digital images by smartphone with PhotoMetrix PRO®.
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These results evidencing that the miniaturization can provide positive advantages in terms of simplicity, cost
effectiveness, and less environmental impact. PhotoMetrixPRO offers significant advantages including rapid
analysis, smaller sample volumes, and greater portability and accessibility.

1. Introduction

Fenton and photo-Fenton processes are based on oxidation reactions
involving species such as the hydroxyl(HO"), hydroperoxyl (HO- "), and
superoxide anion(O,~ “)radicals, which are generated by the decom-
position of hydrogen peroxide catalyzed by iron ions [1,2]. These ra-
dicals are capable of oxidizing a wide range of substances and are
employed in advanced oxidation processes (AOPs)for the degradation
of pollutants. The solar photo-Fenton process is combination of Fenton
reagents (H,O, and Fe2* (Eq. (1)) and UV-vis solar light radiation
(A < 600nm) that produces an additional HO" and HO," radicals by
photo-reduction of Fe** to Fe** and hydrogen peroxide reaction (Eqs.
(2)-(4) [3]. In turn, it increases the degradation rate of organic pollu-
tants. This process reduces the formation of sludge waste that is pro-
duced in the original Fenton process since this treatment accumulates
Fe3” ions in the system and the reaction does not proceed generating
sludge [4]. The ferrous ions generated react again with H,O, generating
an additional HO" and ferric ion, continuing in this way with the cycle
[5]. Currently, solar photo-Fenton process is considered one of the most
appropriate and sustainable treatment compared to other AOPs systems
allowing to work with a renewable source of energy, pHs closer to
neutrality and good yields of emergent contaminants degradation. This
is shown in the increase in solar treatment studies in recent years [6-8].

Fe**+H,0, — Fe3*+ HO + HO® (€]
Fe*+H, O Fe?*+H*+ HO" @
Fe3*+H,0, — Fe? +H+ HO} ®3)
HO+H,0, — H,0 + HO} )

However, at high concentrations, both Fe and H,O, can have ad-
verse biological impacts [9]. Therefore, the total Fe concentration and
the consumption of H,O, are important parameters that must be
quantified and controlled during these treatment processes.

Brazilian environmental legislation [10] sets a maximum permis-
sible limit of 15mgL~" for total dissolved iron in effluent discharged
into receiving water bodies, since high concentrations of iron ions in
natural waters can cause acidification and loss of buffering capacity.
This condition results in the extinction of organisms capable of photo-
synthesis, together with the production of hydrogen sulfide and carbon
dioxide under anaerobic conditions [11,12], leading to the perturbation
of ecosystems. According to European regulations [13], H,O, is con-
sidered toxic or moderately toxic to aquatic organisms, with LCs values
for fish ranging from 16.4 to 37.4 mg L}, a48-h ECs,, for invertebrates of
2.34mgL", and an ECs, for the marine diatom Skeletonema costatum of
2.39mgL?. H,0, can also cause biological damage including DNA
oxidation, causing mutagenesis and death in bacteria.

At present, monitoring of total dissolved Fe and H,O, in AOPs is
traditionally performed using spectrophotometric methods, in order to
control their concentrations during the course of the treatment [14-16].

As an alternative, the use of new image acquisition and processing
technologies, employing portable equipment, can provide a simpler
solution that offers savings of both in time and cost. For this purpose,
the application called PhotoMetrixPRO is a powerful tool for the
monitoring of process conditions. This application uses multivariate
analysis techniques including linear regression and partial least squares
regression (PLS), which are applied to exploratory data obtained from
the decomposition of digital images acquired with the cameras of
electronic devices such as Android and Windows smartphones [17]. The

application is free and users can easily install it.

PhotoMetrixPRO is based on color theory, where an image can be
defined as the human perception for the combination of two or more
wavelengths of the electromagnetic spectrum, in the region of visible
light, reflecting on a surface. The combinations are represented by color
spaces such as RGB (Red, Green, Blue) and are defined as three-di-
mensional arrangements of these primary colors [18].

The use of multivariate image analysis (MIA) to provide chemical
analytical signals involves the joint application of multivariate data
analysis tools and digital image processing [19]. It enables the extrac-
tion of useful information to describe, segment, and classify images,
with the prediction of properties based on the intensities of the RGB
channels [20].

The multivariate calibration procedure uses mathematical models to
establish a relationship between properties that can be monitored and
some other property of interest. The PLS method is a model based on
latent variables (factors), where the objective is to try to achieve the
maximum possible congruence between each spectral factor and the
corresponding concentration factor, hence obtaining the best linear
relationship between the projections (scores) of the predicted and
measured concentration data.

There are many published studies concerning evaluation of the
Fenton and photo-Fenton processes. In all cases, it was necessary to
monitor the experimental conditions in order to control the total dis-
solved iron concentration and the consumption of hydrogen peroxide
during the treatments. The purpose of this work was to develop and
validate a simple, fast, inexpensive, and reproducible technique using
PhotoMetrixPRO for the determination of total dissolved and speciation
of iron for two different methods and for hydrogen peroxide during
solar photo-Fenton treatment process.

2. Experimental
2.1. Reagents and water matrices

Modified ISO 6332 method for total dissolved iron determination:
Iron sulfate heptahydrate (FeSO,7H,0)(stock solution of 50 mg L™YH
was purchased from Reagen (Rio de Janeiro, Brazil); for complex for-
mation were employed 1,10-phenantroline (2.5g L™Y (Merck), an
acetic buffer of pH 3.6 contained 177 mL of glacial acetic (Quimex,
Brazil) and62.5 g of ammonium acetate (Reagen, Brazil) in a 250 mL of
solution, and ascorbic acid (Merck).

Hydroquinone method for total dissolved iron and speciation de-
termination: Ammonium ferrous sulfate ((Fe(NH4)>SO,4)-6H,0) (stock
solutionof40 mg L™YH (Reagen, Brazil); for complex formation were
employed hydroquinone (10 g L™ 1), 1,10-phenantroline (2.5 g L.*) and
sodium citrate (25 g LY (purchased from Neon, Brazil).

Hydrogen peroxide determination: H,O5 (35%w/v) (purchased
from Synth, Brazil). The concentration of the purchased H,0, solution
was determined by titration with KMnO,4(Synth) (0.02 mol L™ 1. All the
reagents were analytical grade and the solutions were prepared with
distilled water. For adjusted of pH in solar photo Fenton experiment
was employed a solution of H,SO, (98% purity) (0.5mol L™1) pur-
chased from Synth.

