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resumo 
 

 

Novos métodos de tratamento de água são requeridos como um resultado a 
partir da crescente sensibilização para a redução do impacto da poluição no 
ambiente. As principais vias para a destruição de compostos tóxicos em água 
são os processos de biodegradação e fotodegradação. A degradação biológica 
de um composto químico refere-se à eliminação do poluente pela actividade 
metabólica de microrganismos. A fotodegradação é um mecanismo eficiente 
para degradar simultaneamente diferentes tipos de compostos orgânicos. No 
entanto, a fotodegradação pode implicar custos elevados relacionados com a 
produção dos fotocatalisadores e o consumo energético. Na perspectiva de 
abordagens sustentáveis para o tratamento da água, sugere-se a combinação 
de tratamentos de fotodegradação e biológicos. 
Os compostos disruptores endócrinos (CDEs) são considerados pela 
investigação como uma prioridade elevada, pois são uma fonte de potencial 
adverso para efeitos de saúde ecológica nas águas ambientais. O 17β-
estradiol (E2), um recalcitrante CDE, foi seleccionado como poluente alvo 
neste trabalho. 
Nesta dissertação descreve-se a preparação e a avaliação fotocatalítica de 
novos materiais híbridos à base de nanopartículas de magnetita decoradas 
com porfirinas ou ftalocianinas. Este estudo apresenta a aplicação destes 
fotocatalisadores em modos batch e de fluxo, bem como a sua utilização em 
águas residuais reais para remoção de diferentes poluentes orgânicos. 
Adicionalmente, modificações ligeiras destes materiais permitem a sua 
utilização como agentes antimicrobianos para fins de desinfecção da água 
contra bactérias patogénicas. 
O rastreio de estirpes bacterianas capazes de metabolizar o E2 como poluente 
orgânico alvo em águas provocou a descoberta de utilizações relevantes da 
estirpe bacteriana Bacillus licheniformis, isolada previamente a partir de 
sedimentos de profundidade do mar no Golfo de Cádiz. Bacillus licheniformis 
apresenta uma grande versatilidade em aplicações de remediação de água, 
sendo capaz de remover diferentes estrogênios em concentrações relevantes 
(ng·L-1) em águas residuais. Finalmente, o estudo de uma abordagem 
combinada para o tratamento de águas foi focado na capacidade de Bacillus 
licheniformis para tratar a água, a partir da qual foi previamente e parcialmente 
foto-tratada pela ação de um material híbrido, sob irradiação de luz branca. 
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abstract 

 
New methods for water treatment are required as a result from an increasing 
awareness in the reduction of the pollution impact in the environment. The main 
routes for destroying toxic compounds in water are biodegradation and 
photodegradation processes. Biological degradation of a chemical refers to the 
elimination of the pollutant by the metabolic activity of microorganisms. 
Photodegradation is an efficient mechanism for simultaneously degrade 
different types of organic compounds. However, photodegradation may imply 
high costs related to the photocatalysts’ production and energetic consumption. 
In the perspective of sustainable approaches for water treatment, the 
combination of photo- and biological treatments are proposed. 
Endocrine disrupting compounds (EDCs) are considered as high research 
priority being a source of potential adverse ecological health effects in 
environmental waters. 17β-estradiol (E2), a recalcitrant EDC, was selected as 
target pollutant in this work. 
In this dissertation, the preparation and photocatalytic evaluation of new hybrid 
materials based on magnetite nanoparticles decorated with porphyrins or 
phthalocyanines are described. This study presents the application of these 
photocatalysts in both batch and flow modes, as well as their use in real 
wastewaters for the removal of different organic pollutants. In addition, slight 
modifications of these materials allow their utilization as antimicrobial agents for 
water disinfection purposes, against pathogenic bacteria. 
The screening of bacterial strains able to metabolize E2 as target organic 
pollutant in water caused the finding of relevant uses of the bacterial strain 
Bacillus licheniformis, previously isolated from deep sea sediments in the Gulf 
of Cádiz. Bacillus licheniformis displays great versatility in water remediation 
applications, being able to remove different estrogens in relevant 
concentrations (ng·L-1) in wastewaters. Finally, the study of a combined 
approach for water treatment was focused on the ability of Bacillus 
licheniformis to treat water, which previously was partially photo-treated by the 
action of a hybrid material, under white light irradiation. 
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Summary 

The main routes for destroying toxic compounds in water are biodegradation and 

photodegradation processes. Photodegradation is an important mechanism for degrading 

aromatic hydrocarbons, chlorinated aromatic hydrocarbons, chlorinated phenols and many 

pesticides. In photolysis, a photosensitizer absorbs light and transfers the energy to the 

dissolved oxygen or another substrate in the medium to generate reactive oxygen species 

(ROS), such as singlet oxygen and radicals, which are the responsible species for the 

degradation of the target compounds. 

Photosensitized processes in presence of porphyrins (Pors) and phthalocyanines 

(Pcs) can be very suitable, due to their ability to absorb several wavelengths in the UV-Vis 

range and generate ROS at high rates. The use of magnetic supports for the dispersion of 

Pors and Pcs in water can facilitate its recovery just by applying a magnetic field, thus 

allowing their reuse on further photocatalytic cycles. In addition, the versatility of these 

photomaterials allows their use in the photoinactivation of microorganisms, for water 

disinfection purposes. 

The possibility of combining photodegradation processes with biological treatments 

is desirable to make the water treatment more cost effective. Biological degradation of a 

chemical refers to the elimination of the pollutant by the metabolic activity of living 

organisms, usually microorganisms such as bacteria. 

The present work envisages the elimination of endocrine disruptor compounds, such 

as 17β‐estradiol, estrone, estriol, or 17α‐ethinylestradiol, in the context of water treatment 

applications. 
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1.1. Overview: General considerations about water pollution 

Water is essential to all forms of life and a fundamental player in environmental 

health and management. Consequently, the presence of organic pollutants in waste and 

surface waters represents a major risk for ecosystem sustainability and human health. 

Environmental recovery and protection are key issues within the current chemical research. 

New methods for water treatment are required for the implementation of strict regulations, 

such as the European Water Framework Directive, 2008/105/EC,1 which results of an 

increasing awareness of the need to reduce the impact of pollution in the environment. In 

line with this, green chemistry approaches have been proposed for the development of 

alternative sustainable technologies, favouring the design of processes that minimize the 

energetic requirements and the use of hazardous products, while maximizing global 

efficiency and reuse of materials. 

Various types of organic pollutants, such as pesticides, petroleum hydrocarbons, 

phenols, plasticizers, chlorinated biphenyls, detergents, or pharmaceuticals, among others, 

have been found in different water bodies.2 Special attention relies on pharmaceuticals, 

which are a large and varied class of compounds with diverse properties and applications. 

In the European Union there are more than 3000 active substances currently available in 

the market.3 In 1960s and 1970s, some studies reported the incomplete removal at 

wastewater treatment plants (WWTPs) of certain pharmaceuticals, which consequently 

were discharged into environmental waters.4 This problem captured the attention of 

researchers during 1990s,5 with the development of analytical techniques able to determine 

compound concentrations in the range of a few nanograms per litre.6 

The main origins of pharmaceuticals reaching the environment come from patient 

use in residential areas, discharges from hospitals and other clinical centres which are 

connected to the sewerage system, and, in some cases, wastewaters from pharmaceutical 

manufacturing.7 In addition, veterinary pharmaceuticals can be introduced into the 

environment from farms and aquaculture. Other pharmaceuticals may be introduced in 

agricultural land via the application of biosolids to fields.8 There are two main pathways to 

release pharmaceuticals into the environment: 

▪ Ordinary use of pharmaceuticals. After the uptake of a medicine, a proportion of 

the active substance passes through the body unchanged.9 The quantity excreted 

depends on the kind of medicine and the person being treated for a medical issue. 

This travels by the sewage system to a WWTP, where can be fully or partially 
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removed by the treatment process before the effluent is finally discharged into 

receiving waters.10 

▪ Disposal of unused and expired pharmaceuticals. Drugs disposed in this way 

are in an unmodified form and may therefore contribute disproportionately to 

environmental contamination.11 

Endocrine disrupting compounds (EDCs) are one of the highest research priorities 

as sources of potential adverse ecological health effects. Despite the low levels of many 

pharmaceuticals found in the environment, hormonally active chemicals can affect 

organisms even at low concentrations ranging ng·L-1. In 2002, the World Health 

Organization defined an EDC as an exogenous substance or mixture that alters function(s) 

of the endocrine system and consequently causes adverse health effects in an intact 

organism, or its progeny, or (sub) populations.12 

According to the classification developed by the European Commission in 1999,13 

there are two classes of substances which can cause endocrine disruption: 

▪ Natural hormones, including estrogens, progesterone and testosterone, which are 

found naturally in the body of humans and animals, and phytoestrogens, which are 

substances contained in some plants and may display estrogen-like activity when 

ingested. 

▪ Man-made substances, which include: 

– Synthetically-produced hormones, including those hormones which are 

alike to natural hormones, such as oral contraceptives, hormone 

replacement therapy and some animal feed additives. They have been 

designed purposely to modulate and interfere with the endocrine system. 

– Man-made chemicals designed for use in industry, such as in some 

industrial cleaning agents; in agriculture, such as in some pesticides; and in 

consumer goods, such as in some plastic additives. This category also 

includes chemicals produced as by-products of industrial processes, such as 

dioxins, which are suspected of interfering with the endocrine systems of 

humans and wildlife. 

Hormones act at extremely low concentrations, being present in plasma at typical 

concentrations of 1-10 ng·mL-1. Hormones act through high affinity intracellular receptors, 

forming complexes that can increase or decrease transcription of specific genes (Fig. 1.1), 



CHAPTER 1 

Introduction 

7 

thus very low concentrations of hormone can bind to the receptor population and initiate 

important biological effects.14 

 

Figure 1.1. Mechanism of action for a steroid hormone.15 

Natural estrogens, estrone (E1), 17ß-estradiol (E2), and estriol (E3), and synthetic 

estrogens, as the contraceptive 17α-ethinylestradiol (EE2) and 3-methyl ether of 

ethinylestradiol (MeEE2), used as the active ingredient in birth control pills and in other 

drugs administered during menopause, appear to be the most probable cause of endocrine 

disruption effects observed in wild fish.16 In addition to the natural origin of E2, the European 

Medicines Agency has approved the use of E2 as a pharmaceutical indicated to treat some 

symptoms of menopause, prevent osteoporosis in postmenopausal women, treat 

dysmenorrhea and prevent pregnancy, replace estrogen levels in women with ovarian 

failure or other conditions that cause a lack of natural estrogen in the body, and sometimes 

is used as part of cancer treatment in women and men. 

There is a growing body of scientific research which indicates that EDCs in the 

environment may interfere with the normal function of the endocrine system of humans and 

wildlife by mimicking and antagonizing the effect of endogenous hormones, disrupting the 

synthesis and metabolism of endogenous hormones, or disturbing the synthesis of the 

specific hormone receptors.17 

Estrogens are steroids constituted by 18 carbon atoms, which are distributed in three 

hexagonal and one pentagonal rings. The different positions of hydroxyl groups in the 

cyclopentane-phenanthrene nucleus differentiate these molecules. In synthetic estrogens, 

the addition of ethynyl and methyl groups to E2 forms, respectively, EE2 and MeEE2, which 

are the molecules used in the formulation of the contraceptive pill (Fig. 1.2).18 



Lucía Fernández  
Universidade de Aveiro, 2017 

8 

a) 

 
b) 

 

Figure 1.2. Molecular structure of a) natural and b) synthetic estrogens. 

Estrogens are the primary female sex hormones and play important roles in both 

reproductive and non-reproductive systems. In humans and animals, estrogens are 

produced mainly in the ovary, but can also be synthesized in other organs such as the testis, 

brain, hypothalamus, adipose tissue, and placenta. In the organism, the catabolism of 

estrogens occurs in the liver, where they are conjugated to sulfate, glucuronide or 

sulfoglucuronide forms, made up by the substitution of hydroxyl groups of free estrogens. 

These substitutions may increase estrogen aqueous solubility and facilitate their elimination 

via urine. However, a fraction of estrogens is eliminated via feces in the unconjugated or 

free forms.19 Conjugated estrogens display very low estrogenic activity compared to 

unconjugated forms (Table 1.1). 

Table 1.1. Properties and relative estrogenic activity related to 17β-estradiol of free and 
conjugated estrogens.18 

Compound 
Molecular 

weight 

Water 
solubility 
(mg·L-1 at 

20 °C) 

Log KOW 
Relative 

estrogenic 
activity 

Non-
conjugated 
estrogens 

E1 270.4 13 3.43 25.4 

E2 272.4 13 3.94 100.0 

E3 288.4 32 2.81 17.6 

EE2 296.4 4.8 4.15 246.0 

MeEE2 310.4 0.3 4.67 11.0 

Conjugated 
estrogens 

ß-E2 3-sulfate 352.4 3.6 2.9 2.6x10-2 

ß-E2 3ß-D-glucuronide 448.4 347 1.46 2.4x10-2 

E1-sulfate 350.4 5.9 0.29 5.0x10-3 

E1-ß-D-glucuronide 446.4 303 1.9 <1x10-3 
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Conjugated hormones excreted are broken down by intestinal and faecal flora, 

producing estrogenically active free forms. It can be anticipated that after excretion, 

conjugated estrogens in urine will follow deconjugation, becoming more hydrophobic, and 

will be partially eliminated from the liquid fraction by sorption onto solids. Free estrogens 

eliminated via faeces remain associated to the hydrophobic fraction of this matrix. Estrogen 

loss by volatilization is insignificant in both cases.20 

Humans and animals excrete estrogens, which end up in the environment through 

sewage discharge and animal waste disposal (Table 2.1).21 Those steroids have been 

detected in effluents of WWTPs and surface water. 

 

Table 1.2. Daily excretions (µg) of estrogenic steroids in humans.21 

Category E2 E1 E3 EE2 

Males 1.6 3.9 1.5 - 

Menstruating females 3.5 8 4.8 - 

Menopausal females 2.3 4 1 - 

Pregnant women 259 600 6000 - 

Women - - - 35 

 

1.2. Water treatment processes for organic pollutants removal 

To assess the relevance of water treatment as a research topic in the context of 

environmental quality, a literature search was performed (Fig. 1.3) using Scopus as a data 

base of peer-reviewed literature, with the following variables: document type, all; data 

range, 1997–2015 (included); subject areas, all; and search for, “Environmental water risk 

assessment” (1782 items in 2015) and “Wastewater treatment” (7612 items in 2015). It is 

quite evident that in the last 2 decades, the number of studies dealing with these topics has 

greatly increased. There are different processes for the elimination of organic pollutants 

from water, grouped according to their nature. To refine the search, these studies were 

screened by “Water treatment biodegradation” (1064 items in 2015), “Water treatment 

physical processes” (588 items in 2015), and “Advanced oxidation processes” (791 items 

in 2015). The following sections will present and discuss the major findings on these topics. 
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Figure 1.3. Scopus search for relevant publications in the field of water treatment, reported 
by year. 

 

▪ Physical processes 

The sorption elimination is a physical process based on the uptake of pollutants from 

the aqueous onto a solid phase. Isotherm equations are usually used to obtain insight 

description and predict the removal of a target compound by sorption onto different 

sorbents. The affinity of a target compound for a sorbent can be calculated by the specific 

sorption coefficient, which relates the ratio between the sorbed and the freely dissolved 

concentrations of the compound at the equilibrium. The application of activated carbon is a 

well-known physical process used to remove different organic pollutants. Various studies 

have indicated the efficiency of activated carbon for the removal of trace levels of EDCs in 

water.22 In 2005, Zhang and Zhou studied the removal of E1 and E2 by sorption onto 

activated carbon under different environmental parameters, such as adsorbent 

concentration, pH, salinity and the presence of humic acid and surfactants. The results 

showed that adsorption capacity of activated carbon decreased with increasing adsorbent 

concentration, due to the presence of colloids, which may bind to the EDCs. The presence 

of surfactants and humic acids resulted in a reduction of the adsorption constant, which can 

be explained by the ability of surfactants to enhance the solubility of pollutants in water and 

the ability of humic acids in complexing with pollutants.23 

The membrane filtration is another physical approach. It is defined as the separation 

process based on the difference in physical or chemical properties of two phases separated 

by a semi-permeable membrane. This membrane operates as a separation barrier, through 
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which certain substances can pass, while others are retained. Membrane processes are 

acquiring wide use for estrogens removal in wastewater treatment.24 

One major drawback of physical process, specifically when dealing with toxic 

compounds, is that it based on the accumulation and exchange of the pollutants from the 

aqueous to the adsorbent phase. Therefore, pollutants are not actually destroyed, but just 

transferred between different phases. 

▪ Biological processes 

The biological approach for water treatment is based on the natural role of 

microorganisms in the elemental cycles, such as the C, N and P cycles, which is related to 

their biodegradation capacity.25 Accordingly, biodegradation is the mechanism by which 

microbial organisms transform, through metabolic routes or enzymatic action, the structure 

of chemicals present into the medium.26 Many factors may induce microorganisms to use 

pollutants as substrates or cometabolize them, such as their genetic potential, temperature, 

pH, and available nitrogen and phosphorus sources. These conditions determine the rate 

and the extent of the pollutant degradation.27 

Some microorganisms have the naturally-occurring metabolic diversity to degrade, 

transform or accumulate a huge range of compounds including hydrocarbons, 

polychlorinated biphenyls, polyaromatic hydrocarbons, radionuclides and metals.28 Several 

studies have demonstrated that both heterotrophic and autotrophic aquatic microorganisms 

can degrade estrogens, and that some of them can transform estrogens into non-estrogenic 

compounds.4b, 29 The mechanisms of biodegradation of estrogens in WWTPs reported in 

the literature also include sorption to biosolids30 and sludge.26, 31 

▪ Advanced oxidation processes 

Generally, organic pollutants present in water media can be degraded by direct 

photolysis to variable degrees, depending on their chemical structure. The presence of 

aromatic rings and conjugated π-systems, as well as certain functional groups and 

heteroatoms, may increase the direct absorption of sunlight. Such structures produce 

absorption spectral bands in the UVC wavelength range (280-100 nm), with tailing 

absorption into the UVB (315-280 nm) and in some cases UVA ranges (400-315 nm). The 

potential spectral overlap with natural sunlight (λ > 290 nm) suggests that these organic 

pollutants may degrade, at least partially, by direct photolysis.32 

Organic pollutants in water can also be degraded by indirect photolysis. Advanced 

oxidation processes (AOPs) refer specifically to processes in which the oxidation of 
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compounds occurs primarily through reactions with reactive oxygen species (ROS), such 

as radicals and singlet oxygen (1O2).33 These processes comprise two phases: the formation 

of ROS under irradiation, and the reaction of these species with the target pollutants. AOPs 

are considered as effective water treatment techniques for removing organic pollutants 

which, due to their high chemical stability and/or low biodegradability, are not treatable by 

ordinary approaches.34 In the last decade, the photocatalytic degradation of various toxic 

organic compounds has been analysed35 

Semiconductor photocatalysis is one of the most effective AOP technology for the 

destruction of pollutants in water. In the last two decades, TiO2 has received considerable 

interest as a semiconductor photocatalyst due to its photochemical stability, non-toxic 

nature and low cost.36 However, the efficiency of the use of TiO2 is limited by its relatively 

large band gap energy, which corresponds to the wavelength of 370 nm, where only ca. 3-

5% of the solar energy is overlapped and therefore effective. The high recombination rate 

of electron-hole pairs formed during the photocatalytic process is also a disadvantage of 

this technology.37 The use of solar energy in photosensitized applications for water 

treatment emerges as an affordable approach to a difficult environmental problem. 