The experiments were carried out using two different water ma-
trices: distilled water (DW) and simulated wastewater (SW). The SW
composition was adapted from the OECD recommendation [21], using
160 mg L~ 'of peptone was from Kasvi (Parand, Brazil),110 mg L~ 'of
beef extract (Kasvi), 30mgL 'of urea (Kasvi), 2mgL~! of
MgS047H,0 (Synth),and 4mgL~! of CaCl,2H,0 (purchased from
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Dindmica, Brazil), in a total volume of 1 L.
2.2. Analytical determinations

The presence of Fe?* is extremely important in the performance of
oxidation process. For this reason, the determination of the amount of
iron is essential to ensure the correct performing of solar photo-Fenton
process. One of the methodologies for the determination of total dis-
solved iron was adapted from ISO 6332 [22], this adapted method
employed the complexation of iron with 1,10-phenantroline in the
presence of acid buffer and ascorbic acid, which results in the formation
of orange-red complex. This modification was made with the objective
of decrease the environmental impact of the waste generated when
changing hydroxylammonium chloride to ascorbic acid. The formation
of this complex occurs in a pH range of 2-9. Although sufficiently broad
to ensure quantitative formation of the complex, it is necessary to
maintain the pH between 3 and 3.5. The absorption measure at 510 nm
of the complex is proportional to the concentration of the ferrous ion.
Due to the presence of H,O, in the solar photo-Fenton treatment the
ferrous ion oxidizes to ferric ion, so most of the samples measure total
iron by reducing all Fe*" in solution to Fe®" through the addition of
ascorbic acid. In this way it is possible to verify if the amount of catalyst
added at the beginning of the process remains constant during the
process or is decreasing due to its precipitation.

Another possibility to determine the total dissolved iron is using
hydroquinone method [23]; with this is possible to identify the spe-
ciation of iron throughout the solar photo-Fenton process. Hydro-
quinone reduces all iron species present in solution to Fe?* (total dis-
solved iron) and without hydroquinone Fe®*complex with 1,10-
phenantroline determined spectrophotometrically in the same wave-
number. With the difference between dissolved total iron and Fe®* it is
possible to determine the behavior and concentration of Fe?>* during
the process. This complex is stable indefinitely at pH values of 3 or
higher adjusted with sodium citrate. Measuring the analyte solutions
absorbance at 505nm is a sensitive method for determining iron con-
centration.

The ammonium metavanadate method used for the determination
of hydrogen peroxide was adapted from Nogueira et al. [24], where the
reaction of H,O, with ammonium metavanadate in acidic medium
produces the formation of a red-orange color peroxovanadium cation.

In order to compare the traditional colorimetric methods with the
PhotoMetrixPRO application, absorption measurements were per-
formed with a Cary 50 spectrophotometer, using a quartz cuvette with
optical path length of 1cm and wavelengths(\)of 510 nm for total
dissolved iron (modify ISO 6332 method) and 505 nm for speciation of
iron. Moreover, H,0, determination was in 450 nm (Fig. S2 shows the
spectra of all methods studied, Supporting information).

The multivariate analysis method using PhotoMetrixPRO and PLS
regression employed two cell phones for the quantification: a Motorola
Moto G operating with Android 5.0.2 and equipped with a 5MP
camera, and a Samsung Galaxy J5 operating with Android 5.1.1 and
equipped with al3MP camera, with ROI of 32 x 32 pixels. The flash
option of the cell phones was used for capture of the images, with the
devices supported in a black box so as to maintain constant illumination
and a distance of 10cm between the lens and the sample, hence
minimizing possible sources of error [17] (Fig. S1, Supporting in-
formation). Further information about the PhotoMetrixPRO system is
available at https://www.youtube.com/watch?v = Su9x4uqgNEHo [25].

2.3. Analytical method validation

The validation parameters are quantitative indicators of the scope
and optimal performance of the techniques, the principal parameters
described in the specialized literature as: analytical curve fit and de-
termination of its linearity range, sensitivity of the method, represented
by limits of detection (LOD) and quantification (LOQ), precision and

Journal of Hazardous Materials 378 (2019) 120740

robustness. The developed methods were then validated in accordance
with recommendations from the ICH guidelines [26] and the Brazilian
INMETRO standard [27].

A digital validation spreadsheet was used for the validation of both
methods. This public domain tool was developed by Ribeiro et al. [28]
as an alternative to commercial software packages for method valida-
tion. The analytical figures of merit studied were as follows: linearity
(calibration curve fit), limit of detection (LOD), limit of quantification
(LOQ), precision (repeatability, intermediate precision, and reprodu-
cibility), and robustness (using miniaturization of the volume for de-
termination of Fe and H,O, using PhotoMetrixPRO). Additionally,
evaluation was made of matrix effects using distilled water and simu-
lated wastewater. Statistical analyses were performed in Excel, using
analysis of variance (ANOVA) with a significance level of a = 0.05
(assuming one-tailed tests).

2.3.1. Linearity and sensitivity

In testing for linearity, determined aliquots were pipetted from
stock solution to prepare solutions of concentrations ranging from 0.5
to 6.0mg L~ }(modified ISO 6332 method), 0.1-4,0 mg L! (hydro-
quinone method) and 2.48-88.0 mg L™ ! (H,0, determination), due to
the wide range of concentrations in the determination of H,0,, the
analytical curve was divided into a low concentration range
(2.48-17.72mgL™ 1) and a high concentration range
(17.72-88.0mg L~ 1), in all cases using distilled water. The absorbances
and concentrations of these solutions were recorded in replicates, using
distilled water as the blank. The linearity test was in accordance with
the proposed in the spreadsheet developed by Ribeiro et al. [28], which
is done by comparing the residuals of the linear adjustment and
quadratic adjustment using an F-test of significance, the residuals of the
values were also plotted against concentration to further prove line-
arity. For all methods, the absence of outliers for each level of con-
centration was checked using the graphical residual analysis and
homoscedasticity (equality of variances).The LOD and LOQ values were
calculated according to the simplified analytical curve method [27],
using 3s/band 10s/b, respectively, where s is the standard deviation of
ten measurements of the blank and b is the slope of the curve.

2.3.2. Precision

The precision of the methods were determined by using different
levels of Fe and H,0, concentration, LQC (low quantified concentra-
tion), MQC (medium quantified concentration) and HQC (high quan-
tified concentration), prepared from independent stock solution and
analyzed (N = 7). Inter-day and Intra-day variation was taken to de-
terminate repeatability (RP) and intermediate precision (I.P) of UV-vis
and PhotoMetrixPRO, the L.P was carry out on two different days. The
variation instrument (different cell phones) was employed to determine
the reproducibility (RPR) in PhotoMetrixPRO with the same con-
centration levels taken in intermediate precision study. The relative
standard deviation (RSD%) of the predicted concentrations from the
regression equation was taken as precision.

2.3.3. Robustness

Evaluation of the robustness of the proposed methods (Fe and
H,0.determinations) using PhotoMetrixPRO was performed with min-
iaturization of the scale, reducing thefinal analysis volumesfrom 4 mL
to 1 mL in case of modified ISO 6332 method and from 10 mL to 1 mL
for hydroquinone method and H,O,determination. The results were
analyzed using one-way ANOVA, Snedecor F-test of variance homo-
geneity and the Student’st-test forcomparison of the means for the same
three concentration levels employed in the precision evaluation (LQC,
MQC and HQC).

2.3.4. Matrix effects
The effects of the DW and SW matrices on the precision of quanti-
fication of the analytes were evaluated using the same three
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concentration levels employed in the precision tests. Statistical analysis
of the results employed the F-test and the Student’s t-test.

2.4. Solar photo-Fenton experiments

Evaluation of the applicability of the methods using
PhotoMetrixPRO for the determination of total dissolved iron, specia-
tion of iron and H,O,was performed using solar photo-Fenton de-
gradation assays with different pharmaceutical compounds. In all the
experiments, eight compounds were used (dipyrone, diazepam, fur-
osemide, fluoxetine, nimesulide, paracetamol, progesterone, and pro-
pranolol), each at a concentration of 500 pg L™ 1. It was carried out two
different types of solar photo-Fenton process; the initial experiment was
at pH 5.0 (adjusted with 0.01 mol L~ 'H,S0,), iron concentration of
5mgL ™, and H,0, concentration of 50 mg L~ ! (added in a single dose
at the start of the reaction). Another experiment was performed at pH
3.0 with zero valent iron (ZVI) and HyO,concentration of 37.5 mg L.
Solar UV radiation was measured with a solar energy meter (ICEL SP-
2000), which provided data in terms of incident UV (W m?), enabling
calculation of tzow [29].

3. Results and discussion
3.1. Determination of total dissolved iron

3.1.1. Linearity and sensitivity

Construction of the calibration curves for the modified ISO 6332
method (Fig. 1a.1, and b.1) and hydroquinone method (Fig. 2 a.1 and
b.1) in UV-vis spectroscopy employed electronic spreadsheets. In the
case of the PhotoMetrixPRO method, the application automatically
provided the calibration graphs and the equations of the curves (Figs. 1
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and 2b.1 and b.2). The graphs obtain in UV-vis were plot of con-
centration against absorbance, while the graphs for the Photo-
MetrixPRO were plots of the real measurements against the values
predicted by the application. All the curves presented R*higher than
0.99. For both methods, the results showed linearity and homo-
scedasticity, without outliers, for each level of concentration (Table
S3.1, Fig. §3.2.1, Supporting information).

The graphical analysis of residuals (Fig. S3.2, Supporting informa-
tion) showed an absence of random behavior, confirming that the linear
model could satisfactorily explain the behavior of the data. The LOD
and LOQ values calculated for the PhotoMetrixPRO for both methods
are approximately 5 times higher than the LOD and LOQ for UV-vis,
however, it is important to note that these limits represent the detection
and quantification of low concentrations, which gives importance to the
use of this application as a potential tool to be used in the monitoring of
low concentrations of iron in processes in loco that involve this specie in
solution.

3.1.2. Precision

The precision study was performed by obtaining seven values for
LQC, MQC and HQC of total dissolved iron (0.75, 2.00 and
5.00 mg L™Y) for modified ISO 6332 method and (0.75, 2.00 and
3.00 mg L™ ") for hydroquinone method. The Brazilian INMETRO stan-
dard states that the RP value (RSD%) for an analytical technique should
not exceed 11% for concentrations above 1mgL~!, 7.3% for con-
centrations above 10mgL~!, and 5.3% for concentrations above
100mgL~'. For RPR, the results should not exceed 16% for con-
centrations above 1 mgL ™", 11% for concentrations above 10 mgL™?,
and 8% for concentrations above 100 mgL~!. Table 1 shows the RSD
values for both methods in UV-vis and PhotoMetrixPRO, at the dif-
ferent concentration levels complied with the INMETRO standards.
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Fig. 1. Calibration curves for total dissolved iron with modify ISO 6332 methodUV-vis spectroscopy (a.1) and PhotoMetrixPRO(a.2); total dissolved iron with

hydroquinone methodUV-vis spectroscopy (b.1) and PhotoMetrixPRO(b.2).
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Fig. 2. Calibration curves forH,O, low range UV-vis spectroscopy (a.1) and PhotoMetrixPRO (a.2); H2O5 high range UV-vis spectroscopy(b.1)and PhotoMetrixPRO

(b.2).

The RSD values showed discreet variability between the two dif-
ferent methods, the values of RP and I.P study were not more than 4.0%
in all the cases; these values were within the acceptable range in-
dicating that these methods have excellent repeatability and inter-
mediate precision. The precision of both methods does not show de-
pendence on the analyte concentration.

For evaluation of the PhotoMetrixPRO method, the three para-
meters considered were repeatability, intermediate precision, and re-
producibility. The RSD% values for all of these parameters were within
the ranges considered acceptable by INMETRO. The degree of disper-
sion between the series of measurements obtained using the portable
tool was low and was in compliance with the established Brazilian and
ICH validation criteria. Therefore, the PhotoMetrixPRO could be con-
sidered sufficiently precise for determination of total dissolved iron.

3.1.3. Robustness

Based on the fundamentals of green analytical chemistry concerning
clean and ecological methods [30,31], miniaturization was an addi-
tional aspect studied in application of the PhotoMetrixPRO method.
This technique enabled the use of a smaller sample volume, compared
to the amount required for UV-vis analysis, with PhotoMetrixPRO only
requiring 340 uL of sample, while 3 mL were required for the UV-vis
spectrophotometry analysis. For the modified ISO 6332 method 6 mL of
sample are generated, while the hydroquinone method generates
10 mL. With the miniaturization, the total volume of the sample gen-
erated is 1 mL, with this the volume reduction is 6 and 10 times, re-
spectively.

The results for the two techniques were not significantly different
(a < 0.05), with values of F lower than Fca, evidencing that the
miniaturization had no effect on precision, at the different concentra-
tion levels employed. Similarly, the values of t were lower than tescal,

showing that the volume decrease did not affect the results (Table S4.1,
Supporting information). Miniaturization can provide positive ad-
vantages in terms of simplicity, cost effectiveness, and environmental
impact, with reductions of the volumes of reagents required and the
quantities of waste generated.

3.1.4. Matrix effects

The evaluation of matrix effects was performed using three different
concentrations (LQC, MQC and HQC) for each matrix. The matrix ef-
fects has greater predominance in the values analyzed for UV-vis
spectrophotometry compared to PhotoMetrixPRO, the concentrations
in LQC, MQC and HQC showed statistically significant differences be-
tween both methods analyzed (considering a < 0.05) with values of F
higher than Fjgca, indicating that the matrix had an effect on the
precision. Similarly, the values of t were higher than t.ca (Table
S.4.2.1, Supporting information).

In the case of the UV-vis technique, the appearance of matrix effects
depends on whether the other components significantly compete with
the analyte molecules present in the light path, which usually results in
an increase of the absorbance value. The matrix can also affect the
tonality of the complex formed, hence influencing quantification using
both the UV-vis method and the PhotoMetrixPRO technique. Since the
majority of the data showed statistically significant differences, it was
necessary to consider the matrix effects in the total dissolved iron de-
terminations for both methods.