As previously stated, organic pollutants under solar irradiation in environmental 

waters can be subjected to direct photolysis. Upon a photon absorption by the pollutant, the 

excited form will undergo a chemical transformation, thus generating one or more different 

product species. However, depending on different environmental conditions, such as 

fluence rate (total number of particles crossing over a sphere of unit cross section which 

surrounds a point source of radiation) of the solar irradiation, water turbidity, pH of the 

media, presence of natural organic matter, salinity, biological activity or oxygen content, the 

degradation of the pollutant can be significantly delayed or inhibited.38 Photodegradation of 

pollutants in water may also occur by indirect photolysis, by means of other substances 

present in water able to absorb solar irradiation and subsequently generate ROS, mainly 

1O2 and hydroxyl (HO•), peroxyl (ROO•) and superoxide anion (O2
-•) radicals.39 The 

photocatalytic treatment for water remediation is especially convenient because it may 

achieve the mineralization of the organic pollutant (in particular when high doses of light are 

applied), which minimizes the release of potential hazardous degradation products,40 in 

addition to the possibility of using sunlight as energy source.41 This methodology requires 

light of an appropriate wavelength, a photocatalyst or photosensitizer (PS) capable of 

absorbing that light, and molecular oxygen and/or an appropriate substrate (Fig. 1.4). The 

excitation of the PS is generally achieved via one photon absorption (hʋ), originating an 

electron transition between the ground state, S0, and the singlet excited state, S1
*. 
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Vibrational relaxation of S1
* by a non-radiative process yields the lowest vibrational level of 

S1
*. Intersystem crossing (ISC) from S1

* generates the first excited triplet state of the PS, 

T1
*. The lifetime of T1

* is longer (µs scale) than that of S1
* (ns scale), which allows the 

interaction of the PS in the excited state in one of two ways, defined as Types I and II 

photochemical mechanisms. A Type I mechanism involves reactions of electron-transfer 

between the excited PS and oxygen or other substrate present in the medium, yielding free 

radicals; while in type II mechanism 1O2 (1Δ) is generated via an energy transfer process 

during a collision of the excited PS, T1
*, with triplet oxygen (3Σ).42 

 

Figure 1.4. Schematic representation of ROS generation by photochemical processes. 

Amongst PS, porphyrins (Pors) and phthalocyanines (Pcs) have attracted 

considerable attention because of their prospective applications in photodynamic therapy,43 

photodynamic inactivation of microorganisms,44 mimicking enzymes,45 sensing,46 catalytic47 

and photocatalytic reactions,48 molecular electronic devices49 and conversion of solar 

energy.50 Both Pors and Pcs are considered as suitable PS due to their high absorption in 

the UV-Vis range, which represents an important component of sunlight. Some Pors and 

Pcs have remarkably high quantum yields for triplet state formation, which determines the 

ability of a PS to generate 1O2. The yield of the triplet state can be modulated by the 

incorporation of certain metals into the core and/or by replacing some of the hydrogen atoms 

with halogens or other heavy atoms, enhancing ISC from the initially formed singlet state to 

the triplet state.51 These features of Pors and Pcs may minimize the energetic requirements 

and maximize the global efficiency of the process. 

Being an electrophilic agent, 1O2 is able to oxidize double bonds, sulfide, phenolic, 

amino groups, and other electron-donor groups in organic compounds.52 Recent work has 

focused on immobilized PS for singlet oxygen generation, since this presents several 

advantages in practical applications. For its use in water treatment, the ability to recover 

and reuse the PS in successive runs avoiding, to the extent possible, the loss of the original 

catalytic properties provided by the system, is environmentally and economically sensible. 
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In general, immobilized PS show reduced quantum yields in comparison with their free form, 

due in part to the difficulty for oxygen to diffuse into and out of the material matrix, in order 

to be activated. However, the easy reuse of these systems tends to overcome this 

drawback.53 

1.3. Porphyrins and phthalocyanines as photosensitizers in water treatment 

applications 

1.3.1. General considerations of porphyrins and phthalocyanines 

Porphyrins, from the Greek word porphyros, meaning purple, are an important class 

of naturally occurring macrocyclic compounds found in biological systems that play a very 

important role in the metabolism of living organisms. Some of the best examples are the 

iron-containing Pors found as heme (of hemoglobin) and the magnesium-containing 

reduced Por, or chlorine, found in chlorophyll.54 Pors are heteroaromatic compounds 

composed by a tetrapyrrole structure, consisting in four pentagonal pryrroles linked together 

by four methine bridges. Aromaticity among the macrocycle is constituted by 22 π-electrons 

(Fig. 1.5a). 

On the other hand, phthalocyanines, synthetic analogous of Pors, are intensely blue-

green-coloured aromatic macrocyclic compounds which are widely used in dyeing. Their 

chemical structure present an aromatic macrocycle constituted by four isoindole subunits 

linked together by their 1,3-positions by aza bridges. Their structure consists of 42 π-

electrons extended among 32 carbon atoms and 8 nitrogen atoms. However, electron 

delocalization takes place preferentially over the internal ring system, so that Pcs are 

considered as aromatic systems formed by 16 atoms and 18 π-electrons, condensed in 4 

benzene rings, which preserve their electronic structure (Fig. 1.5b).55 

 

Figure 1.5. Molecular structure of a) porphine, the simplest Por macrocycle; and (b) free-
base Pc. 
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The specific optical properties of Pors and Pcs make them a target of choice as 

photosensitizing agents. Their excited state properties can be adjusted through 

conformational design, molecular symmetry, metal complexation, orientation and strength 

of the molecular dipole moment, size and degree of conjugation of the π-systems, and 

appropriate donor-acceptor substituents.56 

Pors and Pcs absorb light in different UV-Vis ranges. UV-Vis absorption spectra of 

Pcs are characterized by Q-bands and an intense Soret-band clearly differentiated (Fig. 

1.6). Metallophthalocyanines (MPcs) present the Q-band maximum in the red region of the 

visible range, while for free-base Pcs a split Q-band is observed due to a lower structural 

symmetry. Note that this fact is only valid for symmetrically substituted MPcs. If the 

periphery of the MPc is unsymmetrically derivatized, the breakage of the symmetry leads 

to the split of the Q-band.57 Extended conjugation by the peripheral benzene rings may 

strengthen the absorption bands at longer wavelengths.58 

 

Figure 1.6. Structure and typical absorption spectra of free-base Pc (black line, M = H2) 
and metal complex ZnPc (dashed line, M = Zn).59 

The intense Soret absorption band of Pors in the 420-430 nm spectral region allows 

a very efficient interaction with blue light wavelengths which, within solar spectrum, are the 

most penetrating in natural waters.60 Typically, free-base Pors present four Q bands: IV, III, 

II and I. Depending on the intensity of these bands, Por spectra may be designated etio 

type (IV>III>II>I), rhodo type (III>IV>II>I), oxo-rhodo type (III>II>IV>I), phyllo type 

(IV>II>III>I) (Fig. 1.7a).61 

Similarly to MPcs, absorption spectra of metalloporphyrins (MPors) molecules 

present higher symmetry than free-base Pors.62 This feature results in a simplification in the 

visible spectra with just two Q bands, designated as β and α (Fig. 1.7b). 
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a) 

 

b) 

 

Figure 1.7. Typical UV–vis absorption spectra for (a) a free-base Por and (b) a Por–metal 
complex. 

1.3.2. Synthetic strategies for the preparation of porphyrins 

The important biological roles and photophysical properties of Pors captured the 

attention of investigators during the XX Century since Fischer, considered the father of 

porphyrin chemistry, reported the first total synthesis of the Pors ethio porphyrin-III and 

octamethylporphyrin, in 1926, and  protoporphyrin-IX in 1929 (Fig. 1.8).63 

 

Figure 1.8. Historically important Pors prepared by Fischer: a) ethio porphyrin III, b) 
octamethytlporphyrin, c) protoporphyrin IX. 

Initially, the exploration of Pors was extremely restricted by their synthetic 

availability. This gave the stimulus for researchers to design efficient synthetic methods for 

their synthesis. The preparation of Pors can be categorized into three main categories: β- 

and meso-unsubstituted porphine; β-substituted Pors or octalkylporphyrins (OAPs); and 

meso-aryl substituted Pors (Fig. 1.9). This work is focused on meso-aryl substituted Pors, 

for which the most common synthetic routes are presented below. 
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Figure 1.9. Most common substitution patterns found around the Por macrocycle: a) β- and 
meso-unsubstituted porphine, b) β-substituted OAPs, c) meso-aryl substituted Por. 

1.3.3. Synthesis of meso-substituted porphyrins 

For the synthesis of Pors, one of the most commonly used method is based on the 

condensation of pyrrole with an aromatic aldehyde. Due to the simplicity of this synthesis, 

this method has been used extensively to prepare symmetric Pors. meso-Tetrasubstituted 

Pors were first prepared in 1936 by Rothemund by heating pyrrole and an aldehyde in 

pyridine in a sealed tube at 120 °C for 48 h (Scheme 1.1).64 

 

Scheme 1.1 

The yields of Pors from this reaction were in general less than 3% and the product 

was contaminated with the corresponding chlorin, the 2,3-dihydroporphyrin. Calvin et al. 

discovered that the addition of metal salts to the reaction mixture, such as zinc acetate, 

increased the yield of Por from 4-5% for the free-base derivative, and decreased the amount 

of chlorin compound.65 

An important improvement in the condensation reaction of pyrrole and aldehydes 

came from the work of Adler and Longo, after demonstrating that the yields of Pors could 

be largely increased by performing the reaction in acidic media, in open air (Scheme 1.1).66 
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In refluxing propionic acid, this condensation gave yields higher than 20%. Greater yields, 

ca. 30- 40%, were obtained by using acetic acid as solvent. However, in this case the 

product did not crystallize due to the higher pKa of acetic acid, resulting in a more difficult 

isolation and purification of the Por. As previously reported in the Rothemund synthesis, the 

produced Por was contaminated by the corresponding chlorin, observed in the UV-Vis 

spectrum by the presence of a strong band centred around 650 nm. 

Lindsey et al. reported another general synthetic method for meso-

tetraphenylporphyrins in 1987.67 This strategy considers that under equilibrium conditions, 

the acid catalysed condensation proceeds by the formation of a porphyrinogen. The Lindsey 

method is a two-step and one-pot procedure, in which pyrrole and the aldehyde are 

condensed in presence of a trace of acid catalysis under anaerobic conditions to produce 

the porphyrinogen. Then, the porphyrinogen is oxidized to the Por by subsequently adding 

an oxidant such as 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) or p-chloranil (Scheme 

1.2). 

 

Scheme 1.2 

Maximum yields of the Por (30-40%) are obtained when equimolar concentrations 

of pyrrole and aldehyde are condensed in the presence of boron trifluoride etherate (BF3). 

This reaction is usually performed in dichloromethane at room temperature for 1 h before 
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the oxidant (p-chloranil or DDQ) is added. In most cases, removal of the solvent followed 

by flash chromatography in a column yields the pure Por. 

In 1991, Rocha Gonçalves et al. developed a synthetic route to prepare, in one step, 

meso-tetra-aryl substituted Pors in good yields and without chlorin derivatives. Currently, 

this method is widely used to produce meso–substituted Pors, consisting in the 

condensation of pyrrole with benzaldehyde, in presence of acetic acid with 30% of 

nitrobenzene at reflux (120 ºC) for 1 hour. The acetic acid acts as solvent and catalyst, and 

the nitrobenzene as oxidizing agent.68 

Due to the simplicity of this method, it can be applied to produce a broad variety of 

tetra-substituted Pors having four identical aryl units. This approach also permits the 

preparation of asymmetric meso-substituted Pors, by condensation of pyrrole with an 

appropriate mixture of aldehydes. The ratio of the different compounds formed varies 

depending on the proportion of aldehydes present in the reaction and their reactivity. 

1.3.4. Synthetic strategies for the preparation of phthalocyanines 

The earliest exhaustive study of the synthesis of Pcs was conducted by Linstead 

and co-workers in 1930s.69 At first, almost all Pcs were unsubstituted on their peripheral 

positions, resulting in poorly soluble compounds in most organic solvents, including with 

high-boiling points such as 1-chloronaphthalene or 1-bromonaphthalene. The best way to 

modulate the aggregation nature of Pcs is by replacing the central atom and/or its axial 

coordination position with one or two ligands, or by modifying its peripheral positions.70 

Structural modifications of Pcs also allow the design of electrophysical characteristics over 

a wide range. The photophysical properties of MPcs greatly depends on the nature of the 

central metal ion. MPcs containing transition metals give short triplet lifetimes. A long triplet 

lifetime and a relatively high triplet quantum yield, which are useful qualities for a PS, 

characterize MPcs metallated with diamagnetic metal ions such as Zn2+, Al3+, Ga3+ and 

Si4+.58 Specifically, ZnPcs have been largely explored due to the d10 configuration of the 

central metal ion, Zn2+, which results in optical spectra that are not complicated by additional 

bands, as in transition-metal Pc complexes.71 

The preparation of Pcs with identical substituents in the 4 isoindole rings can be 

performed by cyclotetramerization of the suitably substituted precursors, or by the 

consecutive derivatization of the already constituted Pc. Different precursors, such as 
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isoindoline-1,3-diimine, 2-cyanobenzamide, phthalamide, phthalic acid, isobenzofuran-1,3-

dione, or isoindoline-1,3-dione, can be used in the preparation of MPcs. However, the 

synthesis of Pcs usually involves the tetramerization of either phthalonitrile or 

diiminoisoindoline.72 Scheme 1.3 summarizes some common synthetic methods to prepare 

H2Pcs and MPcs. Most used strategy in the preparation of Pcs involves heating a mixture 

of a phthalonitrile and a metallic salt in a high boiling point solvent as dimethylethanolamine 

(DMAE), dimethylformamide (DMF) or o-dichlorobenzene (o-DCB).73 

 

Scheme 1.3 

In the preparation of H2Pcs, most common methodology is the condensation of 1,3-

diiminoisoindolines under the same reaction conditions previously described.74 There are 

other synthetic routes that can be carried out at lower temperatures with the utilization of 

alcohols, as 1-butanol, in presence of a non-nucleophilic hindered base, as 1,5-

diazabicyclo(4.3.0)non-5-ene (DBN),75 or even at room temperature by using metallic 

lithium in DMAE as solvent.76 Both types of Pcs can be interconverted. The treatment of a 

MPc with a refluxing non-oxidant mineral acid produces its demetallation, obtaining the 

corresponding H2Pc. In contrast, when H2Pc is refluxed in the presence of a metallic salt in 

a high boiling point solvent, the MPc will be obtained. 

Most recently, some other procedures have been proposed for the preparation of 

symmetrically substituted Pcs with higher yields and under mild conditions. Shaabani et al. 

developed a fast and effective procedure for the synthesis of MPcs from phthalonitrile, 

phthalimide and phthalic anhydride, upon treatment with hexamethyldisilazane (HMDS) 

using microwave irradiation.77 
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Octa-substituted Pcs can be derivatized in the peripheral β-positions (2, 3, 9, 10, 16, 

17, 23, 24) or in non-peripheral α-positions (1, 4, 8, 11, 15, 18, 22, 25). Substitution at the 

more sterically crowded α-position presents reduced aggregation tendencies. They are 

typically prepared from 4,5- or 3,6-disubstituted phthalonitriles (Scheme 1.4).78 

 

Scheme 1.4 

1.3.5. Water-stable porphyrins and phthalocyanines 

For water treatment applications, PS are required to be stable in aqueous media. 

Due to the high hydrophobic nature of Pors and Pcs, hydrophilic substituents can be 

attached into the structure of the PS to overcome aggregation. During the past few decades, 

different kinds of water-soluble PS have been synthesized and studied. In this context, most 

common derivatization of Pors and Pcs are with sulfonic79 and carboxy acid groups80 and 

phosphorus-based functions81, resulting in anionic PS. On the other hand, introduction of 

quaternary amino82 or pyridino83 groups leads to cationic ones. Water-solubility of anionic 

and cationic PS is strongly pH-dependent, being not necessary water-soluble in acidic or 

basic media, depending on their pKa, which determines the extent of ionisation. One of the 

most important water-soluble PS in current usage, meso-substituted tetrakis (4-

sulfonatophenyl)porphyrin, presents a high quantum yield of singlet oxygen generation in 

phosphate buffer (pH 7.4) at concentration ranging from 8×10−5 to 20×10−5 M, of 0.51.84 

Several types of neutral substituents are also able to confer water-solubility to Pors 

and Pcs. A suitable derivatization may be easily afforded with sugar moieties as hydrophilic 

substituents, which can act as water-solubilizing agents. Perfluorophenyl derivatives of Pors 

and Pcs are especially suited, since their para- and β- fluorine atoms, respectively, allow 

an easy substitution with a variety of nucleophiles. In 2010, Drain et al. described the 

preparation of glycoconjugated fluorophenyl Pors by nucleophilic substitution if the 



Lucía Fernández  
Universidade de Aveiro, 2017 

22 

pentafluorophenyl groups with β-D-thioglucopyranosyl, affording Por(SGlcAc)4 (Scheme 

1.5). In a second reaction step, acetate protecting groups of the glucose moieties were 

easily removed by basic hydrolysis at room temperature, obtaining the tetra-

thioglycosylated porphyrin, Por(SGlc)4.85 

 

Scheme 1.5 

In a similar synthetic approach, the symmetric octathioglycosylated zinc (II) 

perfluorophthalocyanine was reported in 2011 also by Drain and co-workers.86 

The preparation of Pcs bearing sugar moieties can be also performed by the 

tetramerization of glycosylated phthalonitriles. Soares et al. reported the synthesis of Pcs 

bearing eight galactose units separated from the macrocycle by methylenic spacers. The 

synthesis involved the tetramerization of a previously prepared di-glycosylated 

phthalonitrile, having two 1,2:3,4-di-O-isopropylidene-α-D-galactose units, in the presence 

of ZnCl2 in DMAE, obtaining ZnPc(GalPr)8. The deprotection of the isopropylidene groups 

of the sugar moieties was performed under acidic conditions, thus obtaining a highly water 

soluble octasubstituted galactose zinc(II) phthalocyanine, ZnPc(Gal)8 (Scheme 1.6).87 
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Scheme 1.6 

1.3.6. Photocatalytic performance of immobilized porphyrins and 

phthalocyanines in the degradation of organic pollutants in water 

Different types of supports, both organic and inorganic, can be used in the 

immobilization of PS. However, in case of photo-oxidation processes, more resistant 

inorganic solids are usually preferred, in order to provide stability of the material under the 

reaction conditions. The support must also be easily functionalized with the PS, inexpensive 

and widely available. A fundamental requirement for a PS carrier is that it should not 

significantly quench 1O2. It is important for the PS to be embedded predominantly in the 

monomeric form, since aggregation promotes the non-radiative internal conversion, causing 

a decrease of the triplet lifetime and a drastic reduction in the overall efficiency of 1O2 

production. 

Physical adsorption of PS onto the support surface, either by van der Waals or by 

dipole-dipole interactions, is the simplest and most straightforward approach to support 

catalysts, since no modification of the support and/or the complex is needed. However, in 

order to avoid PS leaching, the physically adsorbed catalysts cannot be used in solvents in 

which the PS is soluble. This is particularly relevant for Pcs, which due to the flat aromatic 
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structure show strong affinity for hydrophobic surfaces. Guo et al. reported the preparation 

of 2,9,16,23-tetra-nitrophthalocyaninato iron (II) (FePc(NO2)4) nanostructures grown on a 

substrate constituted by TiO2 nanofibers, by combining the electrospinning technique and 

the solvothermal method (Scheme 1.7).88 These heterostructures exhibited excellent 

photocatalytic performance for the photodegradation of methyl orange (MO), assisted with 

H2O2 under visible light irradiation, achieving a total degradation of MO after 3 h of 

irradiation. 

 

Scheme 1.7 

Water-soluble charged PS are often immobilized by using ionic interactions on ion-

exchanging zeolites and resins. Pcs and Pors substituted with carboxyl or sulfonate groups 

have been attached to Amberlite.89 Pcs and Pors bound to exchange resins were reported 

to behave as homogeneous compounds (Fig. 1.10). PS adsorbed on porous materials 

(silica, zeolites), are usually encapsulated within the matrix and most of them show reduced 

1O2 quantum yield due to the limited diffusion of oxygen into the support and of the reactive 

oxygen species back to the surrounding medium. 

a) 

 

b) 

 

Figure 1.10. Schematic representation of (a) MPc(SO3H)4 and (b) MPc(CO2H)8, both 
immobilized onto Amberlite®IRA-900.90 
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PS can be covalently bound to the surface of the support. This immobilization 

approach may prevent PS from leaching, providing a strong immobilization. In addition, 1O2 

is more available when generated from the surface, since it diffuses into the solution more 

easily. In recent years, an increasing number of researchers have considered 

nanomaterials as carriers of PS. The efficiency of PS immobilized on nanomaterials may 

be comparable with that in homogeneous medium due to the enormous surface of the 

nanocarriers. 

In heterogeneous catalysis, the reaction rate is restricted to the limited surface area 

of the catalyst, while homogeneous catalysts can react very fast and provide a good 

conversion rate per molecule. The link between heterogeneous and homogeneous 

catalysts can be achieved using nanoparticles (NPs), which provide the benefit of increased 

surface area. The nanostructured catalyst forms stable suspensions in the reaction media 

that allow increased reaction rates, especially when well dispersed. Furthermore, NPs may 

allow additional catalytic action due to their unique properties, as in the case of TiO2 NPs, 

which exhibit photooxidation on their surfaces.48 One particularly useful and important group 

of NPs is magnetic nanoparticles (MNPs), which are typically based on metals such as iron, 

cobalt and nickel, or metal oxides. In the absence of a magnetic field, and when a suitable 

surface stabilization is provided, MNPs may be dispersed in the same manner as any NP. 

However, in the presence of a magnetic field, MNPs can be selectively separated, enabling 

the easy removal from the reaction media to then be re-dispersed and re-used.91 The 

surface of MNPs can be functionalized to allow the attachment of PS. Modisha et al. 

described a conjugate of octacarboxyphthalocyaninato zinc(II) (ZnPc(CO2H)8) with Fe3O4 

NPs coated with a silica shell (Fig. 1.11), which was then tested in the photodegradation of 

1-phenylazo-2-naphthol-6,8-disulfonic acid disodium salt, commonly known as Orange G 

(OG), under visible light irradiation.92 The catalyst could be easily recovered using an 

external magnet for its reuse. 

 

Figure 1.11. Covalent attachment of ZnPc(CO2H)8 onto MNPs. 
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In the context of wastewater treatment, and particularly for the photodynamic 

inactivation of microorganisms, Carvalho et al. proposed the development of efficient PS 

immobilized on MNPs in order to recover these materials after the wastewater treatment 

just by applying a magnetic field.93 Then, recycling and reuse abilities of these materials 

were explored, showing an environmentally-friendly and economically feasible approach to 

disinfect water.94 

The use of single walled carbon nanotubes (SWNTs) as support material for Pc 

complexes was reported for the first time in 2011 by Ogunbayo et al. SWNTs were chosen 

as support because of the easy immobilization of Pcs due to the strong π–π interaction 

between SWNTs and Pc complexes. In that study, conjugates formed by thioalkyl 

derivatized PdPcs adsorbed onto SWNTs were used for the photodegradation of 4-

nitrophenol.95 

1.4. Degradation of organic pollutants by bacteria 

1.4.1. General considerations about biodegradation of organic pollutants 

Bioremediation is based on the metabolic versatility of microorganisms to interact, 

both physically and chemically, with hazardous substances leading to structural changes 

(harmless metabolites) or complete degradation into carbon dioxide and water (termed 

mineralization) of target molecules. Bioremediation requires a redox reaction within the 

microbial cells to produce energy. These reactions comprise respiration and other biological 

functions needed for cell survival and reproduction. A delivery system providing one or more 

of the following elements is usually required: an energy source (electron donor), an electron 

acceptor and nutrients.96 Microorganisms must gain energy from the transformation of the 

pollutants and a source of carbon to build new cell material. Otherwise, biodegradation will 

not occur. 

In the case of biodegradation of organic pollutants, the carbon typically comes from 

the pollutant being degraded. Although a multitude of reactions are used by microbes to 

degrade and transform pollutants, all energy-yielding reactions are oxidation-reduction 

reactions. In oxidative attacks, microbes oxidize a contaminant by transferring electrons 

from the contaminant (termed the electron donor) to an electron acceptor to gain energy. 
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Typical electron acceptors are oxygen, nitrate, Fe(III), sulfate, and carbon dioxide (Fig. 

1.12a).97 

On this basis, biodegradation of estrogens must be an oxidation process which 

involves an electron acceptor. The role of the latter is commonly played by oxygen, thus 

most rapid and complete degradation of the majority of pollutants is carried out under 

aerobic conditions.98 However, in many cases, including the application of anaerobic 

microorganisms and/or poor aeration of the polluted site, an alternative electron acceptor 

has to be utilized, which may be both inorganic (nitrate, nitrite, sulphate, multivalent metal 

ions in a higher oxidation state) and/or organic substrates, such as humic substances, or 

(poly) phenolics.99 

In reductive attacks, microbes utilize some easily metabolized organic electron 

donor, such as sugars or short chain fatty acids, and transfer the electrons to the pollutant 

to gain energy (Fig. 1.12b). This process is only possible with electrophilic pollutants, such 

as halogenated aliphatics and explosives which contain nitro groups.97 

a)

 

b)

 
 

Figure 1.12. General schemes to biodegrade organic pollutants: a) oxidative 
biodegradation and b) reductive biodegradation.97 

A number of limiting factors can affect the efficiency of the biodegradation process. 

The composition and inherent biodegradability of the organic pollutant is the most important 

consideration when the viability of a remediation approach is evaluated.100 

Temperature plays an important role in biodegradation of organics, by directly 

affecting the chemistry of the pollutants as well as affecting the physiology and diversity of 

the microbial flora. Although biodegradation can occur over a wide range of temperatures, 

kinetics generally decreases with the decreasing of temperature.101 
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The availability of nutrients, especially nitrogen, phosphorus, and in some cases 

iron; is also an important factor for the successful bioremediation process. Some of these 

nutrients can become limiting factors, thus affecting the biodegradation rates. Atlas reported 

that when a major oil spill occurred in marine and freshwater environments, the supply of 

carbon was significantly increased and the availability of nitrogen and phosphorus generally 

became the limiting factor for oil degradation.102 Excessively high nutrient concentrations 

can also inhibit the biodegradation activity.103 

Interest in the biodegradation mechanisms of petroleum hydrocarbons is prompted 

by their ubiquitous distribution in the environment and their deleterious effects on human 

health. The essential processes of microbial aerobic degradation of hydrocarbons are 

shown in Fig. 1.13 and can be described as follows. 

▪ Metabolic processes for optimizing the contact between the microbial cells and the 

organic pollutants. The chemicals must be accessible to the organisms having 

biodegrading activities. For example, hydrocarbons are water-insoluble and their 

degradation often requires the production of biosurfactants. 

 

Figure 1.13. Main principle of aerobic degradation of hydrocarbons by microorganisms. 

▪ The initial intracellular attack of hydrocarbons is an oxidative process; therefore, the 

activation and incorporation of oxygen is an enzymatic key reaction, which is 

catalysed by oxygenases and peroxidases. 
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▪ Peripheral degradation pathways convert these organic pollutants step by step into 

intermediates of the central intermediary metabolism, such as the tricarboxylic acid 

cycle. 

▪ Biosynthesis of cell biomass from the central precursor metabolites, such as acetyl-

CoA, succinate, pyruvate., and cell respiration.104 

Microorganisms can degrade organic pollutants using two possible degradation 

mechanisms: growth-linked (metabolic) and non-growth-linked (cometabolic).105 

When estrogens are the target molecules for metabolic degradation, 

microorganisms utilize them as energy and/or carbon source for microbial growth. When a 

cometabolic transformation reaction is involved, bacteria use their existing enzymes to 

degrade estrogens. As cometabolic degradation yields no carbon or energy benefits to the 

degrading microorganisms, a primary growth substrate is needed for sustainable bacterial 

growth and/or required for inducing the expression of degrading enzymes. A third 

mechanism for E2 and EE2 transformation, occurring in the presence of selected 

microorganisms, is abiotic nitration or oxidation.106 

1.4.2. Estrogen-degrading bacteria 

Aerobic estrogen-degrading bacteria have been isolated from various built and 

natural environments, including activated sludge, compost, soils, sandy aquifers, and the 

Baltic Sea. These isolates are widespread among different phyla: Proteobacteria, 

Actinobacteria, Bacteroidetes, and Firmicutes.106 Detailed information of some bacteria 

which can degrade estrogens is listed in Table 1.2. 

In 2002, Fujii et al. isolated the first 17ß-estradiol-degrading bacterium, a 

Novosphingobium species, from activated sludge.107 Later in 2004, the biodegradation of 

natural (E1, E2 and E3) and synthetic (EE2) estrogens using nitrifying activated sludge 

(NAS) and the ammonia-oxidizing bacteria Nitrosomonas europaea was reported. These 

results indicated that E2 was the most biodegradable estrogen, and was consecutively 

degraded to other products via E1 by using NAS. However, in the presence of an ammonia 

oxidizing inhibitor, N. europaea could only degrade estrogens with no further degradation 

of their intermediates. This suggested that other microorganisms existed in NAS, which 

were not ammonia-oxidizing bacteria, and that were responsible for intermediate of 

estrogens.26 Another six estrogen-degrading isolates (four Rhodococcus strains, an 
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Achromobacter strain, and a Ralstonia strain) from activated sludge were reported by 

Yoshimoto et al.108 and by Weber et al.109 

 

Table 1.3. Partial list of estrogen-degrading bacteria. 

Bacteria Classification Compound
s degraded 

Origin Ref
. 

Novosphingobium ARI-1 α-Proteobacteria 
Sphingomonadale
s 

E1,E2,EE2 Activated sludge  107 

Aminobacter sp. C4  α-Proteobacteria 
Rhizobiales 

E1,E2 Activated sludge 105 

Phyllobacterium 
myrsinacearum 

α-Proteobacteria 
Rhizobiales 

E1,E2,E3, 
EE2 

NA 29b 

Nitrosomonas 
europeae NCIMB 

β-Proteobacteria E1,E2,EE2 Activated sludge 26 

Ralstonia picketti β-Proteobacteria 
Burkholderiales 

E1,E2 Activated sludge 
mixed culture 

109 

Buttiauxella S19-1  γ-Proteobacteria 
Enterobacteriales 

E2 Sea water 110 

Vibrio H5  γ-Proteobacteria 
Enterobacteriales 

E2 Sea water 111 

Pseudomonas sp. γ-Proteobacteria 
Pseudomonadales 

E1,E2,E3, 
EE2 

Activated sludge 29b 

Actinetobacter sp. γ-Proteobacteria 
Pseudomonadales 

E1,E2,E3, 
EE2 

Compost 29b 

Steroidobacter 
denitrificants 

γ-Proteobacteria 
Xanthomonadales 

E2 Anoxic digested 
sludge 

112 

Rhodococcus rhodochrous DSM Actinobacteria E1,E2,E3 NA 113 

Nocardia sp. E110  Actinobacteria E2 NA 114 

Sphingobacterium sp. JCR5 Actinobacteria E1,E2,E3, 
EE2 

Activated sludge  115 

Flavobacterium sp. Bacteroidetes E2 Activated sludge 105 

Bacillus subtilis  Firmicutes E1,E2 Activated sludge 29a 

NA - Data not available 

 

In 2007, Yu et al. reported 14 E2-degrading bacteria, which were successfully 

isolated from a WWTP. Analysis of 16S rRNA gene sequences revealed that they were 
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phylogenetically affiliated with different genera: Aminobacter, Brevundimonas, Escherichia, 

Flavobacterium, Microbacterium, Nocardioides, Rhodococcus, and Sphingomonas. All 

isolates could convert E2 to E1 within 7 days, but only three strains (Aminobacter sp. C4, 

Aminobacter aminovorans and Sphingomonas sp. KC8) could degrade also E1. Only 

Sphingomonas strain KC8 could completely degrade E2 and E1 into non-estrogenic 

compounds.105 In 2008, Pauwels and co-workers isolated from compost six bacteria which 

were able to metabolize E1, E2 and E3, and to cometabolize EE2.29b 

In 2010, Jiang et al. isolated five new E2-degrading Bacillus spp from activated 

sludge obtained from a sewage treatment plant located close to a steroid-contraceptives 

production factory. In this study, all five isolated strains converted E2 to E1 in wastewaters. 

E1 was degraded by only two strains, whereas it accumulated in cultures of the other three 

strains.29a 

1.4.3. Pathways of aerobic biodegradation of estrogens  

In recent years, despite the efforts that have been put in understanding the 

biodegradation pathways of E2, it still remains greatly unclear. The formation of E1 as major 

metabolite in the biotransformation of E2 in batch tests with activated sludge or pure cultures 

has been described with different isolated strains. This mechanism is understood as the 

dehydrogenation of ring D at C-17 (Scheme 1.8). 

Initial stages of E1 degradation pathways were first proposed by Coombe et al., 

where incubation of Nocardia sp. with E1 resulted in the oxidative fission between C-4 and 

C-5 in the aromatic ring, leading to the formation of a dicarboxylic acid intermediate. Further 

degradation pathways were not elucidated, as the organism did not oxidize the proposed 

intermediates.114 Later in 2010, Kurisu et al. reported that through hydroxylation at the A 

ring on C-4 position of E1, E1 could be transformed into 4-OH E1, which could be further 

degraded via meta-cleavage (Scheme 1.8).116 

In 2002, Lee and Liu reported another biodegradation pathway of E2 through E1 by 

sewage bacteria. Here, a previously unreported metabolite, which was identified as a 

lactone, formed by the further oxidation of E1. However, its role in the biodegradation of E2 

remained to be elucidated (Scheme 1.8).117 
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However, E2 is not systematically degraded with E1 as an intermediate metabolite. 

According to the literature, pathways of initial stages of E2 biodegradation can be classified 

into the following groups. 

 

Scheme 1.8 

▪ Hydroxylation of ring A at C-4 (Scheme 1.9). Kurisu et al. detected an intermediate 

metabolite, 4-OH-E2, during E2 degradation by a soil estrogen-utilizing isolate, 

Sphingomonas sp. ED8. In their study, they suggested that 4-OH-E2 was further 

degraded via meta cleavage.116 

 

Scheme 1.9 
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▪ Hydroxylation of saturated ring (Scheme 1.10). Kurisu et al. also identified a 

degradation pathway for E2 via ring hydroxylation on different positions by the strain 

Sphingomonas sp. ED8, based on the detection of hydroxy-E2, keto-E2, keto-E1, and 

3-(4-hydroxyphenyl)-2-hydroxyprop-2-enoic acid.116 

 

Scheme 1.10 

▪ Dehydration of ring D at C-17 (Scheme 1.11). Nakai et al. identified a new 

intermediate metabolite, estra-1,3 ,5(10),16-tetraen-3-ol (estratetraenol, E0), produced 

by E0-degrading Nitrosomonas europaea .26 

 

Scheme 1.11 

Ternes showed that E1 was quickly degraded in activated sludge from a sewage 

treatment plant under aerobic conditions, and no other intermediate metabolites were 

detected.31 In addition, two other aerobic strains (Rhodococcus zopfii and 

Novosphingobium spp.) could use E2 as sole carbon source without E1 accumulation.113 

These evidences suggest the existence of some non-detected metabolic pathways. 

1.5. Combined photodegradation and biological processes for water treatment 

The main routes for the clearance of toxic compounds from natural waters are 

biodegradation and photodegradation. Photodegradation is an important mechanism for 

degrading aromatic hydrocarbons, chlorinated aromatic hydrocarbons, chlorinated phenols, 

and many pesticides.118 Biological degradation of a chemical refers to the elimination of the 

pollutant by the metabolic activity of living organisms, most often bacteria and fungi naturally 
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occurring in water and soil. In this context, conventional biological processes do not always 

provide satisfactory results, especially for industrial wastewater treatment, since many of 

the organic substances produced by the chemical industry are toxic or resistant to biological 

treatment.119 Therefore, the only feasible option for such biologically persistent wastewater 

is the use of AOPs. 