3.2. Hydrogen peroxide determination

3.2.1. Linearity and sensitivity
A wide range of H,0, concentrations have been reported for use in
Fenton and photo-Fenton treatments [26,23,24]. Therefore, the
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Table 1

Statistical data of the regression equations and validation parameters for total dissolved and speciation of iron methods.
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Regression analysis

Total dissolved iron

Total dissolved iron

(Modified ISO 6332 method)

Methodology of iron speciation

(Hydroquinone method)

Method UV-vis PhotoMetrixPRO UV-vis PhotoMetrixPRO

Range 0.5-6.0 mg L.~ ! 0.1-4.0 mg L™!

Slope (SE™) 0.00045 0.0073 0.0038

Intercept (SE?) 0.001837 0.020 0.00043

Regression coefficient (r?) 0.999 0.9999 0.998 0.9999

LOD (mg LY 0.03 0.15 0.006 0.029

LOQ (mg L™ 0.11 0.50 0.021 0.097

Validation parameters

Predicted concentrations (mg L~ 1)

UV-vis PhotoMetrixPRO UV-vis PhotoMetrixPRO
Mn + SD % RSD Mn + SD % RSD Mn + SD % RSD Mn + SD % RSD

RP LQC 0.75 = 0.01 1.63 0.75 = 0.01 1.00 0.76 = 0.01 1.76 0.75 + 0.00 0.61
MQC 2.04 = 0.0 0.07 2.05 = 0.08 3.89 2.0 = 0.04 1.92 2.0 = 0.03 1.46
HQC 5.00 = 0.01 0.11 5.04 = 0.08 1.55 2.99 + 0.02 0.66 2.94 = 0.04 1.50

LP LQC 0.76 = 0.01 0.95 0.80 = 0.02 2.59 0.74 = 0.01 1.56 0.75 + 0.02 2.55
MQC 2.03 = 0.04 2.19 2.11 = 0.08 3.61 2.0 = 0.01 0.53 1.96 + 0.13 6.43
HQC 5.00 = 0.06 1.11 5.09 = 0.03 0.52 3.06 = 0.02 0.52 3.09 £ 0.11 3.69

RPR LQC na 0.75 = 0.00 0.16 na 0.75 + 0.00 0.16
MQC na 2.04 = 0.05 2.57 na 2.02 = 0.01 0.69
HQC na 5.06 = 0.05 1.04 na 3.03 = 0.00 0.15

RBS LQC na 0.75 = 0.00 0.16 na 0.75 = 0.03 4.44
MQC na 2.08 = 0.01 0.58 na 2.06 = 0.05 2.62
HQC na 5.01 + 0.00 0.04 na 3.0 £0.01 0.47

M.E LQC 1.09 + 0.04 3.25 0.75 = 0.07 9.10 1.04 = 0.01 1.43 0.89 + 0.03 3.20
MQC 2.36 = 0.15 6.37 2.14 = 0.09 4.00 2.16 = 0.01 0.61 2.15 + 0.09 4.00
HQC 5.31 = 0.17 3.24 5.09 = 0.02 0.38 3.32 +£ 0.02 0.57 3.06 = 0.18 5.99

n.a: Analysis not applicable.
2 Standard error of mean.

H,0,data were separated into low and high concentration calibration
curves, with ranges of 2.43-17.72 mg L™ ! (Fig. 2a.1 and a.2) and 17.72-
88.00mgL ™! (Fig. 2b.1 and b.2), respectively. The high range covered
the initial concentrations most frequently adopted in photo-Fenton
processes. At concentrations above 88 mgL ™7, high concentrations of
residual hydrogen peroxide remain in treated water, which can cause
potential harm in aquatic ecosystems. Construction of the calibration
curves for the UV-vis and PhotoMetrixPRO followed the same proce-
dure mentioned in the section 3.1.1 for total dissolved iron.

All the curves presented R? higher than 0.99 for both ranges, the
results for linearity showed homoscedasticity without outliers (Table
$3.1 and Fig. $3.2.2, Supporting information). The graphical analysis of
residuals (Fig. S3.2.2, Supporting information) showed an absence of
random behavior, confirming that the linear model could satisfactorily
explain the behavior of the data. The LOD and LOQ values calculated
for the PhotoMetrixPRO method were close to those found for the
UV-vis method (Table 2), indicating that the application offers ex-
cellent potential for use with the same ranges H,O, concentrations
monitored using UV-vis spectroscopy. These findings confirmed that
PhotoMetrixPRO could provide sufficiently high sensitivity to detect
and quantify the species evaluated.

3.2.2. Precision

Table 2 shows the RSD values for each range, at the different con-
centration levels(LQC, MQC and HQC) for low range calibration (2.43,
7.04 and 17.72mgL~") and high range calibration (17.72, 50.40 and

88mgL~"), as result all the values complied with the INMETRO stan-
dards.

The RSD values showed variability between UV-vis and
PhotoMetrixPRO. The precision of a method is generally dependent on
the analyte concentration. In the present case, the highest RSD% values
for RP and I.P were found at the low level for H,O.

For evaluation of the PhotoMetrixPRO the RSD% values for all of
these parameters were within the ranges considered acceptable by
INMETRO. The degree of dispersion between the series of measure-
ments obtained using the portable tool was low and was in compliance
with the established Brazilian and ICH validation criteria. Therefore,
the PhotoMetrixPRO could be considered sufficiently precise for de-
termination of HyO,.

3.2.3. Robustness

For the traditional determination of H,O5 10 mL are generated, with
the miniaturization, the total volume of the sample is 1 mL, with which
the volume reduction is 10 times. The results for the two techniques
(traditional and miniaturization) were not significantly different
(o < 0.05), with values of F lower than Fca, evidencing that the
miniaturization had no effect on precision, at the different concentra-
tion levels employed. Similarly, the values of t were lower than teitical,
showing that the volume decrease did not affect the results (Table S4.1,
Supporting information). This results support the positive advantages of
miniaturization in terms of reduction of cost, volumes of reagents re-
quired, quantities of waste generated and environmental impact for the
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Table 2
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Statistical data of the regression equations and validation parameters for hydrogen peroxide method.

Hydrogen peroxide

Low range calibration

High range calibration

Regression analysis

Range 2.48-17.72mg L1 17.72-88.00mg L.~ !