AOPs are an efficient approach for the removal of organic pollutants in wastewater 

effluents. However, operating costs related to energy consumption when applying AOPs is 

an important drawback. In addition, high photocatalyst concentrations can be required in 

real water samples which determine significant increases in operating costs. On the other 

hand, low photocatalyst doses could result in inadequate pre-treatment of wastewaters. 

Furthermore, chemical oxidation for complete mineralization is generally expensive 

because the oxidation intermediates formed during treatment tend to be more and more 

resistant to their complete chemical degradation.120 

Combination of AOPs with conventional biological systems has been proved not only 

to be more sustainable, but also to increase biodegradability of pollutants and their complete 

removal.121 Zapata et al. reported the design of an industrial-scale combined solar photo-

Fenton/aerobic biological system for the degradation of pesticides. Results showed an 

increase in the biodegradability and a reduction of its toxicity.122 

The assessment of biodegradability variation after the application of AOPs plays a 

fundamental role, so that specific procedures have been standardized in time. Scientific 

research should cover the identification of photodegradation intermediates, as well as 

certain parameters such as five-day biochemical oxygen deman (BOD5), chemical oxygen 

demand (COD), BOD5/COD ratio, or total organic carbon (TOC). In order to assess the 

technical and economic feasibility of AOPs as treatment of wastewater before its 

conventional biological processing, removal kinetics of pollutants need to be defined, in 

order to optimize operating conditions and promote its scale up.123 
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1.6. Layout and objectives of the Ph.D. thesis 

Chapter I 

The present Chapter I is aimed at presenting a brief overview concerning possible 

consequences of the presence of organic pollutants in aquatic ecosystems and how to 

eliminate them via biodegradation and photodegradation processes. 

Part of this work resulted in the following publication: 

Fernández, L., Esteves, V.I., Cunha, Â., Schneider, R.J., Tomé, J.P.C., 

Photodegradation of organic pollutants in water by immobilized porphyrins and 

phthalocyanines. J. Porphyrins Phthalocyanines. 2016, 20, 150-166 

Research of this Ph.D. thesis is mainly focused on the removal of E2, as a model of 

persistent organic pollutant in water, by means of the photodynamic effect or biodegradation 

routes. The experimental work may be divided into two parts, attending to the nature of the 

water treatment. 

 

Part I. Porphyrins and phthalocyanines as photosensitizers in water 

treatment applications (Chapters II and III) 

Chapter II 

This chapter studies the preparation and evaluation of homogeneous and 

heterogeneous PS as photocatalysts in E2 degradation. Specific aims include: 

▪ Preparation of photoactive materials based on water-soluble Pors and Pcs 

covalently anchored onto MNPs, and characterization of their structural and 

photophysical properties. 

▪ Study of these materials, both non-immobilized and immobilized PS (NP-PS), in the 

photocatalytic degradation of E2 in water by using batch and flow modes. By using 

the flow mode system, which usually potentiates the photocatalytic performance, 

reaction conditions can be optimized by studying different flow rates, load of 

photocatalyst and pH of the samples. The immobilization of PS allows its recovery 

after the photo-treatment, so recycling capabilities can be studied. 

This work resulted in the following publication: 
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Fernández, L., Borzecka, W., Lin, Z., Schneider, R.J., Huvaere, K., Esteves, V.I., 

Cunha, Â, Tomé, J.P.C., Nanomagnet-photosensitizer hybrid materials for the degradation 

of 17β-estradiol in batch and flow modes. Dyes Pigm. 2017, 142, 535-543. 

 

Chapter III 

This chapter focuses on the disinfection of aqueous samples using photodynamic 

therapy with hybrid materials composed by Pors and Pc covalently anchored onto MNPs. 

Specific aims include: 

▪ Cationization of hybrid materials previously prepared in Chapter II (NP-PS) and 

characterization of the structural and photophysical properties of the new 

photocatalysts obtained (NP+-PS). This slight modification of NP-PS allows their use 

for water disinfection purposes. 

▪ Study of NP+-PS as photodynamic agents against pathogens in water, using a 

recombinant bioluminescent E. coli strain as a model of Gram-negative bacteria. 

Study of the recycling of NP+-PS in further photoinactivation processes. 

This work resulted in the following publication: 

Fernández, L., Lin, Z., Schneider, R.J., Esteves, V.I., Cunha, Â, Tomé, J.P.C., 

Antimicrobial photodynamic activity of cationic nanoparticles decorated with glycosylated 

porphyrins or phthalocyanines for water disinfection. Under preparation 

 

Part II. Degradation of estrogens by bacteria (Chapters IV and V) 

Chapter IV 

This chapter studies biodegradation processes to eliminate estrogens from aqueous 

samples, both prepared and collected from a WWTP. Specific aims include: 

▪ Screening of E2-degrading bacterial strains isolated from different sources. 

▪ Optimization of the growth cell and the culture media of those strains with better 

capabilities to remove E2 from the aqueous samples. 

▪ Biodegradation tests with more realistic conditions found in natural environments or 

wastewaters by changing the starting concentration of E2 and by preparing samples 

with different types of estrogens. 

▪ Study of transformation products arising from the biodegradation process using 

mass spectrometry. 



CHAPTER 1 

Introduction 

37 

▪ Biodegradation tests with real water samples collected from a WWTP, after an 

adequate sample treatment. 

This work resulted in the following publications: 

Fernández, L., Louvado, A., Esteves, V.I., Gomes, N.C.M., Almeida, A., Cunha, Â, 

Biodegradation of 17β-estradiol by bacteria isolated from deep sea sediments in aerobic 

and anaerobic media. J. Hazard. Mater., 2017, 323, 359-366. 

Fernández, L., Esteves, V.I., Schneider, R.J., Cunha, Â., Aerobic bioremediation of 

estrogens in wastewaters by the deep-sea isolate Bacillus licheniformis. Under preparation 

 

Chapter V 

This chapter proposes the combination of photodegradation with a biological 

process to eliminate E2 from aqueous samples. Specific aims include: 

▪ Evaluation of an efficient photoactive material, previously prepared, towards 

different organic pollutants in prepared samples and in real water samples collected 

from a WWTP. Study of its stability under white and UVA light for practical 

applications. 

▪ Study of transformation products arising from the photodegradation of E2, by mass 

spectrometry. 

▪ Biodegradation studies of the intermediate products arising from a partial 

phototreatment process of E2 with the selected photoactive material. 

 

Chapter VI 

This chapter is aimed at presenting the conclusions obtained within the frame of this 

Ph.D. thesis, as well as future perspectives of research work. 
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CHAPTER 2 

NANOMAGNET-PHOTOSENSITIZER HYBRID MATERIALS 

FOR THE PHOTODEGRADATION OF 17β-ESTRADIOL IN 

BATCH AND FLOW MODES 

 

Fernández, L., Borzecka, W., Lin, Z., Schneider, R.J., Huvaere, K., Esteves, V.I., 

Cunha, Â, Tomé, J.P.C., Nanomagnet-photosensitizer hybrid materials for the 

degradation of 17β-estradiol in batch and flow modes. Dyes Pigm. 2017, 142, 535-543. 
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Summary 

This work carries out the preparation of porphyrins and phthalocyanines, which were 

then covalently attached onto nanostructured magnetic supports consisting of Fe3O4 

nanoparticles coated with an amorphous silica shell. To increase the water solubility of the 

free photosensitizers and, consequently, to improve the stability of the corresponding 

nanomagnetic hybrids, thio-glucose porphyrin and phthalocyanine derivatives were 

prepared. 

The photocatalytic activity of the non-immobilized photosensitizers and the obtained 

hybrid materials was evaluated in the photodegradation of 17β-estradiol, as a model of 

organic pollutant present in waste- and environmental waters, using batch and flow mode 

treatment systems, assisted by low doses of visible light radiation (4 mW·cm-2). The easy 

recovery of the heterogeneous hybrid materials, just by applying an external magnetic field, 

allows their reuse in multiple treatment cycles. 

Flow mode system potentiates the photocatalytic performance of these novel hybrid 

materials and is intended to be beneficial for industrial applications.  
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2.1. Introduction 

Assisted-photocatalytic degradation of pollutants in water is a particularly interesting 

treatment because of its high mineralization efficiency, which minimizes the release of 

hazardous degradation products,124 and the possibility of using sunlight as energy 

source.36a, 41 

Over the past few years, the scientific community has witnessed a dramatic increase 

in the number of papers published on applications of magnetite (Fe3O4) nanoparticles 

(MNPs). Magnetite is a common iron oxide that exhibits outstanding physico-chemical 

properties due to the presence of both Fe(II) and Fe(III) in its structure. It behaves as 

superparamagnetic as the particle size is reduced to a few nanometres. Nanoscale iron-

based catalysts are of considerable current interest because iron is an abundant, eco-

friendly, relatively non-toxic, and inexpensive element, and thus, a very welcome alternative 

to the use of precious metal catalysts. The miniaturization of these catalytic materials to the 

nanoscale leads to a large surface area to volume ratio and, therefore, to an enhancement 

in the contact between reactants and catalyst, which may increase the activity dramatically. 

The design of efficient processes for photocatalytic degradation of organic 

pollutants, in terms of photocatalytic materials, energy and time, is needed for a sustainable 

approach. This can be considered directly related to some of the main advantages of the 

flow photochemistry, which overcomes certain conventional batch hindrance, such as 

controlled exposure times, temperature and removal of photodegradation products, while 

allowing feasible scalability.125 

This work carries out the preparation of porphyrins and phthalocyanines covalently 

attached onto a nanostructured magnetic support consisting of MNPs coated with an 

amorphous silica shell. The easy recovery of these heterogeneous photocatalysts, just by 

applying an external magnetic field, allows their potential reuse in multiple treatment cycles. 

The photocatalytic activity of non-immobilized photosensitizer (PS) and the obtained hybrid 

materials was evaluated in the degradation of 17β-estradiol, as a model of organic pollutant 

present in water, using both batch and flow mode treatment systems, assisted by visible 

light radiation (4 mW·cm-2). By using the flow mode system, which potentiates the 

photocatalytic capacity of these novel hybrid materials, further studies based on different 

photocatalyst concentrations and pH conditions were performed. Reuse capacity of these 

materials was investigated upon three photocatalytic cycles. 
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2.2. Results and discussion 

Synthesis and characterization of non-immobilized PSs based on fluorophenyl-Pors 

and perfluoro-Pcs were selected because their peripheral fluorine atoms allow easy 

substitutions with a large variety of nucleophiles.49, 126 As a result, PS derivatives with 

suitable physical, electronic and optical properties can be easily prepared. For water 

treatment applications, PSs are required to be stable in aqueous media, since it is known 

that aggregation of the PS decreases the efficiency of 1O2 generation.127 Due to the high 

hydrophobic nature of Pors and Pcs, hydrophilic substituents need to be introduced. A 

suitable derivatization is easily afforded with sugar moieties as hydrophilic substituents.128 

The non-hydrolysable 1-thio-β-D-glucose was selected as water-solubilizing agent of PSs 

based on TPPF20 and ZnPcF16. 

2.2.1. Synthesis and characterization of non-immobilized porphyrin and 

phthalocyanine based PSs 

Initially, 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin (TPPF20) was prepared 

using modified Rothemund conditions,129 according to Gonçalves et al. methodology,130 by 

the equimolar condensation of pyrrole with pentafluorobenzaldehyde in a mixture of acetic 

acid and nitrobenzene, under refluxing conditions (Scheme 2.1). After 2 hours of reaction, 

TPPF20 was obtained after removal of the solvents and purification of the crude residue by 

silica gel chromatography. 

 

Scheme 2.1 
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1H and 19F NMR spectra of TPPF20 in CDCl3 agreed with those reported in the 

literature. The proton resonances of the inner -NH appear at δ -2.92 ppm (characteristic of 

free base porphyrins) and the signal due to the β-protons at δ 8.92 ppm (data not shown). 

The 19F NMR spectrum of TPPF20 shows three signals corresponding to the resonances of 

meta-, para-, and ortho- fluorine atoms, respectively at δ -184.49–-184.41, -174.33, and -

159.69–-159.58 ppm, as a triplet of doublets, triplet and doublet of doublets (Fig. 2.1). The 

mass spectrum presented one pick, m/z 975, corresponding to the molecular ion (M+H)+ of 

TPPF20 (data not shown). 

 

Figure 2.1. 19F NMR spectrum of TPPF20 in CDCl3. 

Synthesis of the sugar derivative 2,3,4,6-tetra-O-acetyl-glucosylthioacetate 

(GlcAcSAc) was performed by mixing 2,3,4,6-tetra-O-acetyl-glucosylbromide with 

potassium thioacetate in acetone overnight at room temperature (Scheme 2.2).131 

 

Scheme 2.2 

GlcAcSAc was afforded after removal of the solvent and purification over a silica 

gel chromatography column). 1H NMR spectrum of GlcAcSAc is in agreement with 
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previously reported data in the literature (Fig. 2.2).132 It shows similar chemical shifts for the 

protons of the four acetoxy groups, in the range of 2.01 and 2.09 ppm, as singlets. The 

chemical shift of the protons of the thioacetate group appears farther downfield, at δ 2.39 

ppm, due to the deshielding effect of the sulphur atom. Similarly, the proton of the anomeric 

carbon can be recognized from its chemical shift as a multiplet at δ 5.31-5.26 ppm. Due to 

the mobility of the two protons of C-6 and the coupling with their only vicinal proton, the 

resonance signal results in two doublet of doublets at δ 4.27 and 4.16 ppm, and the proton 

of C-5 appears at δ 3.84 ppm as a doublet of doublet of doublets. The ESI-MS spectrum of 

GlcAcSAc confirmed also the success of the thioacetate insertion by showing the peak 

corresponding to the molecular ion (M+Na)+ at m/z 429.1 (data not shown). 

 

 

Figure 2.2. 1H NMR spectrum of GlcAcSAc in CDCl3. 

According to the optimized procedure developed by Drain et al. to synthesize 

thioglycosylated porphyrins from TPPF20, the non-hydrolysable thioglycosylated porphyrin 

5,10,15,20-tetrakis[4-(2,3,4,6-tetra-O-acetyl-β-D-glucopyranosylthio)-2,3,5,6-

tetrafluorophenyl)]porphyrin (TPPF16(SGlcAc)4) was prepared by the nucleophilic 

substitution of the para fluorine atoms of TPPF20 with GlcAcSAc in dimethylformamide 

(DMF) in the presence of diethylamine (DEA), at room temperature.133 Then, 

TPPF16(SGlcAc)4 was precipitated by the addition of water and methanol to the mixture. 
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After removal of the solvent and purification of the crude by silica chromatography, 

TPPF16(SGlcAc)4 was afforded (Scheme 2.3). 

 

Scheme 2.3 

1H spectrum of TPPF16(SGlc)4 in DMSO-d6 (deuterated dimethyl sulfoxide) is 

governed by the symmetry properties of the molecule and by the orientation of meso 

substituents, thus showing only one set of glucopyranosyl peaks owing to the C4 symmetry 

(Fig. 2.3). 

 

Figure 2.3. 1H NMR spectrum of TPPF16(SGlc)4 in DMSO-d6. 
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The removal of acetyl groups from TPPF16(SGlcAc)4 to TPPF16(SGlc)4 could be 

confirmed by means of the 1H NMR spectra analysis, since characteristic peaks at δ 2.3–

2.0 ppm due to CH3 disappeared in the spectrum of the final compound. 19F NMR spectra 

of TPPF16(SGlc)4 showed two peaks with equal intensities and patterns, indicating para 

substitution in the tetrafluorophenyl groups (Fig. 2.4). ESI-Q-TOF-MS spectrum of 

TPPF16(SGlc)4 showed a peak at m/z 1679.6, corresponding to the molecular ion (M+H)+ 

(data not shown). 

 

Figure 2.4.19F NMR spectrum of TPPF16(SGlc)4 in DMSO-d6. 

The degree of S-glycosylation of TPPF20 could be controlled by the ratio of 

GlcAcSAc to TPPF20 in the feed, thus the novel 5,10,15-tris[4-(2,3,4,6-tetra-O-acetyl-β–D-

glucopyranosylthio)-2,3,5,6-tetrafluorophenyl)]-20-(2,3,4,5,6-pentafluorophenyl)porphyrin 

(TPPF17(SGlcAc)3) was obtained in a similar procedure. To obtain a degree of S-

glycosylation of 3, a synthetic procedure with 3.1 equivalents of GlcAcSAc was used, and 

a distribution of products with varying degrees of substitution was obtained. 

TPPF17(SGlcAc)3 was purified using flash column chromatography. 

The peak area ratios between the two β-pyrrole signals (9.02 and 8.94 ppm) and the 

sugar moieties in the 1H NMR spectra of TPPF17(SGlcAc)3 coincide well with the expected 

grade of thioglycosylation in the porphyrin (Fig. 2.5). 19F NMR spectra of TPPF17(SGlcAc)3 

(data non-shown) confirmed the asymmetry of the molecule by showing a set of 5 peaks 
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corresponding to ortho and meta fluorine atoms of the three para glycosylated fluorophenyl 

groups, with an integration of 6 fluorine atoms each; and ortho, meta and para fluorine 

atoms of the pentafluorophenyl group, similar to the 19F NMR spectrum of TPPF20. 

 

Figure 2.5. 1H NMR spectrum of TPPF17(SGlcAc)3 in CDCl3. 

ESI-Q-TOF-HRMS spectrum of TPPF17(SGlcAc)3 showed two peaks at m/z 

2007.2867 and 1004.8048, corresponding to the single and double charged molecular ions 

(M+H)+ and (M+2H)2+(Fig. 2.6). 

 

Figure 2.6. ESI-QTOF-HRMS spectrum of TPPF17(SGlcAc)3, with m/z: 2007.2867 Da 
(M+H)+ and 1004.8048 Da (M+2H)2+. 



Lucía Fernández  
Universidade de Aveiro, 2017 

50 

ESI-Q-TOF-HRMS spectrum of TPPF17(SGlc)3 confirmed showed one peak 

corresponding to the molecular ion (M+H)+ at m/z 1503.1650 (Fig. 2.7). 

 

Figure 2.7. ESI-QTOF-HRMS spectrum of TPPF17(SGlc)3, with m/z: 1503.1650 Da (M+H)+. 

Deprotection of TPPF17(SGlcAc)3 to obtain TPPF17(SGlc)3 could be confirmed again 

by 1H NMR (Fig.2.8) spectrum analysis, with the disappearance of the typical proton peaks 

due to acetyl groups, and 19F NMR spectrum of TPPF17(SGlc)3 (Fig. 2.9) showed again the 

asymmetry of the molecule. 