Slope (SE?) 0.00013 4.71x107%

Intercept (SE) 0.00065 0.0006

Method UV-vis PhotoMetrixPRO UV-vis PhotoMetrixPRO

Regressioncoefficient (r?) 0.991 0.9999 0.9941 0.9999

LOD (mg L™ 0.65 0.72 0.65 0.72

LOQ (mg L™Y) 2.18 2.40 2.18 2.40

Validation parameters

Predicted concentrations (mg L™ ')

Mn + SD % RSD Mn + SD % RSD Mn + SD % RSD Mn + SD % RSD

RP LQC 2.55 +0.01 0.48 2.49 = 0.16 6.53 17.60 + 0.28 1.60 17.22 + 0.68 3.95
MQC 7.05 + 0.06 0.84 7.05 = 0.24 3.42 50.96 + 0.29 0.56 50.39 + 0.69 1.36
HQC 17.25 = 0.04 0.21 17.22 = 0.71 4.10 88.12 + 2.31 2.62 88.04 + 0.38 0.44

LP LQC 2.65 +0.15 5.80 2.38 = 0.13 5.37 17.97 + 0.90 5.00 17.96 = 0.23 1.27
MQC 7.61 = 0.27 3.51 7.15 = 0.23 3.21 50.78 £ 0.76 1.59 48.38 +1.12 2.31
HQC 17.60 = 0.28 1.60 18.24 + 0.80 4.40 88.71 + 0.40 0.46 87.29 + 1.32 1.51

RPR LQC na 2.53 +0.20 7.81 na 15.87 = 0.64 4.02
MQC na 7.08 = 0.42 5.93 na 52.37 = 0.81 1.55
HQC na 17.16 = 0.70 4.06 na 86.05 + 1.69 1.97

RBS LQC na 2.38 = 0.14 5.95 na 17.05 = 0.51 2.99
MQC na 7.22 = 0.31 4.23 na 50.58 + 0.53 1.06
HQC na 17.05 = 0.51 2.99 na 87.73 +1.33 1.51

M.E LQC 2.45 + 0.03 1.29 2.08 = 0.08 4.01 17.38 + 0.37 211 17.09 = 0.83 4.87
MQC 7.56 = 0.08 1.01 7.80 = 0.11 1.42 50.99 + 0.89 1.75 50.84 + 0.76 1.49
HQC 17.38 = 0.37 2.11 17.09 = 0.83 4.87 87.47 *+ 0.95 1.09 88.89 + 0.73 0.82

n.a: Analysis not applicable.
@ Standard error of mean.

Table 3

Monitoring of total dissolved iron and H,O,during photo-Fenton process (Feitar: 5mgL ™Y, HyOoiniia:50 mg L ™Y, pH: 5.0, matrix: DW with 500 ug L™ 'of each
pharmaceutical, reaction time (t3oy): 50 min).

tow Total dissolved iron (mg L™ 1) RSD % Hydrogen peroxide (mg L™') RSD %
(min)? Modified ISO 6332 method
UV-vis PhotoMetrixPRO UV-vis PhotoMetrixPRO

0 4.94 5.07 1.12 50.01 51.34 1.87
5 4.86 5.05 2.71 49.61 49.37 0.34
10 4.68 4.48 3.09 48.35 49.16 1.17
15 4.42 4.35 1.13 43.21 45.18 3.15
20 4.39 4.35 0.65 43.05 43.45 0.65
30 4.12 4.04 1.39 35.77 35.14 1.26
40 2.58 2.59 0.27 33,58 35.19 3.31
50 1.68 1.57 4.79 29.00 30.04 2.49

2 Normalized value of time related to radiation.

determination of total dissolved iron using different methods such as
the determination of H,O, simultaneously.

3.3. Solar photo-Fenton experiments

The concentrations of iron and H,O,were determined in eight

3.2.4. Matrix effects

The evaluation of matrix effects for H,O, determination shows in
most cases, a statistically significant difference (considering a < 0.05),
with values of F higher than F,ca;, indicating that the matrix had an
effect on the precision. Similarly, the values of t were higher than
teritical, Teflecting an effect of the matrix (Table S.4.2.2, Supporting
information).Since the majority of the data showed statistically sig-
nificant differences, it was necessary to consider the matrix effects in
the H,0, determination.

samples collected during a solar photo-Fenton process performed for
50 min of solar treatment (tzow), comparing the values obtained using
the PhotoMetrixPRO and UV-vis spectroscopy techniques, in this case
was used the modified ISO 6332 method for determination of total
dissolved iron. The RSD values were in the ranges 0.27-4.79% for iron
and 0.34-3.31%for H,O, (Table 3). The results indicated that the
PhotoMetrixPRO technique could be successfully used for in loco
monitoring of photo-Fenton process, with a high degree of precision.
The RSD values closer to 5% were associated with the quantification of
iron at low levels of the calibration curve, at which there was poorer
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Table 4
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Monitoring of speciation of iron and H,O, during solar photo-advanced Fenton process (Fediiat: 2 g;37.5mg L7 pH: 3.0, matrix: DW with 500 pug L~ 'of each

pharmaceutical, reaction time (t3ow): 60 min).

t30w Hydroquinone method Hydrogen peroxide
(min)” (mgL™h

Total dissolved iron Fe?*(mg L™1)

(Fe** /Fe**)(mg L™ 1)

UV-vis PhotoMetrix PRO RSD % UV-vis PhotoMetrix PRO RSD % UV-vis PhotoMetrix PRO RSD %
0 0.45 0.47 1.82 0.40 0.43 4.00 37.5 39.00 1.96
5 0.55 0.53 1.85 0.53 0.50 2.58 29.2 27.33 3.31
10 0.64 0.65 0.78 0.60 0.59 0.84 23.5 21.20 5.15
15 0.70 0.73 2.10 0.64 0.65 0.78 17.5 15.14 7.23
30 0.98 0.94 2.26 0.94 0.96 0.88 11.6 9.80 8.41
60 1.05 1.01 1.78 0.99 1.08 3.90 4.99 4.01 10.89

2 Normalized value of time related to radiation.

discriminatory image analysis capacity, as reported previously by Laz-
zarini et al. [34].

The experiments were carried out at pH 5 based in other studies
conducted in the same pH [7,32,33], showed that there is iron in so-
lution at neutral pH, this approach is a new perspective in the advanced
oxidation processes that decreases the cost of operation and is more
environmental friendly [29,35-38]. In solution the Fe®* exists as the
hexaaquoion [Fe(H,0)¢]>* as pH increases, the ion undergoes ex-
tensive hydrolysis (Eq. (5)), the ferric oxyhydroxides can precipitate, it
depends of different factors such as counter ion, ionic strength and total
iron concentration [2]. The iron concentration and the aqueous matrix
favored the stability of iron in solution.

eOH?* 2 Fe(OH)?

el s

e,(OH)s* other polynuclear species 5)

Besides, in order to demonstrate the efficiency in the determination
of total dissolved iron and Fe?" in low concentrations and their beha-
vior throughout the a type of solar photo-Fenton process (solar photo-
advanced Fenton), iron speciation was performed using the hydro-
quinone method comparing the responses obtained by UV-vis and
PhotoMetrixPRO (Table 4). Solar photo-advanced Fenton uses ZVI as a
source of iron in the presence of sunlight and H>0, [39,40], ZVI is a
source of iron, during the solar process the iron ions are leached to the
solution, so this concentration increases with time. It is possible to
quantify the total dissolved iron and Fe?" in solution with UV-vis and
PhotoMetrixPRO obtaining RSD values in the ranges 0.78-4.00% for
iron, the values show that, in its great majority, the total dissolved iron
corresponds to the Fe?* species. RSD values for H,0,, were calculated
in a range of 1.96 — 10.89%, the higher values of RSD is due low
concentration of H,0O,, in some cases the total iron dissolved can act as
an interfering agent [24], which could influence in the precision of
mobile tool.