 

Figure 2.8. 1H NMR spectrum of TPPF17(SGlc)3 in DMSO-d6. 
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Figure 2.9. 19F NMR spectrum of TPPF17(SGlc)3 in DMSO-d6. 

Octathioglycosylated zinc(II) phthalocyanine (ZnPcF8(SGlc)8)* was prepared 

according to the procedure of A. Aggarwal et al (Scheme 2.4).86 This compound was kindly 

provided by Wioleta Borzęcka. 

 

Scheme 2.4 

Commercially available ZnPcF16 was treated in dry DMF under nitrogen atmosphere 

with 8.5 equiv. of GlcAcSAc in the presence of DEA as a base, at room temperature. After 

removal of the solvent, the crude was submitted to a silica gel column, thus affording 
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ZnPc(SGlcAc)8. Deprotection of the sugars was accomplished using sodium methoxide in 

a slight excess relative to the equivalents of acetate moieties, in a mixture of 

dichloromethane and methanol as solvent, at room temperature. ZnPcF8(SGlc)8 was 

afforded after purification of the crude in reverse phase chromatography. 

1H NMR of ZnPcF8(SGlc)8 in DMSO-d6 confirmed the deprotection of the 

carbohydrate units (data non-shown). The 19F NMR of ZnPcF8(SGlc)8 showed a singlet 

around -107.7 ppm and the disappearance of the peak at around -85 ppm of ZnPcF16, 

indicating that the β-F atoms were substituted by the thioglucose (data non-shown). 

2.2.2. Photophysical properties of non-immobilized porphyrin and 

phthalocyanine based PSs 

Pors and Pcs are well-known optical absorbers, with high chemical stability and 

tailorability, and possess unequivocally strong absorption bands in the UV-Vis region.134 

Non-immobilized Pors TPPF20, TPPF16(SGlc)4 and TPPF17(SGlc)3, showed phyllo-type 

UV–Vis spectra (IV > II > III > I), with absorption maximum at ca. 415 nm in the Soret region 

and four maxima in the Q region (from 506 to 636 nm) in DMSO solutions. Absorption 

spectra of ZnPcF16 and ZnPcF8(SGlc)8 showed a clearly differentiated Soret band in the 

range of ca. 320-440 nm, and Q-bands with maxima in the red region of the visible range 

at 643 and 746 nm respectively. Glycosylated conjugation of ZnPcF16 showed to strengthen 

its absorption at longer wavelengths and increase its solubility in DMSO (Fig. 2.10). 

 

 

 TPPF20 

 TPPF16(SGlc)4 

 TPPF17(SGlc)3 

 ZnPcF16 

 ZnPcF8(SGlc)8 

Figure 2.10. UV-Vis absorption spectra of DMSO solutions containing TPPF20, 
TPPF16(SGlc)4, TPPF17(SGlc)3, ZnPcF16 or ZnPcF8(SGlc)8 at 2.0 µM. 
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To evaluate the effect on the glycosylation degree of the unprotected Pors and Pcs 

in aqueous media, stock solutions of the non-immobilized PSs in H2O MilliQ containing 1 

vol % dimethyl sulfoxide (DMSO) at different concentrations (0.5, 1.0, 2.0, 3.0 and 4.0 µM) 

were prepared. Since these PSs were initially dissolved in a stock solution in DMSO and 

then were dispersed in water, herein the term water-stability is preferred to be used instead 

of water-solubility. 

As anticipated, introduction of thioglucose units on the macrocyclic perimeter of 

TPPF20 increased its stability in water (Fig. 2.11). Maximum intensities of absorption 

indicate that TPPF16(SGlc)4 is slightly more water stable than TPPF17(SGlc)3. For 

TPPF16(SGlc)4 aqueous solutions, the shape of the absorption spectra remained constant 

upon increasing the concentration, suggesting that any aggregation across this range of 

concentrations is at most very slight. However, porphyrin TPPF17(SGlc)3 showed one 

shoulder in each side next to the Soret maximum when concentration is increased, 

suggesting the aggregation of the compound is produced under these conditions. UV-Vis 

spectra of TPPF20, TPPF16(SGlc)4 and TPPF17(SGlc)3 showed slight shifts toward longer 

wavelengths in comparison with those recorded in DMSO, with Soret band maxima centred 

at 424, 417 and 416 respectively. 

a) 

 

b) 

 

c) 

 
d) 

 

e) 

 

 

 1.0 µM 

 2.0 µM 

 3.0 µM 

 4.0 µM 

Figure 2.11. UV-Vis absorption spectra of water solutions with 1 vol % DMSO containing 
different concentrations of (a) TPPF20; (b) TPPF16(SGlc)4; (c) TPPF17(SGlc)3; (d) ZnPcF16; 
(e) ZnPcF8(SGlc)8. 
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Stock solutions of ZnPcF16 were not able to be homogeneously dispersed in water, 

while its glycosylated derivative, ZnPcF8(SGlc)8, presented stability in aqueous solution, 

with Q and Soret bands shifted to the blue, comparing to those previously reported in DMSO 

(Fig. 2.11). 

Photostability studies were conducted by exposing aqueous solutions of a non-

immobilized PS at 2 µM, under white light irradiation (4 mW·cm-2), at room temperature, 

with vigorous magnetic stirring, for 180 min. At fixed intervals of time, visible absorption 

spectra of the samples were recorded. The intensity of the Soret and Q bands of the non-

immobilized PSs showed that all the samples were stable under these irradiation conditions 

upon 3 h of irradiation. 

2.2.3. Synthesis and characterization of immobilized porphyrins and 

phthalocyanines (NP-PS) 

PSs were immobilized onto a magnetic nanostructured support, constituted by 

Fe3O4 NPs coated with an amorphous silica shell (which were gently provided by Dr. Zhi 

Lin), by nucleophilic substitution of the fluorine atoms with the amine groups of the NPs in 

DMSO at 160 °C (Scheme 2.5). 

 

 

Por-based PS ZnPc-based PS 

PS NP-PS PS NP-PS 

TPPF20 NP-TPPF20 ZnPcF16 NP-ZnPcF16 

TPPF16(SGlc)4 NP-TPPF16(SGlc)4 ZnPcF8(SGlc)8 NP-ZnPcF8(SGlc)8 

TPPF17(SGlc)3 NP-TPPF17(SGlc)3   

Scheme 2.5 
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After 24 – 96 h of reaction, red (NP-TPPF20, NP-TPPF16(SGlc)4, NP-TPPF17(SGlc)3), 

dark blue (NP-ZnPcF16) or green (NP-ZnPcF8(SGlc)8) insoluble products were obtained. 

The immobilization of the PSs was monitored by TLC until each reaction mixture showed 

that all or most of the starting PS had been converted into a new coloured material that 

remained in the baseline of the TLC. The resulting hybrid materials were washed several 

times with an appropriate washing solvent (Table 2.1) until no Soret and Q bands belonging 

to the unreacted PSs were observed by UV-Vis spectroscopy in the rinse solvent. The total 

amount of reacted PS was calculated by subtracting the unreacted PS, determined by 

absorption measurements in the rinse solvent. Final materials presented a relative amount 

of PS between 5 and 14% (w/w). The content of PS in the final hybrid material varied 

according to each preparation. 

 

Table 2.1. Detailed experimental data of the preparation of NP-PSs, by introduction of Pors 
or Pcs on Fe3O4@SiO2-PrNH2 NPs. 

Photocatalyst 
Reaction 
time (h) 

Rinse solvent 
% of 
reacted PS 

% PS in NP-
PSs (w/w) 

µmol PS/g 
NPs 

NP-TPPF20 24 Chloroform 93.4 13.8 164.5 

NP-TPPF16(SGlc)4 96 Ethanol 78.1 8.8 57.4 

NP-TPPF17(SGlc)3 24 Ethanol 90.5 9.2 67.5 

NP-ZnPcF16 24 DMSO 92.3 5.5 66.9 

NP-ZnPcF8(SGlc)8 96 Ethanol 71.7 10.7 52.5 

 

As it was expectable, a lower efficiency in the attachment of TPPF16(SGlc)4 and 

ZnPcF8(SGlc)8 onto the NPs was obtained, since the meta and ortho fluorine atoms of 

TPPF16(SGlc)4 and alpha fluorine atoms of ZnPcF8(SGlc)8, are not so reactive towards 

nucleophilic substitution with the amino groups of the NPs compared to the para ones in 

TPPF17(SGlc)3 and TPPF20 or the beta in ZnPcF16, respectively. 

Powder XRD pattern of NP-PSs confirmed the preservation of the starting NPs in 

the photocatalysts, being magnetite (Fe3O4) the main crystal phase present. The hump 

between 2θ 16° and 27° results from the amorphous SiO2 shell, while peaks centred at 2θ 

30.3, 35.5, 43.3 and 57.2° belong to the core of magnetite (Fig. 2.12). The peaks due to the 

presence of the PSs do not appear in powder XRD pattern of the hybrid materials, maybe 

because the relative amount of PS is low or because the molecules are well separated on 

the NP surface. Fe3O4 diffraction peaks of NP-PSs present a decrease in the intensity of the 

hump of SiO2, maybe due to some loss of the coating during the treatment at high 
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temperature. The very weak peaks centred at around 2θ 18 and 53.5° in the spectra of NP-

PSs also belong to magnetite. 

The crystallite size may be estimated via the full-width at half-maximum of the 

strongest XRD reflection, using the well-known Scherrer formula: τ =
Κλ

βθ
 , where τ is the 

mean size of the ordered (crystalline) domains, which may be smaller or equal to the grain 

size; Κ is a dimensionless shape factor, with a value close to unity; λ is the X-ray 

wavelength; β is the line broadening at half the maximum intensity, after subtracting the 

instrumental line broadening, in radians; θ is the Bragg angle (in degrees).135 

Considering the peak centred at 35.56°, the crystallite size of magnetite is estimated 

to be ca. 18 nm. This result agreed with the diameter of the hybrid materials observed in 

transmission electron microscopy (TEM) images, which showed average diameters around 

15 nm (Fig. 2.13). 

 

 

 Fe3O4 NPs 

 Fe3O4@SiO2 NPs 

 TPPF20 

 TPPF16(SGlc)4 

 TPPF17(SGlc)3 

 ZnPcF16 

 ZnPcF8(SGlc)8 

Figure 2.12. XRD powder patterns of Fe3O4 NPs, Fe3O4@SiO2 NPs and hybrid materials. 
The XRD pattern of magnetite is calculated from crystallographic data. Patterns show that 
magnetite is the main crystal phase. 

 

Figure 2.13. Typical TEM image of the prepared hybrid materials showing that the particle 
size is ca. 15 nm. 
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2.2.4. Photophysical properties of NP-PS 

The UV-Vis absorption spectra of the hybrid materials at 2 µM dispersed in H2O Milli-

Q were recorded. Note that concentration of NP-PS always refers to the PS concentration 

in the hybrid material. NP-TPPF20, NP-TPPF16(SGlc)4 and NP-TPPF17(SGlc)3 showed the 

characteristic Soret bands of the porphyrin derivatives, with band maxima centred at ca. 

415 nm, which indicated the success of the immobilization process and the preservation of 

the structural features of the PSs. In case of NP-TPPF20 and NP-TPPF17(SGlc)3, both IV 

and II Q bands appear clearly differentiated in the spectra, most probably due to a higher 

relative distribution of the Por in the hybrid material. NP-ZnPcF16 and NP-ZnPcF8(SGlc)8 

showed the typical shape of a Pc absorption spectrum, with Q bands in the range of 550 

and 800 nm with higher intensity in case of NP-ZnPcF16. After drying the samples in the 

oven, UV-Vis absorption spectra of solids were recorded, which provided again evidence of 

the successful attachment of the Pors and ZnPcs to the nanostructured support, with 

maxima in typical regions where the PSs present their typical absorption bands. Solid and 

liquid UV-Vis absorption spectra of unmodified NPs did not show overlap in the absorption 

region of Pors and Pcs. 

Photostability studies were conducted by exposing aqueous solutions of NP-PS at 

2 µM, under white light irradiation (4 mW·cm-2), at room temperature, with vigorous 

magnetic stirring, for 180 min. At fixed intervals of time, visible absorption spectra of the 

samples were recorded. NP-PSs showed a decrease in intensity of their absorption bands 

upon irradiation (Fig. 2.14). However, absorption spectra of control samples kept in dark 

conditions showed the same behaviour, revealing that this decrease was due to aggregation 

of the aqueous suspensions. These results showed the need of an appropriate dispersion 

of the NP-PSs in water in the photocatalytic studies. 
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NP-TPPF20

 

NP-TPPF16(SGlc)4

 

NP-TPPF17(SGlc)3

 

NP-ZnPcF16

 

NP-ZnPcF8(SGlc)8

 

 

 0 h 

 1 h 

 2 h 

 3 h 

Figure 2.14. UV-Vis absorption spectra of aqueous suspensions containing NP-PS at 2 µM 
upon different times of artificial white light irradiation. 

2.2.5. pH stability studies of PS and NP-PS 

The stability of the PSs at different pH conditions was evaluated in aqueous 

solutions of the non-immobilized PSs at 2 µM, or aqueous suspensions of NP-PSs at 2 µM, 

by adjusting pH (unmodified samples presented pH 6) with HCl 10% vol. to pH 3, 4 and 5, 

with saturated NaHCO3 to pH 7 and 8, or with NaOH 10 M to pH 9 and 10. Samples were 

kept under agitation, at room temperature, for 24 h. UV-vis absorption spectra of samples 

containing non-immobilized PSs were recorded at time 0 and 24 h. To evaluate a possible 

cleavage of the Pors and/or Pcs from the NP-PSs after 24 h, samples were filtered with 

polyvinylidene fluoride (PVDF) syringe filters with a 0.22 µm pore size, and the UV-vis 

absorption spectra of each filtrate was recorded. In addition, DLS measurements of NP-

PSs suspensions in water at different pH were recorded. 

Between pH 4 and 10, samples containing a non-immobilized PS at 2 µM showed 

stability, thus not observing significant changes in the absorption spectra after 24 h 

compared to those at starting conditions. At pH 3, absorption spectra of the samples 

containing TPPF16(SGlc)4, TPPF17(SGlc)3 and ZnPcF8(SGlc)8 showed changes attending 

to the shape of the spectra, with broad absorption curves (Fig. 2.15). Additionally, the 
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sample containing TPPF20 showed a split in the Soret band absorption, which is attributed 

to the protonation of the inner nitrogen atoms.79b The absorption spectrum of the sample of 

ZnPcF16 showed no water solubility. 

 

 

 TPPF20 

 TPPF16(SGlc)4 

 TPPF17(SGlc)3 

 ZnPcF8(SGlc)8 

  

Figure 2.15. UV-Vis absorption spectra of aqueous samples (pH 3) containing a non-
immobilized PS at 2 µM after 24 h. 

Samples containing NP-PSs at 2 µM at different pH were filtrated after 24 h and the 

absorption spectra of the liquid fractions were recorded. The UV-Vis spectra of filtrates of 

samples at pH 4, 5, 6, 7 and 8 did not reveal any release of the PS from the hybrid materials. 

However, spectra of samples at pH 3 showed low concentrations of PS, which can be 

attributed to the hydrolytic cleavage of the PS linked to the NPs (Fig. 2.16). 

NP-TPPF20 

 

NP-TPPF16(SGlc)4 

 

NP-TPPF17(SGlc)3 

 

NP-ZnPcF16 
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 pH 3 

 pH 9 

 pH 10 

Figure 2.16. UV-Vis absorption spectra of liquid fractions resulting from filtrating aqueous 
suspensions of NP-PSs subjected to different conditions of pH for 24 h. 
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By using the absorption molar absorption coefficient of each Por in water (previously 

calculated at pH 3), the degree of PS cleavage at pH 3 was calculated. NP-TPPF20 

presented higher levels of unbound PS (6.23%), than NP-TPPF16(SGlc)4 (0.98%) and NP-

TPPF17(SGlc)3 (1.23%). NP-ZnPcF16 and NP-ZnPcF8(SGlc)8 did not show cleavage at pH 

3. However, the lower aqueous stability of Pcs may result in a lack of evidence due to 

adsorption of the presumed unbound PS into the PVDF filter. Samples showed stability at 

pH 7 and 8, but all the NP-PSs showed a considerable degree of cleavage at pH 9 and 10, 

probably due to the dissolution of the silica shell. Therefore, the operative pH range for the 

hybrid photocatalysts was considered as being between 4 and 8. 

Water stability of NP-PSs dispersions was also investigated by dynamic light 

scattering (DLS). Measurements were taken from dispersed particles in water with pH 

ranging from 4 to 8, after being stirred for 24 h. Results recorded with NP-ZnPcF8(SGlc)8 

show a representative behaviour for all the nanomaterials (Fig. 2.17). Size distribution 

becomes wider when increasing pH, as well as the average size of the aggregates, ranging 

from 78 to 230 nm from pH 4 to pH 8. Acidic pH promotes the protonation of the amino 

groups in the NP-PSs, thus the electrostatic repulsion between the surfaces stabilizes the 

suspensions in water. 

 

a) 

 
 

b) 

 
 

c) 

 
 

d) 

 
 

Figure 2.17. DLS size distributions of NP-ZnPcF8(SGlc)8 at 2 µM in water at: a) pH 4; b) pH 
5; c) pH 7; d) pH 8. 
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2.2.6. 1O2 generation by PS and NP-PS 

For the qualitatively determination of 1O2 generated by the photocatalysts, samples 

in DMF/water (9:1) containing a PS (0.5 µM) or a NP-PS (0.5, 2.0 or 5.0 µM) and 50 µM of 

diphenylisobenzofuran (DPBF) were irradiated with a red LED array, at a fluence rate of 4.0 

mW cm−2. Another sample in DMF/water (9:1) containing just DPBF 50 µM was submitted 

to the same irradiation conditions as control of direct photolysis. The LED array presented 

an emission peak at 640 nm and a bandwidth at half maximum of ±20 nm. During the 

irradiation, samples were kept under vigorous stirring at room temperature. 

The yellow-coloured DPBF reacts specifically with 1O2 in a [4+2] Diels-Alder 

cycloaddition reaction, being oxidized to the colorless o-dibenzoylbenzene. The generation 

of 1O2 was followed by its reaction with DPBF. The breakdown of DPBF was monitored by 

measuring the decreasing of the absorbance at 413 nm. 