It is very important to highlight that the advantages of the
PhotoMetrixPRO method include the reduced amount of sample re-
quired and the shorter analysis time. For the analysis of eight samples
using the reference method, the user would take about 60 min to per-
form the analyses and calculate the concentrations (using the calibra-
tion curve), with a sample volume of 3mL per analysis. Using the
PhotoMetrixPRO application, the same number of samples could be
analyzed in around 15min, with the concentrations being provided
directly by the application, without requiring any additional calcula-
tions. Furthermore, this method requires a volume of only 340 pL per
sample, enabling miniaturization of the process and a consequent re-
duction of the volume of wastewater generated. The results demon-
strated that the PhotoMetrixPRO application can provide greater flex-
ibility for use under different conditions, with the advantages of being
faster, simpler, cheaper, and more environmentally friendly than the
traditional method. It enables the in loco monitoring of total dissolved

iron and H,0, used in Fenton and photo-Fenton processes for the de-
gradation of contaminants present in water and wastewater matrices.

4. Conclusions

This validation study compared the use of UV-vis spectro-
photometry and the PhotoMetrixPRO technique for the determination
and monitoring of total dissolved iron and H,O,in distilled water and
simulated wastewater matrices during photo-Fenton treatment.
Analytical parameters including precision, sensitivity, reproducibility,
robustness, and matrix effects were determined for both analytical
methodologies. Statistical analysis showed that the values obtained
were satisfactory. PhotoMetrixPRO was successfully validated as a
sensitive and precise method for the quantification of total dissolved
iron and H,0,, in compliance with the INMETRO and ICH norms. The
results demonstrated the simplicity, cost-effectiveness, flexibility, and
speed of the analyses performed with the new method. In photo-Fenton
experiments, the data obtained using PhotoMetrixPRO were very si-
milar to the results using UV-vis spectroscopy. The findings confirmed
the potential of the PhotoMetrixPRO application as an alternative
simpler, faster, and cheaper technique for the monitoring of solar
photo-Fenton processes, offering advantages including a short analysis
time, portability, and the requirement for only a small volume of
sample.
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S.1 PhotoMetrixPRO system

Hydrogen peroxide samples

Iron dissolved samples

Figure S.1 Design of PhotoMetrixPRO system.
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S.2 UV-visible absorption spectra
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Figure S.2 UV-visible absorption spectra for (a) hydroquinone method (b) total dissolved iron
modified ISO 6332 and (c¢) hydrogen peroxide.

S.3Linearity test

S.3.1Cochran test: Homoscedasticity

2
N
C=—

i=15i

(Equation 2)

2

k: represents the number of factor levels;

si2: represents the sample variance.

Table S.3.2: Evaluation of homoscedasticity using Cochran test.

C

Cmax

A .
nalyte Method DF cale | 6=0.05 Prediction
Total dissolved iron UV-vis 2 | 0.3683 | 0.6161 | Homoscedasticity
(Modified ISO 6332
methodology) PhotoMetrixPRO | 2 | 0.0396 | 0.6161 | Homoscedasticity
UV-vis 2 10.1773 | 0.6161 | Homoscedasticity
Methodology of iron speciation
PhotoMetrixPRO | 2 | 0.0092 | 0.6161 | Homoscedasticity
UV-vis 2 ] 0.6040 | 0.6838 | Homoscedasticity
H,O> low range
PhotoMetrixPRO | 2 | 0.6284 | 0.6838 | Homoscedasticity
UV-vis 2 1 0.3328 | 0.6838 | Homoscedasticity
H,0; high range
PhotoMetrixPRO | 2 | 0.4655 | 0.6838 | Homoscedasticity

DF: Degrees of freedom
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S.3.2 Residual
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Figure S.3.2.1 Residual graphical analysis for (a) Total dissolved iron (Modified ISO 6332
methodology) UV-vis (b) Total iron dissolved (Modified ISO 6332 methodology)
PhotoMetrixPRO, (c) Hydroquinone method UV-vis and (d) Hydroquinone method
PhotoMetrixPRO.
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211



S.4 Student test and F test

S.4.1Miniaturization effect analysis

t= M(Equation 3)F =

1
s ’ +—
Npw Nsw

Table S.4.1: Main parameters for the comparison of the normal and miniaturized scale.

2
“—(Equation 4)
Sw

Method Level | Mode |N| Mean | 8 | twe | ‘0 | peale | Vel
NS 71 0.75
](;?tallim(;l Low MS T 075 0.00003 | 0.00 2.45 0.88 4.74
issolve
(Modified ISO Medium E{Z ; 38553 0.003 | -0.98 2.45 1.34 4.74
6332 methodology) :
PhotoMetrixPRO | o NS 71 508 1 6603 | 102 2.45 1.24 4.74
MS 71 5.01
Low NS 71 075 0.001 0.68 2.45 0.52 4.74
Methodol ¢ MS 71 0.74
ethodology o
iron speciation Medium NS ! 2.02 0.002 -1.96 2.45 2.59 4.74
PhotoMetrixPRO MS | 7] 2.06
High NS 7| 298 0.001 -1.81 2.45 2.96 4.74
MS 71 3.00
Low NS 7| 249 0.023 1.22 2.45 1.87 4.74
MS 71 272
H:0: low range . NS 7 7.05
PhotoMetrixPRO Medium MS T 70 0.076 | -2.01 2.45 1.31 4.74
High NS 7| 17.22 0.378 0.49 2.45 0.28 4.74
MS 71 17.05
Low NS 71 17.22 0.378 0.49 2.45 0.28 4.74
MS 71 17.05
H:0: high range . NS 71 50.39 )
PhotoMetrixPRO Medium MS T 5059 0.379 0.75 2.45 0.35 4.74
High NS 7| 8804 0.952 0.62 2.45 0.35 4.74
MS 71 87.73

n: replicates performed

NS: Normal scale

MS: Miniaturization scale
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S.4.2 Matrix effect analysis

Table S.4.2.1: Matrix effect evaluation for both iron determination methods in distilled water

(DW) and simulated wastewater (SW).

Method Level Matrix | N | Mean S teale teritical F calc Feritical
a=0.05 0=0.05
Total dissolved Low DW 7 0.75
iron W 7 1.09 0.0024 -20.28 245 575.5 4.74
(Modified ISO Medi DW 7
6332 ecum 205 | 50090 | 366 | 245 | 1337 | 474
SW 7 2.37
methodology) | T Dw | 7 | 5.00
UV-vis : _
IW 7 53] 0.0148 4.73 245 21.98 4.74
Total iron Low DW 7 0.75
dissolved SW 7 075 0.0024 0.001 245 0.03 4.74
(Modified ISO Medi DW 7
6332 ecum 205 | 0060 | 467 | 245 | 187 | 474
methodology) SW 71 215
. High DW 7| 5.04
PhotoMetrixPRO -
SW 7 509 0.0032 2.40 245 1.46 4.74
Methodology of Low DW 71 0.76
iron speciation SW 7 104 0.0007 -33.41 245 1543.9 4.74
UV-vis Medium | DW | 7 | 2.00
SW 7 216 0.0006 -20.77 245 162.3 4.74
High DW | 7 | 2.99
W 7 330 0.0004 -27.14 245 1011.1 4.74
Methodology of Low DW 71 0.77
iron speciation W 7 0.89 0.0007 79.53 245 -11.56 4.74
PhotoMetrixPRO Medium DW 7 1.99
SW 7 216 0.0044 17.20 245 -4.12 4.74
High DW | 7 | 2.94
SW 7 307 0.0175 -1.41 245 2.82 4.74

n: replicates performed
DW: distilled water

SW: simulated wastewater
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Table S.4.2.2: Matrix effect evaluation for hydrogen peroxide method in distilled water (DW)
and simulated wastewater (SW).

Method Level | Matrix | N | Mean s2 teale ;:(';'c(;ls F calc (f:(')"g";

D 2.55
Low sy ; 1 00010 | 1042 | 245 | 6104 | 474
Hzoijl{’,zirsa“ge Medium ];g ; ;22 0.0047 | -17.75 | 245 | 190.6 | 4.74
High ];\\:/I ; 1;53 0.0682 | -0.95 | 245 | 088 | 4.74
Low ];\\;/ ; ;gz 0.0167 | 592 | 245 | 380 | 474
Pﬂ;%;fevtvﬁr;;ﬁeo Medium ]gy ; ;gg 0.0352 | -7.53 | 245 | 476 | 474
High ];y ; 1;33 05802 | 032 | 245 | 068 | 474
Low ];\\;/ ; 1;53 0.0682 | -0.95 | 245 | 088 | 4.74
H2Ozhigh Yange | vredium ];g ; 2?;38 0.5235 | -0.13 | 245 | 0013 | 474
High 2\\3 ; zgz 31205 | 0.56 | 245 | 046 | 4.74

D 17.22
Low sy ; oo| 05802 | 056 | 245 | 0.68 | 474
gﬁ;;‘;fg&;“ﬁg Medium ]gy ; zgzz 0.5235 | -1.17 | 245 | 082 | 474
High ];\\:/I ; zzgg 03387 | 273 | 245 | 028 | 474

n: replicates performed
DW: distilled water
SW: simulated wastewater
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CHAPTER 5

“Nothing is absolute. Everything changes, everything moves, everything revolves,

everything flies and goes away.”

Frida Kahlo
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7\ CONCLUSIONS AND

ﬁ . FUTURE PERSPECTIVES

\\ r_/)

Some relevant aspects could be observed throughout the execution of the different
studies that make up the present thesis.

Firstly, it can be considered that, solar photo-Fenton processes for the degradation
of pharmaceutical products under circumneutral pH conditions is possible with a previous
optimization of variables.

The study with steel scrap as source of iron (ZVI) reported level of catalyst
leaching less than the maximum concentration for Brazilian legislation. However, some
negative effects, such as increased salinity due to acidic pH required to perform the
treatment was observed.

The homogeneous/heterogeneous alginate system has great advantages for
catalyst dosage, allowing more than 3 times the use of Fe’'-alginate beads. The
disadvantages of this process are the possible adsorption/desorption that take place in the
different reuse cycles and the partial depolymerization of alginate with H>O», which leads
to an increase in the organic load of the matrix.

On the other hand, Fe** complexed with EDDS is a suitable alternative for the
degradation of pharmaceuticals in homogeneous systems, achieving high degradation
rates in short periods of time and being efficient in matrices with a higher organic load
such as SW and RHWW. Furthermore, EDDS is biodegradable and has high stability.
Therefore, based on pharmaceutical and TPs mitigation efficiency, the Fe**-EDDS was
the best reported treatment and the scale-up of this was carried out in the homemade
raceway ponds reactor.

The scale up of the process presented percentage of degradation similar to those
reported in the batch reactor. Additionally, it was confirmed that Fe**-EDDS (1:2) ratio
favors the degradation of the TPs and principal component analysis (PCA) was performed
to compare the toxicity of the TPs, it allows a consideration of two principal components
which characterized 88% of the predicted dates. Most of the TPs did not show

mutagenicity or bioaccumulation characteristics.
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In relation to all solar processes, the importance of the PhotoMetrix PRO®
application is highlighted, as experiments of this category are carried out in open areas
where there is no possibility of accessing the UV-vis spectrophotometer. This application
provides the option of monitoring Fe and H>O in situ. It also offers the opportunity to
optimize the app for other colorimetric methods such as COD, among others.

Table 3 summarizes some generalities of the AOPs studied in this thesis and
mentioned in this chapter.

In general, the most persistent pharmaceuticals were diazepam, fluoxetine, and
progesterone. These pharmaceuticals do not have spontaneous reactions through an
electron transfer mechanism with ROS due to the presence of strong electron-
withdrawing groups in the structures.

The TPs identified in this thesis were assigned, as aforementioned, using a
purpose built-database for the first time. On the basis of the TPs identified, it was
observed that generally the breakdown of pharmaceuticals involved hydroxylation of the
aromatic ring by an electrophilic attack from ROS, cleavage of C-O, C-N bonds, H-
abstraction and free radical reactions of pharmaceuticals.

Mechanisms in the degradation of pharmaceuticals can be elucidated as follows:
(1) free radical addition to the neutral pharmaceutical molecule™ (ii) free radical abstract
one H atom from the neutral molecule (iii) hydroxylation through interaction of HO® with

HO ", Oz or H>0 (iv) ring-opening reactions that generate less aromatic TPs.

With respect to TPs and (Q)SAR tools, in addition to having low biodegradability,
most of the structures generated in all processes represent high to medium toxicity for
different trophic levels in ecosystems and for human health. The data obtained are only
predictions since the effect of each TP on the environment depends on various factors,
such as concentration, reactivity, matrix characteristics, etc. (Q)SAR predictions are
indicators of the possible impact of each TP and, as such more research is needed in this

area to expand the domain and applicability of these tools.
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Table 3. Comparison of the processes studied for the degradation of some

pharmaceuticals in RHWW.
Solar photo-Fenton
Reactor
Process Fe-Alginate Fe-EDDS (1:2) ZV1
pH 5.0 7.0 3.0
Pharmaceuticals 8 8 6
Persistent PPN/NMD/FXT | PCT/PPN/DZP | PPN/FXT/DZP
Pharmaceuticals /DZP/PRG /PRG /PRG
Total 19 16 23
TPs High
identified | toxicity* 16 0 ?
Persistent 18 13 14
[H202] Final time <LOQ <LOQ <LOQ
Treatment | Real R$ 0.0015 0.013 0.006
cost for 1 Dollar
L of US$ 0.0003 0.002 0.001
effluent**
Alginate Due to the
degradation by | Higher organic | acidic pH, large
. H>0O», which load in the amounts of iron
Observation . .
causes a higher | solution due to are released
organic load in EDDS into the
the solution solution

*High toxicity according to TOXTREE software - Cramer rules.