Light control samples showed low rates of direct photolysis, between 1 and 3%. The 

decay in the absorption maximum of DPBF (50 µM) in the samples containing PSs is 

attributed to the ability of 1O2 generation of the PSs. Glycosylated free Pors are more 

efficient in the 1O2 generation than their related compound TPPF20, having that 

TPPF16(SGlc)4 presents slightly better results in the degradation of DPBF than 

TPPF17(SGlc)3 (Fig. 2.18a). 

a) 

 
 

b) 

 

Figure 2.18. Degradation of DPBF (50 µM) in DMF/H2O (9:1) upon irradiation with a red 
LED array at a fluence rate of 4.0 mW cm-2 and room temperature for: (a) 20 min with or 
without Por-based PS; (b) for 5 min with or without Pc-based PSs. 
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As expected, the DPBF assisted decomposition showed that free PSs have higher 

efficiency to generate 1O2 than their corresponding immobilized derivatives. Due to this, 

experiments containing higher concentration of NP-PSs were performed. NP-TPPF20 and 

NP-TPPF17(SGlc)3 showed to be more efficient in the 1O2 generation when compared to 

NP-TPPF16(SGlc)4. This could be explained considering that para fluorine atoms in TPPF20 

and TPPF17(SGlc)3 determine the position for the nucleophilic substitution in the preparation 

of these materials, which can turn out to be a more ordered material, thus retaining better 

photophysical properties of the PS. 

In this test, samples were irradiated with red light in order to prevent direct 

photodegradation of DPBF. Since in that region of the spectra is where Pcs present high 

intense absorption of their Q bands, less irradiation time was required to qualitatively 

determine the generation of 1O2. Glycosylation of ZnPcF16 improves the dispersion of the 

PS in aqueous solution, and as it was expectable, ZnPcF8(SGlc)8 presented better abilities 

for the generation of 1O2 than its related ZnPcF16 (Fig. 2.18b). ZnPc based hybrid materials 

showed similar results, being NP-ZnPcF8(SGlc)8 more efficient. 

2.2.7. Radicals generation by PS and NP-PS 

The formed radicals during the irradiation of a PS causes chain reactions. For 

instance, the carbon-centred radicals (R•) react with dissolved oxygen leading to peroxyl 

(ROO•) and oxy (RO•) radicals. Along with 1O2, these species generated in situ have 

demonstrated strong oxidizing ability in the degradation of organic pollutants like 3,30,5,50-

tetrabromobisphenol A,136 tetrachloromethane137 and 2,4,6-trichlorophenol in 

wastewater.138 

The ability of the PSs to generate radicals was determined by adding NaN3 (100 

mM), a specific quencher of 1O2, to the samples containing a PS (5 µM) and E2 (5 mg·L-1). 

E2 in all the tests described in Chapter II was quantified using high-performance liquid 

chromatography with UV-vis absorbance detection, HPLC-UV (see experimental section). 

As it was expectable, light control samples containing just 5 mg·L-1 of E2 showed high 

photostability of E2 after 90 min of irradiation (Fig. 2.19c). 
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a) 

 

b) 

 

c) 

 

Figure 2.19. Profile of E2 (5 mg·L-1) in presence of NaN3 (100 mM) as quencher of 1O2 
upon: (a) 90 min of artificial white light irradiation with non-immobilized PS (5 µM); and (b) 
8 h with NP-PSs (10 µM) with artificial white light irradiation or dark conditions. c) Light 
control sample of E2, and light control of E2 in presence of NaN3 (100 mM). 

On the other hand, control samples containing E2 (5 mg·L-1) and NaN3 (100 mM) 

revealed that after 90 min of irradiation, 12.9% of the starting E2 was degraded due to the 

presence of NaN3. Among test samples containing a PS (5 µM), E2 (5 mg·L-1) and NaN3 

(100 mM), TPPF17(SGlc)3 was the PS with better ability to generate radicals, having that 

after 90 min of irradiation, only 69.2% of the starting E2 remained in the sample (Fig. 2.19a). 

Among the 30.8% of removed E2 after the treatment, 1.7% is due to the direct photolysis 

and 12.9% is due to the presence of NaN3, which means that 16.2% of the starting E2 was 

degraded by the radicals in situ generated (Table 2.2). 

Tests with NP-PSs (10 µM) were performed for 8 h of irradiation. Light control 

samples showed a E2 direct photolysis of 3.3%. Control samples containing E2 (5 mg·L-1) 

and NaN3 (100 mM), submitted to irradiation, showed that 32.2% of the initial E2 was 

degraded by NaN3 (Fig. 2.19c). Due to the adsorption capacity of the silica shell of the NPs, 
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dark control samples containing E2 (5 mg·L-1), NaN3 (100 mM) and a NP-PS (10 µM), kept 

in dark conditions, were also included (Fig. 2.19b). Adsorption of E2 was between 16.9 and 

22.4%, depending on each NP-PS. The sum of E2 direct photolysis, NaN3 contribution for 

E2 degradation and the adsorption ranged between 52.4 and 57.9% of the starting E2 

(depending on the NP-PS). The difference of this value respect to the concentration of E2 

in the test samples after the treatment is related to the ability of the NP-PS to generate 

radicals, assuming that 1O2 generated is quenched by NaN3 (Table 2.2). NP-TPPF17(SGlc)3 

displayed the best efficiency in radical generation. After 8 h of irradiation, the sample 

containing NP-TPPF17(SGlc)3 (10 µM), E2 (5 mg·L-1) and NaN3 (100 mM), showed a 

removal of 84.7% of the starting E2: 3.3% of E2 direct photolysis, 32.2% of NaN3 

contribution, 16.9% of adsorption and 32.3% due to the action of radicals generated in situ 

by the PS. 

 

Table 2.2. Ability of PS (5 µM) and NP-PS (10 µM) to generate radicals in situ under 
irradiation (90 min or 8 h), in presence of NaN3 (100 mM) as 1O2 quencher, using E2 (5 
mg·L-1) as a model of organic pollutant. Values correspond to the average of three 
independent experiments. 

Photocatalyst 
Irradiation 
time 

% of E2 
degraded 
by direct 
photolysis 

% of E2 
degraded 
in 
presence 
of NaN3 

% of E2 
adsorbed 
onto NP-
PS 

% of E2 in 
solution 
after 
treatment 

% of E2 
degraded 
by 
radicals 

TPPF20 90 min 1.7 12.9 n/a 76.2 9.2 

TPPF16(SGlc)4 90 min 1.7 12.9 n/a 80.4 5.0 

TPPF17(SGlc)3 90 min 1.7 12.9 n/a 69.2 16.2 

ZnPcF16 90 min 1.7 12.9 n/a 84.8 0.6 

ZnPcF8(SGlc)8 90 min 1.7 12.9 n/a 77.3 8.1 

NP-TPPF20 8 h 3.3 32.2 20.1 18.7 25.7 

NP-TPPF16(SGlc)4 8 h 3.3 32.2 17.8 36.5 10.2 

NP-TPPF17(SGlc)3 8 h 3.3 32.2 16.9 15.3 32.3 

NP-ZnPcF16 8 h 3.3 32.2 22.4 35.2 6.9 

NP-ZnPcF8(SGlc)8 8 h 3.3 32.2 17.1 35.6 11.8 

n/a: not applicable 



CHAPTER 2 

Nanomagnet-photosensitizer hybrid materials for the degradation of 17β-estradiol in batch and flow modes 

65 

2.2.8. Batch mode photodegradation studies of E2 in presence of PS and NP-PS 

Visible-light assisted photodegradation of E2 studies with free Pors and ZnPcs 

photocatalysts were conducted in batch mode to examine the photocatalytic performance 

of the PSs at different concentrations in water. Photodegradation studies in batch were 

performed using 100 mL cylindrical glasses. The photocatalytic activity of the PSs was 

evaluated in the degradation of 50 mL of aqueous samples containing 5 mg·L-1 of E2 (18.4 

µM) under visible light irradiation (4 mW·cm-2) with different concentrations of a non-

immobilized PS (2.5, 5.0 and 10.0 µM) or a NP-PS at 10 µM. Two control samples were 

included in each irradiation experiment: a light control containing 5 mg·L-1 of E2, without 

PS, and submitted to the same irradiation conditions as the samples, and a dark control 

containing 5 mg·L-1 of E2 and the PS at the highest concentration (10.0 µM), but kept in 

dark conditions. In order to estimate the reproducibility of the experimental results, 

photodegradation experiments were carried out in triplicate, showing in the graphs the 

average value corresponding for each experimental condition.  

Light control samples showed that around 8% of E2 was degraded by direct 

photolysis after 8 h of irradiation (Fig. 2.20). No significant alterations in E2 concentration 

were detected in dark controls, which contained a PS (10 µM) and E2 (5 mg·L-1), but were 

kept in dark conditions. 

As general conclusion, E2 degradation was faster with Pors than with Pcs herein 

tested. Both non-immobilized thioglycosylated Pors, TPPF17(SGlc)3 and TPPF16(SGlc)4, 

showed better performance for E2 photodegradation in water comparing to TPPF20, 

obtaining a full degradation of E2 after 2 h of irradiation in presence of 10 µM 

TPPF17(SGlc)3, and after 3 h with 10 µM TPPF16(SGlc)4. Despite the efficiency of ZnPcF16 

and ZnPcF8(SGlc)8 in singlet oxygen generation, the marked trend of Pcs to aggregate in 

water may be a possible explanation for the results obtained. In case of 10.0 µM 

ZnPcF8(SGlc)8, 7 h of irradiation were needed to degrade 5 mg·L-1 of E2, while after 8 h of 

irradiation, 10.0 µM ZnPcF16 caused only a small degradation (< 60% of the starting 

concentration of E2). 
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TPPF20 

 

TPPF16(SGlc)4 

 
TPPF17(SGlc)3 

 

ZnPcF16 

 
                            ZnPcF8(SGlc)8 

 

Figure 2.20. Visible-light assisted photodegradation of E2 in batch mode in presence of 
different concentrations of non-immobilized PSs. Values correspond to the average of three 
independent experiments. 

The determination of kinetic parameters was performed by fitting a pseudo-first order 

kinetic model to each set of PS concentration used in the studies (Fig. 2.21). Accordingly, 

the natural logarithm of the ratio between E2 concentration, at a given irradiation time, and 

its initial concentration, was plotted as a function of the irradiation time and a linear 

regression was obtained. Correlation coefficients (r), number of data (n), apparent pseudo-

first order rate constants (k) and half-lives (t1/2) are presented in Table 2.3. r ranges from 

0.964 to 0.999, confirming the adequacy of the pseudo-first order model to describe the E2 

indirect photodegradation kinetics. 
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  NP-TPPF20 
  NP-TPPF16(SGlc)4 

  NP-TPPF17(SGlc)3 

  NP-ZnPcF16 

  NP-ZnPcF8(SGlc)8 

Figure 2.21. Pseudo-first order photodegradation kinetics of E2 in presence of different 
concentrations of non-immobilized PSs. Values correspond to the average of three 
independent experiments. 

 

Table 2.3. Kinetic parameters for the photodegradation of E2 in batch mode in presence of 
different concentrations of non-immobilized PSs. Values correspond to the average of three 
independent experiments. 

PS Conc. (µM) r n k (h-1) t1/2 (h) 

TPPF20 

2.5 0.995 36 0.3414 121.8 

5.0 0.982 36 0.4809 86.5 

10.0 0.991 27 0.7714 53.9 

TPPF16(SGlc)4 

2.5 0.997 36 0.3775 110.2 

5.0 0.997 24 0.9122 45.6 

10.0 0.964 18 1.2404 33.5 

TPPF17(SGlc)3 

2.5 0.997 36 0.4243 98.0 

5.0 0.999 24 1.091 38.1 

10.0 0.999 18 2.2782 18.3 

ZnPcF16 

2.5 0.991 36 0.0852 488.1 

5.0 0.994 36 0.1127 369.0 

10.0 0.994 36 0.1276 325.9 

ZnPcF8(SGlc)8 

2.5 0.993 36 0.1573 264.4 

5.0 0.996 36 0.2709 153.5 

10.0 0.997 36 0.4688 88.7 
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Batch mode photocatalysis studies with NP-PSs started with the 

adsorption/desorption equilibrium attributed to the adsorption capacity of E2 onto the silica 

shell of the NPs. Dark controls containing 10 µM NP-PSs and 5 mg·L-1 E2 were magnetically 

stirred for 120 min in dark conditions. Equilibrium was achieved after 60 minutes for all the 

NP-PSs (Fig. 2.22a). In photocatalytic tests with NP-PSs, samples were stirred for 60 

minutes in dark conditions before starting the irradiation. 

After 8 h of phototreatment, light controls showed low rates of direct photolysis of 

E2. NP-TPPF17(SGlc)3 and NP-ZnPcF8(SGlc)8 showed a similar performance, with a 

removal activity of ca. 82% of the initial E2, while in presence of NP-TPPF20, 44% of E2 

remained in solution and in presence of NP-TPPF16(SGlc)4 and NP-ZnPcF16 only 40% was 

degraded (Fig. 2.22b). These results can be understood attending to changes in the 

aqueous stability of the suspensions, compared to related non-immobilized PSs, which can 

alter their photophysical properties. 

a) 

 

b) 

 
c) 

 

 

 Light Control 

 NP-TPPF20 

 NP-TPPF16(SGlc)4 

 NP-TPPF17(SGlc)3 

 NP-ZnPcF16 

 NP-ZnPcF8(SGlc)8 

Figure 2.22. a) Kinetic adsorption curves of E2 onto NP-PSs; b) and c) photodegradation 
of E2 in batch mode in presence of NP-PSs at 10 µM of PS. Values correspond to the 
average of two independent experiments. 

By plotting the natural logarithm of the ratio between E2 concentration, at a given 
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batch mode do not fit pseudo first order trend (Fig. 2.22c). Second order trend adjustment 

of results obtained r below 0.873. 

Catalyst recovery and reuse are important features for many catalytic processes. 

The homogeneous Por and Pc based PSs could not be recovered, but the heterogeneous 

catalysts could be separated and reused without significant loss of catalytic activity. For 

subsequent uses in E2 photodegradation, NP-PSs were recovered by applying a magnetic 

field and removing the supernatant. The catalysts were cleaned by rinsing in ethanol and 

water and reused in further experiments. After three runs, efficiency of photocatalytic activity 

decreased less than 2% in case of NP-TPPF17(SGlc)3, ca. 4% in case of NP-TPPF20, 

TPPF16(SGlc)4 and NP-ZnPcF8(SGlc)8; and around 9% in case of NP-ZnPcF16 (Fig. 2.23). 

Analysis of HPLC chromatograms of the rinse solvent from the NP-PSs washing processes 

did not show presence of E2, revealing that the E2 fraction adsorbed onto the NP-PSs is 

also degraded during the process. This could be expected since ROS generated during the 

phototreatment can more easily reach E2 in the shell of the NP-PSs. 

 

Figure 2.23. Reuse of NP-PSs after recovering and washing processes. 

2.2.9. Flow mode photodegradation studies of E2 in presence of PS and NP-PS 

Flow mode studies here presented were performed in EcoSynth, Belgium. In order 

to improve assisted photodegradation of E2, both in homogeneous and heterogeneous 

photocatalysis, a flow setup using reactor channels was substituted for the batch vessel 

(Fig. 2.24). As such, samples from the reservoir were pumped with a piston pump through 

a narrow-bore (øinner: 0.8 mm, øouter: 1.6 mm), transparent tube of fluorinated ethylene 

propylene while being irradiated, with final material collected at the reactor outlet. 
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Figure 2.24. Design of the flow photoreactor setup used for photodegradation assays. 

Residence time plays an important role in the complete decomposition of the target 

compound when using a flow photodegradation reactor. The photocatalytic degradation of 

5 mg·L-1 of E2 was performed using different flow rates, ranging from 0.1 to 0.4 mL·min-1. 

To build the kinetic profile of E2 degradation, samples with 10 µM of non-immobilized PS 

were tested with different residence times (Fig. 2.25a and c). Compared to results obtained 

in batch mode using a non-immobilized PS at 10 µM, photocatalytic rates were greatly 

enhanced, and the Por-based PSs showed E2 t1/2 ranging 3.6 - 9.7 min (Table 2.4). 

Especially remarkable were the results obtained with Pc-based PSs, that show a decrease 

of E2 t1/2 from 325.9 to 59.2 min in presence of ZnPcF16, and from 88.7 to 18.4 min in 

presence of ZnPcF8(SGlc)8. 

As previously described, samples containing NP-PS were stirred for 60 min and kept 

in the dark before being pumped into the system, in order to achieve the 

adsorption/desorption equilibrium. Compared to batch mode, results obtained in flow mode 

(Fig. 2.25b and d) show a marked increase in degradation efficiency. After 60 min of 

irradiation, all the starting E2 was degraded in presence of NP-TPPF17(SGlc)3, and in 

presence of NP-TPPF16(SGlc)4, NP-ZnPcF8(SGlc)8 or NP-ZnPcF16, only 0.32, 0.50 or 0.98 

mg L-1 of E2 remained in solution, respectively. 

Flow mode photocatalysis produced remarkable high degradation rates in 

comparison with the experiments in batch, resulting in E2 half-lives between 12.1 and 33.5 

min in case of NPs-Pors, while in previous results obtained in batch mode under the same 

conditions of irradiation and sample preparation, t1/2 of E2 ranged from 48 min (NP-

TPPF17(SGlc)3), to 210 min (NP-TPPF20) and 420 min (NP-TPPF16(SGlc)4). Results in flow 

mode were also improved in the case of ZnPc based PSs, obtaining E2 t1/2 of 18.4 min in 

case of NP-ZnPcF8(SGlc)8 (45 min in batch mode). Especially remarkable were results of 

degradation of E2 with NP-ZnPcF16, showing that half of the starting E2 was degraded after 
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24.9 min of irradiation, while 360 min were needed in batch mode to achieve the same 

percentage of degradation. 

 

a) 

 

c) 

 
 

  Light Control   TPPF17(SGlc)3 
  TPPF20   ZnPcF16 

  TPPF16(SGlc)4   ZnPcF8(SGlc)8 

b) 

 

d) 

 
 

  Light Control   NP-TPPF17(SGlc)3 
  NP-TPPF20   NP-ZnPcF16 
  NP-TPPF16(SGlc)4   NP-ZnPcF8(SGlc)8 

Figure 2.25. Photodegradation of E2 in flow mode in presence of: a) non-immobilized PSs 
at 10 µM, b) NP-PS at 10 µM of PS. Values correspond to the average of two independent 
experiments. Pseudo-first order photodegradation kinetics of E2 in flow mode in presence 
of: c) non-immobilized PSs at 10 µM, d) NP-PS at 10 µM. Values correspond to the average 
of three independent experiments. 

 

Table 2.4. Kinetic parameters for the photodegradation of E2 in flow mode in presence of 
a non-immobilized PS (10 µM) or a NP-PS (10 µM). Values correspond to the average of 
three independent experiments. 
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TPPF20 0.961 24 0.1922 3.6 

TPPF16(SGlc)4 0.990 27 0.0715 9.7 

TPPF17(SGlc)3 0.971 27 0.0988 7.0 

ZnPcF16 0.958 27 0.0117 59.2 

ZnPcF8(SGlc)8 0.992 27 0.0190 36.5 

NP-TPPF20 0.959 24 0.0207 33.5 

NP-TPPF16(SGlc)4 0.995 24 0.0474 14.6 

NP-TPPF17(SGlc)3 0.977 24 0.0572 12.1 

NP-ZnPcF16 0.995 24 0.0278 24.9 

NP-ZnPcF8(SGlc)8 0.994 24 0.0376 18.4 

 

The higher efficiency in flow mode is largely due to the better penetration of light into 

the suspension. Unlike in a batch procedure, the narrow reactor channels guarantee 

homogeneous irradiation conditions for the small reaction volume inside the reactor ( 2 

mL). With accurate control over residence time, this continuous processing eventually 

allows for photochemical treatment of large sample volumes under identical irradiation 

conditions. Furthermore, absorption spectra of samples recorded before and after the 

irradiation tests showed a better stabilization of the suspensions in the system output, thus 

demonstrating that flow mode maximizes the performance of NP-PSs. 

In addition to different exposure times of irradiation, photodegradation studies with 

NP-PSs in flow mode were performed under different operational parameters, such as pH 

of the samples and concentration of NP-PSs. The effect of the load of NP-PSs on the 

efficiency of E2 photodegradation was investigated in the range of 10-20 µM, with a 

residence time in the flow system of 35 min (Fig. 2.26). The results show that, in the 

presence of all the NP-PSs, degradation rate and E2 adsorption were, respectively, directly 

and indirectly proportional to catalyst concentration. At higher concentrations, aggregation 

of the suspensions in the output of the system was not observed. 
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NP-TPPF20 

 

NP-TPPF16(SGlc)4 

 
NP-TPPF17(SGlc)3 

 

NP-ZnPcF16 

 
NP-ZnPcF8(SGlc)8 

 

Figure 2.26. Effect of NP-PSs’ concentration in flow mode tests of E2 photodegradation. 
Blue bars represent E2 adsorbed into the hybrid material; red bars represent E2 in solution, 
after 35 min of residence time. 

Following the results of preliminary tests of the effect of pH on NP-PSs stability, 

assisted flow photodegradation of E2 was investigated at pH 8, 6 and 4. Concentration of 

NP-PSs was kept at 10 µM and initial concentration of E2 was 5 mg·L-1. Samples were 

stirred in dark conditions for 40 min and then pumped into the system adjusting the flow for 

a residence time of 35 min. The pH is an important parameter in photocatalytic degradation 

processes, since it influences the rate of formation of hydroxyl radicals. While in acidic 

solutions the formation of hydroxyl radicals is thermodynamically unfavourable, in basic 

conditions the formation of hydroxyl radicals increases.139 
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In this study, degradation of E2 was faster at pH 8 than in unmodified samples at pH 

6 (Fig. 2.27). However, NP-PSs showed an improved photocatalytic performance at pH 4. 

DLS results showed a smaller average size of the aggregates and more monodisperse 

solutions at pH 4. Acidic pH promotes the protonation of the amino groups in the NP-PSs, 

thus the electrostatic repulsion between the surfaces stabilizes the suspensions in water. 

As expectable, more homogeneous dispersions of NP-PSs benefit the diffusion of O2 into 

the photocatalyst, which improves the photocatalytic performance. 

NP-TPPF20 

 

NP-TPPF16(SGlc)4 

 

NP-TPPF17(SGlc)3 

 

NP-ZnPcF16 

 

NP-ZnPcF8(SGlc)8 

 

Figure 2.27. Effect of the pH on visible-light photodegradation of E2 in flow mode assays 
with NP-PSs. Blue bars represent E2 adsorbed onto the hybrid material; red bars represent 
E2 in solution after 35 min of residence time. 
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Adsorption studies with dark control samples showed that, in comparison to samples 

at pH 6, the amount of E2 adsorbed was lower at pH 8 and higher at pH 4. In alkaline 

conditions, E2 becomes from partially to significantly negatively charged (pKa of E2 = 10.46 

± 0.03 140). The low aqueous solubility of E2, which has been reported over the range of 3.1 

to 12.96 mg·L-1 141, can influence its distribution and availability in the medium. It is 

expectable that an increase in pH will involve an increase in E2 solubility, and therefore a 

lower adsorption and a positive effect on the degradation rate due to a higher availability of 

E2 in the samples. Under this assumption, a higher amount of E2 is expected to get 

adsorbed onto the SiO2 coating of the NPs at lower pH ranges. Variations in E2 adsorption 

levels at different pH values can be also explained attending to the morphological changes 

in the dispersions of NP-PSs observed in the DLS measurements. The reduction of the 

average aggregate size at acidic pH increases the ratio between area and volume, thus 

benefiting the adsorption of E2 onto the surface of the NPs. 

To demonstrate that these NP-PSs can be used as photocatalysts in practical 

applications of water treatment, the reusability of the photocatalysts at 10 µM was 

investigated by successive runs for the degradation of E2 (5 mg·L-1) with a residence time 

in the flow system of 35 min. The catalysts were separated from their corresponding reaction 

mixture after each run, washed with ethanol and water, and re-suspended in water before 

reuse. After three cycles of assisted photodegradation of E2, none of the catalysts exhibited 

any significant loss of activity (Fig. 2.28). Again, analysis of the rinse solvent from the 

washing processes showed that the E2 adsorbed is also degraded during the photocatalytic 

test. 

 

Figure 2.28. Recycling tests of visible-light assisted photodegradation of E2 in flow mode. 
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2.3. Conclusions 

Five novel hybrid materials based on Pors and Pcs anchored onto MNPs were 

prepared and tested as photocatalysts. Studies of degradation of E2 in batch mode showed 

efficient E2 removal in presence of the free PSs TPPF20, TPPF16(SGlc)4, TPPF17(SGlc)3 

and ZnPcF8(SGlc)8, even at just 4 mW cm-2. However, the lower aqueous stability of the 

NP-PSs, due to the tendency of these materials to aggregate in water and therefore form 

non-homogeneous dispersions, caused reduction of E2 photodegradation rates. By 

substituting batch for flow mode, the E2 photodegradation efficiency was increased in 

presence of all the free and immobilized PSs. Optimization of reaction conditions in flow 

mode suggested that lower flow rates (ca. 0.1 mL·min-1) and higher load of the 

photocatalysts (20 µM) enhanced the degradation of E2. 

Upon testing different pH conditions, pH 4 showed a more efficient removal of E2. 

Also, a higher adsorption of the pollutant onto the NPs was observed, which is related to a 

better stability of the hybrids in acidic aqueous solutions. In addition, recycling tests of NP-

PSs used in the flow system indicated the viability of these photocatalysts, as photocatalytic 

activity remained practically constant during three cycles. 
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2.4. Experimental section 

2.4.1. Apparatus and characterization 

Absorption spectra of liquid samples were recorded using a Shimadzu UV-2501-PC 

photometer. Absorption spectra of solid samples were recorded using a Jasco V-560 with 

an integrating sphere ISV-469. 

1H, 19F NMR and 13C NMR spectra were recorded on a Bruker Avance-300 

spectrometer at 300, 282.38 and 75.47 MHz, respectively, or on a Bruker Avance-500 at 

125.77 MHz for 13C. Tetramethylsilane (TMS) was used as internal reference. The chemical 

shifts are expressed in δ (ppm) and the coupling constants (J) in Hz. The multiplicity is 

presented as follows: s = singlet, br = broad singlet, d = doublet, t = triplet, dd = double 

doublet, dt = doublet of triplet, m = multiplet. 

Electrospray ionization mass spectrometric analyses were performed at the Division 

1.8 of Bundesanstalt für Materialforschung und -prüfung (Berlin, Germany), using a 

Waters/Micromass Q-Tof Ultima Mass Spectrometer instrument. The electrospray 

ionization was run in CHCl3/EtOH (80/20), with 0.1% formic acid. 

Analytical TLC was carried out on pre-coated silica gel sheets (Merck, 60, 0.2 mm). 

Powder XRD was performed in the range 10-90° 2θ on a Philips X’pert MPD 

diffractometer using Cu Kα radiation. 

TEM images were recorded on a Hitachi H9000 NA microscope operated at 200 kV. 

The irradiation system used to determine the production of 1O2 was a Lumacare 

source, model LC-122, consisting of a 250 W halogen lamp coupled to an optic fibre beam 

of red light (620-750 nm). 

The irradiation system used in the photocatalytic tests was a PAR irradiation system 

consisted of 13 fluorescent lamps of type OSRAM 21 of 18 W each with a broad emission 

spectrum of 380 – 700 nm. The radiation power was measured with a potentiometer bright 

Spectra Physics, model 407A and the sensor of the same brand, model 407A-2. 

Chromatographic separation of E2 was performed using a Waters Alliance 2695 

HPLC System, coupled to a 2487 UV Detector. 
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2.4.2. Materials and reagents 

All reagents were obtained from commercial sources and were used without further 

purification steps. Reversed-phase column chromatography was carried out on Waters 

Sep-Pak C18 35 cm3 cartridges. Analytical thin-layer chromatography (TLC) was carried 

out on pre-coated silica gel sheets (Merck, 60, 0.2 mm). 

2.4.3. Synthesis of 5,10,15,20-tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin 

(TPPF20) 

Pentafluorobenzaldehyde (8 mL, 65.0 mmol) was added to a refluxing mixture of 

glacial acetic acid (400 mL) and nitrobenzene (300 mL). Pyrrole (5 mL, 72.0 mmol) was 

then added dropwise over 15 min and the mixture was refluxed for 1 h. After cooling to room 

temperature, the acetic acid and nitrobenzene were distilled under reduced pressure to 

dryness. The crude material was then taken up in chloroform and submitted to column 

chromatography (silica gel) using a mixture of chloroform–petroleum ether (1:1) as eluent. 

After evaporation of the solvent, TPPF20 was crystallized in dichloromethane/petroleum 

ether as a purple solid (1.9 g, 12%).1H NMR (300 MHz, CDCl3): δ 8.92 (s, 8H, β-H), -2.92 

(s, 2H, NH). 19F NMR (282.37 MHz, CDCl3): δ -159.69–-159.58 (8F, dd, J = 23.2, 7.6 Hz, 

3,5-PhF), -174.33 (4F, t, J = 20.9 Hz, 4-PhF), -184.43 (8F, td, J = 22.5, 7.7 Hz, 8F, 2,6-

PhF). UV-vis (c = 2.30 μM, DMSO, path length = 1 cm, 25 °C): λ/nm (ε × 10 -4 /M-1 cm-1) = 

417 (10.4), 507 (1.59), 553 (0.02), 588 (0.51), 696 (0.03). ESI-MS m/z: 974 (M+H)+. 

2.4.4. Synthesis of 2,3,4,6-tetra-O-acetyl-glucosyl thioacetate (GlcAcSAc) 

Synthesis of the sugar derivative was performed according to a previously reported 

method,131 by mixing 2,3,4,6-tetra-O-acetyl-glucosyl bromide (1 g, 2.43 mmol) with 

potassium thioacetate (555 mg, 4.86 mmol, 2.0 equiv.) in acetone, overnight, at room 

temperature. This yielded 2,3,4,6-tetra-O-acetyl-glucosyl thioacetate (GlcAcSAc) (775 mg, 

78.5%) after removal of the solvent and purification over a silica column using hexane/ethyl 

acetate (3:2) as eluent. 1H NMR (300 MHz, CDCl3): δ 5.31-5.26 (1H, m, 1-GlcH), 5.25 (1H, 

s, 4-GlcH), 5.18 – 5.16 (2H, m, 2,3-GlcH), 4.27 (1H, dd, J = 12.5, 4.4 Hz, 6-GlcH), 4.10 (1H, 
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dd, J = 12.5, 2.1 Hz, 6-GlcH), 3.84 (1H, ddd, J = 10.1, 4.4, 2.2 Hz, 5-GlcH), 2.39 (3H, s, 

SCOCH3), 2.09 (3H, s, CH3), 2.04 (3H, s, CH3), 2.03 (3H, s, CH3), 2.02 (3H, s, CH3). 13C 

NMR (75.47 MHz, CDCl3): δ 170.67 (C=O), 170.07 (C=O), 169.41 (C=O), 169.36 (C=O), 

80.18 (1- GlcC), 76.34 (5-GlcC), 73.94 (3-GlcC), 68.94 (2-GlcC), 67.83 (4-GlcC), 61.65 (6-

GlcC), 30.86 (CH3), 20.73 (CH3). ESI-MS m/z: 429.1 (M+Na)+. 

2.4.5. Synthesis of 5,10,15,20-tetrakis[4-(2,3,4,6-tetra-O-acetyl-β-D-

glucopyranosylthio)-2,3,5,6-tetrafluorophenyl)]porphyrin 

(TPPF16(SGlcAc)4) 

To a solution of TPPF20 (200 mg, 204 µmol), and 2,3,4,6-tetra-O-

acetylglucosylthioacetate (360 mg, 932 µmol, 4.6 equiv.) in DMF (10 mL), diethyl amine (4 

mL) was added. The reaction mixture was stirred overnight at room temperature. Then, the 

product was precipitated with methanol/water. The crude mixture was recovered in 

dichloromethane and purified by flash chromatography (silica gel) using a mixture of ethyl 

acetate/hexane (2:1) as eluent. TPPF16(SGlcAc)4 (349 mg, 73%) was obtained after 

crystallization in dichloromethane/hexane, as a red powder. 1H NMR (300 MHz, CDCl3): δ 

9.02 (8H, s, β-pyrroleH), 5.44 - 5.33 (4H, m, 1-GlcH), 5.31 – 5.21 (8H, m, 2,3-GlcH), 5.18 

(4H, d, J = 9.9 Hz, 4-GlcH), 4.39 – 4.24 (8H, m, 6-GlcH), 3.91 (4H, dt, J = 9.9, 3.6 Hz, 5-

GlcH), 2.23 (12H, s, CH3), 2.10 (12H, s, CH3), 2.09 (3H, s, CH3), 2.08 (3H, s, CH3), -2.87 

(2H, br, NH). 13C NMR (125.77 MHz, CDCl3): δ 170.50 (C=O), 170.24 (C=O), 170.06 (C=O), 

169.73 (C=O), 149.64 (2,6- PhC), 145.14 (3,5-PhC, α-pyrroleC), 127.63 (β -pyrroleC), 

121.78 (4-PhC), 112.81 (1-PhC), 104.33 (mesoC), 85.63 (1- GlcC), 75.06 (5-GlcC), 71.93 

(3-GlcC), 67.89 (2-GlcC), 67.17 (4-GlcC), 61.43 (6-GlcC), 22.66 (CH3), 20.79 (CH3), 20.71 

(CH3), 20.64 (CH3). 19F NMR (282.37 MHz, CDCl3): δ -131.72 (8F, dd, J = 25.3, 12.1 Hz, 

3,5-PhF), -136.00 (8F, dd, J = 24.9, 12.2 Hz, 2,6-PhF). UV-vis (c = 2.30 μM, DMSO, path 

length = 1 cm, 25 °C): λ/nm (ε × 10 -4 /M-1 cm-1) = 416 (33.4), 507 (2.36), 539 (0.32), 580 

(0.77), 634 (0.08). ESI-MS m/z: 1177.33 (M+2H)2+. 
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2.4.6. Synthesis of 5,10,15,20-tetrakis[4-(β-D-glucopyranosylthio)-2,3,5,6-

tetrafluorophenyl)]porphyrin (TPPF16(SGlc)4) 

Porphyrin TPPF16(SGlcAc)4 (200 mg, 84 µmol) was dissolved in 

methanol/dichloromethane (3:1, 10 mL) and treated with sodium methoxide (0.5 M solution 

in methanol, 4 mL). The reaction mixture was stirred at room temperature for 1.5 h and then 

neutralized by an aqueous citric acid solution. The mixture was filtered through a Waters 

Sep-Pak C18 35 cm3 reversed-phase prep column and washed with water. The deprotected 

glucoporphyrin TPPF16(SGlc)4 was then purified on flash chromatography (silica gel) eluted 

using a mixture of ethyl acetate/ methanol (3:1) and crystallized in methanol/CH2Cl2 (134 

mg, 96%). 1H NMR (300 MHz, CD3OD): δ 9.64 – 8.67 (8H, br s, β- pyrroleH), 5.29 – 5.10 

(4H, m, GlcH), 4.64 (4H, s, GlcH), 4.06 (4H, dd, J = 20.7, 9.1 Hz, GlcH), 3.79 (4H, dd, J = 

11.9, 5.8 Hz, GlcH), 3.60 – 3.44 (16H, m, GlcOH), 3.44 – 3.26 (12H, m, 12H, GlcH), -3.00 

(2H, s, NH). 13C NMR (125.77 MHz, DMSO-d6): δ 148.14 (2,6- PhC), 147.15 (3,5-PhC, α-

pyrroleC), 146.28 (β -pyrroleC), 145.20 (4-PhC), 119.54 (1-PhC), 114.27 (mesoC), 85.13 

(1- GlcC), 82.31 (5-GlcC), 79.61 (3-GlcC), 78.58 (2-GlcC), 72.23 (4-GlcC), 70.82 (6-GlcC). 

19F NMR (282.37 MHz, CD3OD): δ -158.22 (8F, dd, J = 24.6, 11.9 Hz, 3,5-PhF), -163.63 

(8F, dd, J = 24.6, 11.9 Hz, 2,6-PhF). UV-vis (c = 4.00 μM, DMSO, path length = 1 cm, 25 

°C): λ/nm (ε × 10-4/M-1 cm-1) = 414 (35,96), 507 (2.36), 536 (0.31), 580 (0.75), 636 (0.05). 

ESI-MS m/z: 1679.60 (M+H)+. 

2.4.7. Synthesis of 5,10,15-tris[4-(2,3,4,6-tetra-O-acetyl-β–D-

glucopyranosylthio)-2,3,5,6-tetrafluorophenyl)]-20-(2,3,4,5,6-

pentafluorophenyl)porphyrin (TPPF17(SGlcAc)3) 

To a solution of TPPF20 (200 mg, 204 µmol), and 2,3,4,6-tetra-O-

acetylglucosylthioacetate (250 mg, 648 µmol, 3.2 equiv) in DMF (10 mL), diethyl amine (3 

mL) was added. The reaction mixture was stirred at room temperature for 90 min. Then, the 

product was precipitated with methanol/water and the solid filtered and washed with water. 