**Process cost per 1L of treated wastewater. The reagent values in “Real”(R$ - official coin of Brazil)
were taken from industrial prices https://www.alibaba.com/(Iron(ll) sulfate hydrate: 1Kg R$ 1.17;
Hydrogen peroxide solution: 500 mL R$ 2.29; Ethylenediamine-N,N'-disuccinic acid trisodium salt
solution: 1 KgR$ 18.68, and Sodium alginate: 1 Kg R$ 5.59)

Source: Author.

The results of the solar process described in this thesis encourage further research
in the area of AOPs as more sustainable processes. Operating conditions need to be
optimized, low concentrations of reagents explored, charge recombinations suppressed
and the quantum yield increased with more efficient catalytic systems. Similarly, major
attention in the futureshould be dedicated to the identification of reaction mechanisms of
TPs and criteria for cost effectiveness.

A further question to consider is whether the application of the chelate-assisted
solar photo-Fenton process really addresses the problem of the cost of acidification and
the basification of hospital effluents, considering the cost of some of these chelates
compared to the cost of acids and bases used in neutralization. Cheaper and more

accessible chelates could be investigated, for example, humic-like substances.
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The coupling of AOPs to biological treatments at a pre-treatment or post-treatment
stage should be considered as potential ways to improve biodegradability and reduce the
toxicity of treated wastewater.

Studies are currently underway to investigate the potential use of enzymes
(manganese peroxidase - EC 1.11.1.13) in pharmaceutical degradation with a focus on
anti-cancer drugs (imatinib mesylate), these studies were started in January 2020 in
collaboration with the University of Manitoba (Canada), through a six-month scholarship
from the Canadian Government, and will be completed in Brazil at the UFRGS facilities,
in the near future. This research aims to elucidate the mechanisms of enzyme-
pharmaceutical degradation, transformation products, immobilization of enzymes, and
toxicity studies. Additionally, this study hopes to assess whether there is a possibility of
coupling AOPs and enzymatic degradation, in addition to investigating the best coupling
strategy between both these systems.

Observance of current international and Brazilian legislation has shown that there
is a lack of legislation for emerging pollutants. Be that as it may, Brazil may set maximum
levels for hospital wastewater for some important pharmaceuticals (e.g. antibiotics) in the
future. Therefore, the relationship between validated, sensitive, and rapid analytical
methods together with analyses of toxicity, bacterial resistance, and transformation
products are essential for providing solid evidence in order for this legislation to be
established.

It is of crucial importance to promote activities or programs in which members of
different sectors of society interact with professionals in scientific research and
theirefforts to reduce contamination of emerging pollutants. We cannot try to control a
problem without intervening in its true cause, and it is here that science education and,
scientific communication directed toward the population can make a difference in
mitigating climate change and water pollution.

Forthcoming initiatives should include the promotion of youth participation and
education in environmental science and decision-making as a means to help young people
contribute to solving environmental problems in the future. This doctoral thesis has
focused on treating an environmental problem based on scientific knowledge, but future
research should include social and economic components, in order to improve scientific

literacy in society.

219



5.1 Final disposal of wastes

All residues generated from the development of this work were separated, stored,
identified in appropriate bottles, and taken to the UFRGS Chemical Waste Management
and Treatment Center (CGTRQ), where specialized outsourced companies were allocated

for their final destinate.
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ANNEXES

Annex 1. Psychochemical characterization of RHWW.

2017
Parameter Feb Mar Apr May Jun Jul Aug Sep Oct Nov | Dec Method LOD | LOQ
H 8.02 7.52 78 806 | 798 | 821 | 886 851 | 898 | 847 | 853 | SMEWW
p . . . . . . . . . . . 4500-H+ B - -
Conductivity | 326 | 956 | 5393 | 471 | 781 | 1209 | 427 | 722 | 611 | 114 |SMEWW2I0 4,
(uS ecm-) B
copb 203 211 473 277 273 706 571 350 | 217 | 200 | 365 | SMEWWS2201 4 0.8
(mg O,L-) B
BOD 132 45 236 108 83 319 103 117 69 70 gy |SMEWWS210 0.6
(mg O, L-) B
BOD/COD 0.65 021 | 050 | 039 030 | 045 | 0.18 033 | 032 | 033 | 022 | . =03 - -
biodegradable
(HTgOL(’: ) 65 63.1 | 702 | 932 | 4134 | 82.74 | 6488 | 50.56 | 67.56 | 49.29 | 64.06 | SMEWW 5310 | 1.68 | 3.99
Chloride 72.9 27.9 43 377 | 416 9 98.8 339 | 491 | 445 | 617 | SMEWWALO 1 ot 500
(mg L-) B
Phosphate 2136 | 3.93 | 2207 | 856 209 | 045 | 5237 | 539 | 945 | 59 | 1458 | SMEWWA300 ) 431 6006
(mg L-) PE
1SS 128 52 98 63 27 165 60 29 67 76 | 112 | SMEWW2540 1, 5
(mg L-) D
TS 525 222 521 244 225 611 654 218 261 | 317 | 177 | SMEWW23401 5
(mg L-) B
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2018 2019
Parameter Jan Feb Apr Jun Aug Oct Dec Feb Apr Jun Aug Oct Dec
pH 823 | 789 | 865 | 772 | 928 | 919 | 874 | 99 8 8 8.1 8.7 8
Conductivity 812 | 753 | 530 | 1142 | 1239 | 697 | 554 | 1132 | 721 | 608 | 792 | 965 | 838
(uS cm™)
cop 616 | 166 | 863 | 563 | 570 | 332 | 206 173 143 | 309 | 465 195 | 246
(mg O, L")
BOD
4 312 46 670 | 475 | 300 | 143 89 92 57 197 | 216 49 96
(mg O, L)
BOD/COD 051 | 028 | 078 | 084 | 053 | 043 | 043 | 053 | 040 | 064 | 046 | 025 | 039
TOC
(g LY 1987 | - — | 8825 | - - - - - - - ~ | 1054
DOC
(mg LY — | 6855 | 59.68 37.63 - - 67.6 - - - - -
flﬂg’i“}; 559 | 653 | 434 | 733 | 647 | 442 | 356 | 692 46 | 269 | 545 | 673 | 507
P(hn‘:;pi’_?)te 2185 | 22.02 | 7.49 | 555 | 52.68 | 23.47 | 58.67 | 2227 | 18.04 | 1427 | 21.09 | 2032 | 185
TSS 117 | 170 2 166 | 433 126 97 156 51 125 164 113 81
(mg L")
TS 367 | 611 187 | 487 | 1040 | 383 | 265 | 415 | 231 | 396 | 538 | 410 | 313
(mg L")

*Standard Methods for the Examination of Water and Wastewater (SMEWW) - APHA 22" edition, 2012%¢,
Source: Author.
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