The crude mixture was recovered in dichloromethane and purified by flash chromatography 

(silica gel) using a mixture of ethyl acetate/hexane (2:1) as eluent. The glucoporphyrin 

TPPF17(SGlcAc)3 (233 mg, 57%) was obtained after recrystallization in 

dichloromethane/hexane, as a red powder. 1H NMR (300 MHz, CDCl3): δ 9.02 (6H, s, 
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3,7,8,12,13,17-β-pyrroleH), 8.94 (2H, s, 2,18-β-pyrroleH), 5.39 (3H, dd, J = 9.2 and 9.2 Hz, 

1-GlcH), 5.25 (9H, ddd, J = 14.0, 8.7, 4.5 Hz, 2,3,4-GlcH), 4.33 (6H, m, 6-GlcH), 3.91 (3H, 

dt, J = 9.9, 3.5 Hz, 5-GlcH), 2.23 (9H, s, CH3), 2.10 (9H, s, CH3), 2.09 (9H, s, CH3), 2.08 

(9H, s, CH3), -2.87 (2H, br s, NH). 13C NMR (125.77 MHz, CDCl3): δ 170.72 (C=O), 170.24 

(C=O), 169.53 (C=O), 169.46 (C=O), 148.13–145.25 (2,6-PhC, 3,5-PhC, α-pyrroleC), 

131.56 (β-pyrroleC), 122.07 (4-PhC), 111.96 (1-PhC), 104.30 and 103.63 (mesoC), 84.48 

(1-GlcC), 79.94 (5-GlcC), 70.60 (3-GlcC), 68.06 (2-GlcC), 61.82 (4-GlcC), 60.43 (6-GlcC), 

24.49 (CH3), 23.91 (CH3). 19F NMR (282.37 MHz, CDCl3): δ -154.79 (6F, dd, J = 23.0, 11.0 

Hz, 3,5-PhFGlc), -158.97 - -159.28 (6F, m, 2,6-PhFGlc), -159.59 (2F, d, J = 16.3 Hz, 3,5-

PhF), -174.39 (1F, t, J = 20.9 Hz, 4-PhF), -183.91 - -185.12 (2F, m, 2,6-PhF). UV–vis (c = 

2.30 µM, DMSO, path length = 1 cm, 25 ºC): λ/ nm (ε x 10-4/M-1 cm-1) = 414 (31.1), 507 

(2.27), 534 (0.31), 581 (0.75), 633 (0.07). HRMS (ESI) (m/z). Found: [M+H]+ 2007.2867; 

molecular formula C86H67F17N4O27S3 requires [M+H]+ 2007.2962. 

2.4.8. Synthesis of 5,10,15-tris[4-(β-D-glucopyranosylthio)-2,3,5,6-

tetrafluorophenyl)]-20-bis(2,3,4,5,6-pentafluorophenyl)porphyrin 

(TPPF17(SGlc)3) 

Porphyrin TPPF17(SGlcAc)3 (200 mg, 99.6 µmol) was dissolved in 

methanol/dichloromethane (3:1, 10 mL) and treated with sodium methoxide (0.5 M solution 

in methanol, 3 mL). The reaction mixture was stirred at room temperature for 1.5 h and then 

neutralized by an aqueous citric acid solution. The mixture was filtered through a Waters 

Sep-Pak C18 35 cm3 reverse-phase prep column and washed with water. The deprotected 

glucoporphyrin TPPF17(SGlc)3 was then purified on flash chromatography (silica gel) eluted 

using a mixture of ethyl acetate/ methanol (3:1) and crystallized in methanol/CH2Cl2 (142 

mg, 95%). 1H NMR (300 MHz, DMSO-d6): δ 9.42 (2H, s, 2,18-β-pyrroleH), 9.36 (6H, s, 

3,7,8,12,13,17-β-pyrroleH), 5.82 (3H, t, J = 5.5 Hz, GlcH), 5.34 (3H, d, J = 3.9 Hz, GlcH), 

5.26 – 4.96 (6H, m, GlcH), 4.75 (3H, s, GlcH), 3.85 (3H, dd, J = 10.5, 4.7 Hz, GlcH), 3.55 

(3H, dd, J = 11.6, 5.6 Hz, GlcH), -3.17 (s, 2H, NH). 13C NMR (125.77 MHz, DMSO-d6): δ 

147.80 – 144.67 (α,β-pyrroleC, 2,6-PhC and 3,5-PhC), 133.01 (β-pyrroleC), 129.63 (4-

PhC), 119.26 (1-PhC), 104.83, 103.13 (mesoC), 84.63 (1-GlcC), 81.89 (5-GlcC), 78.18 (3-

GlcC), 74.82 (2-GlcC), 70.44 (4-GlcC), 61.48 (6-GlcC). 19F NMR (282.37 MHz, DMSO-d6): 

δ -156.56 - -157.20 (6F, m, 3,5-PhFGlc), -162.53 (2F, d, J = 19.6 Hz, 3,5-PhF), -162.84 (6F, 

dd, J = 26.2, 9.9 Hz, 2,6-PhFGlc), -176.92 (1F, t, J = 22.4 Hz, 4-PhF), -158.80 (2F, dd, J = 
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34.5, 12.8 Hz, 2,6-PhF). UV–vis (c = 4.00 µM, DMSO, path length = 1 cm, 25 ºC): λ /nm (ε 

x 10-4/M-1 cm-1) = 413 (34.49), 506 (2.31), 536 (0.25), 580 (0.71), 632 (0.02). HRMS (ESI) 

(m/z). Found: [M+H]+ 1503.1650; molecular formula C62H43F17N4O15S3 requires [M+H]+ 

1503.1694. 

2.4.9. Synthesis of 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24-

octakis(2,3,4,6-tetra-O-acetyl-β–D-glucopyranosylthio)phthalocyaninato 

zinc (II) (ZnPc(SGlcAc)8) 

ZnPcF16 (200 mg, 0.231 mmol) was treated under nitrogen with 9 equiv. of 2,3,4,6-

tetra-O-acetylglucosylthioacetate (845 mg, 2.079 mmol) in the presence of diethyl amine (8 

mL, 77.37 mmol) in dry DMF (20 mL). The reaction mixture was stirred at room temperature 

for 24 h. Then, the crude was evaporated to dryness and purified by flash chromatography 

(silica gel) using a mixture of hexane/ethyl acetate/acetone as eluent. The 

glucophthalocyanine ZnPc(SGlcAc)8 (540.9 mg, 65.7 %) was obtained after precipitation 

in CH2Cl2/hexane, as a green product. 

2.4.10. Synthesis of 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24-

octakis(β-D-glucopyranosylthio)phthalocyaninato zinc (II) (ZnPc(SGlc)8) 

Phthalocyanine ZnPc(SGlcAc)8 (200 mg, 55.2 µmol) was dissolved in 

methanol/dichloromethane (3:1, 30 mL) and treated with sodium methoxide (0.5 M solution 

in methanol, 4 mL). The reaction mixture was stirred at room temperature for 24 h and then 

neutralized by an aqueous citric acid solution. The mixture was filtered through a Waters 

Sep-Pak C18 35 cm3 reversed-phase prep column and washed with water, thus affording 

the deprotected glucophthalocyanine ZnPc(SGlc)8 (83.7 mg, 67%). 

2.4.11. Synthesis of magnetic nanoparticles coated with silica (Fe3O4@SiO2-

PrNH2) 

FeNH4(SO4)2 (2.95 g) and (NH4)2Fe(SO4)2 (1.20 g) were dissolved in deionized 

water (100 mL) with vigorous stirring at 80 °C. NH3·H2O 25% (3.5 mL) was then added 



CHAPTER 2 

Nanomagnet-photosensitizer hybrid materials for the degradation of 17β-estradiol in batch and flow modes 

83 

dropwise to the solution. The color of the bulk solution immediately changed from orange 

to black. The magnetite precipitate was washed twice with deionized water. Sodium 

metasilicate (23.75 g) was dissolved in deionized water, and the pH value of the solution 

was adjusted to ca. 12 by the addition of a required amount of concentrated hydrochloric 

acid (37%). The sodium metasilicate solution and the prepared Fe3O4 nanocores were 

poured into a beaker equipped with a mechanical stirrer. The mixture was ultrasonicated 

for 30 min. Then, the temperature of the mixture was increased to 80 °C. HCl was added 

dropwise to adjust the pH value to 6-7. The precipitate was washed several times with 

deionized water and then dispersed in ethanol (800 mL). (3-Aminopropyl)triethoxysilane 

(APTES) was added to the suspension and the resulting mixture was magnetically stirred 

at room temperature for 24 h. The precipitate was washed several times with ethanol, and 

the magnetic nanoparticles were purified by magnetic decantation and then dispersed in 

the same solvent (600 mL). 

2.4.12. Synthesis of the Nanomagnet-Photosensitizer hybrids 

Magnetic silica nanoparticles were filtered through a polyamide membrane; then 250 

mg of MNPs (371.5 µmol of aminopropyl groups, 20 equiv.) were resuspended in DMSO (1 

mL). A solution of each porphyrin and phthalocyanine (18.65 µmol) in DMSO (5 mL) was 

added to that suspension and the resulting mixture was magnetically stirred at 160 °C during 

24 h in case of TPPF20, TPPF17(SGlc)3 and ZnPcF16, and 96 h in case of TPPF16(SGlc)4 

and ZnPcF8(SGlc)8. A red (NP-TPPF20, NP-TPPF16(SGlc)4, NP-TPPF17(SGlc)3), dark blue 

(NP-ZnPcF16) or green (NP-ZnPcF8(SGlc)8) insoluble product was obtained. The 

immobilization of the PSs was monitored by TLC. The resulting hybrid materials were 

washed with the appropriate solvent (ca. 1500 mL) (Table 1) until the typical Soret and Q 

bands were no longer observed in the rinse solvent. The amount of unreacted PS was 

calculated by UV-vis spectrophotometry. 

2.4.13. Photostability tests 

The photostability of the PSs was evaluated by exposing aqueous solutions of a 

non-immobilized PS at 2 µM or an aqueous suspension of NP-PS at 2 µM, under white light 

irradiation (4 mW·cm-2), at room temperature, with vigorous magnetic stirring, for 180 min. 
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At fixed intervals of time, visible absorption spectra of the samples were recorded. To 

evaluate the stability of the PSs in water, a procedure similar to that described above but in 

dark conditions was performed. 

2.4.14. pH stability test 

The stability of the PSs at different pH conditions was evaluated in aqueous 

solutions of the non-immobilized PSs at 2 µM, or aqueous suspensions of NP-PSs at 2 µM, 

by adjusting pH (unmodified samples presented pH 6) with HCl 10% vol. to pH 3, 4 and 5, 

with saturated NaHCO3 to pH 7 and 8, or with NaOH 10 M to pH 9 and 10. Samples were 

kept under agitation and at room temperature for 24 h. UV-vis absorption spectra of samples 

containing non-immobilized PSs were recorded at time 0 and 24 h. To evaluate a possible 

cleavage of the Pors and/or Pcs from the NP-PSs after 24 h, samples were filtered with 

polyvinylidene fluoride (PVDF) syringe filters with a 0.22 µm pore size, and the UV-vis 

absorption spectra of each filtrate was recorded. In addition, DLS measurements of NP-

PSs suspensions in water at different pH were recorded. 

2.4.15. Determination of sensitized 1O2 generation 

1O2 was qualitatively determined by a chemical method using 1,3-

diphenylisobenzofuran (DPBF) as 1O2 scavenger. Samples in DMF/water (9:1) containing 

0.5, 2.0 or 5.0 µM of a PS and 50 µM of DPBF were irradiated with a red LED array, at a 

fluence rate of 4.0 mW cm−2. Another sample in DMF/water (9:1) containing just DPBF 50 

µM was submitted to the same irradiation conditions as control of direct photolysis. The LED 

array was composed of a matrix of 6 × 8 LEDs, thus making a total of 48 light sources, with 

an emission peak at 640 nm and a bandwidth at half maximum of ± 20 nm. During the 

irradiation, the solutions of non-immobilized PSs or suspensions of NPs-NPs, as well as the 

control sample were kept under vigorous stirring at room temperature. The generation of 

1O2 was followed by its reaction with DPBF. The breakdown of DPBF was monitored by 

measuring the decrease of the absorbance at 413 nm. 
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2.4.16. Determination of sensitized generation of radicals 

Indirect determination of radicals generated by the PSs was performed by using 

sodium azide (NaN3) as 1O2 quencher.142 To that end, 50 mL of aqueous samples containing 

E2 (5 mg·L-1) and NaN3 (100 mM) were kept under artificial white light irradiation of 4 

mW·cm-2,143 in the presence of each free PS at 5 µM for 90 min, or in the presence of each 

NP-PS for 8 h. A light control sample containing 5 mg·L-1 of E2, without PS nor NaN3, and 

submitted to the same irradiation conditions, was included. An additional control sample 

containing just E2 (5 mg·L-1) and NaN3 (100 mM) was also included. The final concentration 

of E2 in the samples was determined by HPLC coupled to an UV detector. See details in 

Section 2.4.19 (quantification of E2). 

2.4.17. Photodegradation of E2 in batch mode 

Photodegradation studies in batch were performed using 100 mL cylindrical glasses. 

The photocatalytic activity of the PSs was evaluated in the degradation of 50 mL of aqueous 

samples containing 5 mg·L-1 of E2 under visible light irradiation (4 mW·cm-2) with different 

concentrations of a non-immobilized PS (2.5, 5.0 and 10.0 µM) or a NP-PS at 10 µM. The 

stock solution of E2 was prepared at 1.84 mM (500 mg·L-1) in DMSO. Preparation of 

samples consisted in dispersing appropriate volumes of stock solutions of PSs and E2 in 

water until the desired concentration. Two control samples were included in each irradiation 

experiment: a light control containing 5 mg·L-1 of E2, without PS, and submitted to the same 

irradiation conditions as the samples, and a dark control containing 5 mg·L-1 of E2 and the 

PS at the highest concentration (10.0 µM), but kept in dark conditions. 

In order to estimate the reproducibility of the experimental results, photodegradation 

experiments were carried out in triplicate, showing in the graphs the average value 

corresponding for each experimental condition. 

2.4.18. Photodegradation of E2 in flow mode 

The flow visible-light phototreatment of E2 was carried out in a set up consisting in 

a light-transparent tubing of fluorinated ethylene propylene (FEP), with an inner diameter of 
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0.8 mm and outer diameter of 1.6 mm. The tube was mounted on a flatbed to obtain parallel 

reactor channels with a total reactor volume of 2 mL. After appropriate homogenization, 

samples in the reservoir (50 mL of aqueous solutions containing 5 mg·L-1 of E2 and a PS 

or NP-PS at 10 µM) were pumped by a rotary piston pump (REGLO-CPF Digital, Ismatec, 

Wertheim, Germany) through the photo-reactor with flow rates ranging from 0.1 to 0.4 

mL·min-1 while exposed to white light irradiation (4 mW·cm-2). Light and dark control 

samples were included in each irradiation experiment. 

Photodegradation studies with NP-PSs were done with different residence times (0-

60 min), loads of photocatalyst (NP-PS at 10, 15 and 20 µM) and pH (4, 6 and 8). pH values 

were adjusted using NaOH 10 M and HCl 1M.  

2.4.19. Quantification of E2 

Quantification of E2 was calculated by using HPLC-UV. Aliquots (20 μL) of the 

samples collected at different times during the phototreatment process were injected 

without any further sample preparation in case of non-immobilized PSs, or after filtration 

with a PVDF syringe filter with a 0.22 µm pore size in case of NP-PS, into an HPLC column 

with UV detection at 200 nm. Separation was achieved on a VDSPher 100 C18-E column 

(5 μm, 250 x 4.6 mm). The mobile phase was a mixture of acetonitrile and Millipore water 

3:1 (v/v) with a flow rate of 1.0 mL·min-1 in isocratic mode. 
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Summary 

The antimicrobial photodynamic approach has been demonstrated as efficient and 

sustainable for the eradication of microbial pathogens. 

The use of silica-coated magnetite nanoparticles as carrier of porphyrins and 

phthalocyanines, and its subsequent cationization, has resulted in the production of stable 

and efficient antimicrobial photosensitizing materials against Escherichia Coli. The effect of 

the photosensitizer glycosylation and size distribution of the nanomaterials in water are 

discussed. These biocide agents showed to be photostable and maintained their 

photoactivity performance upon 5 PDI cycles, which makes them promising materials for 

water disinfection purposes. 
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3.1 Introduction 

Along with the presence of pollutants, the emergence of waterborne pathogens 

represents a global challenge in ensuring affordable access to clean water. In developing 

countries, access to both safe and readily drinking water and adequate sanitation are not 

the rule, and waterborne diseases are common.144 The term waterborne disease refers to 

infections caused by the ingestion of water contaminated by human or animal faeces or 

urine containing pathogenic microorganisms, such as bacteria and viruses.145 Water related 

diseases cause between 2 and 5 million deaths each year.146 Some of most common 

diseases caused by contaminated water include cholera, dysentery, gastroenteritis, typhoid 

fever and acute diarrhea.147 

Among methods for water disinfection, the use of chlorine is considered as one of 

the most efficient. It is effective against a broad range of microbes and it is inexpensive and 

easy to use. However, the use of chlorine does not assure the inactivation of parasites, it 

affects odour and taste, and can lead to harmful disinfection by-products (DBPs).148 The 

safety issues related to large storage quantities of chlorine represents also a significant 

concern in terms of industrial accidents and the possibility of being used as a chemical 

weapon.149 Alternative methods, such as the use of ozone, UV light or antibiotics, also have 

drawbacks namely related with costs, efficiency, mutagenic effects and development of 

microbial resistance,150 and the nature of the formed disinfection by-products (DPBs).151 In 

this context, new technologies for water treatment have emerged in recent years. 

Photodynamic inactivation of microorganisms (PDI) may offer advantages over 

conventional processes of water remediation, circumventing microbial resistance against 

antibiotics.152 In addition, it represents a broad-range approach since it reduces the survival 

of bacteria (Gram-positive and Gram-negative), fungi, viruses and parasites.153 PDI involves 

the simultaneous presence of a photosensitizer (PS), visible light and oxygen, to produce 

reactive oxygen species (ROS), mainly singlet oxygen (1O2). ROS cause oxidative damage 

and eventually lethal effects on cells.154 Gram-negative bacteria are typically characterized 

by an impermeable outer cell membrane, which protects the cell from exogenous agents. 

However, positive charges in the PS improve PS binding to the negatively charged cell wall 

of Gram-negative bacteria, which increases membrane permeability and improves the PDI 

efficiency.155 

Two common problems of PDI agents are their susceptibility to form non-photoactive 

aggregates and their tendency to undergo photobleaching. Water solubility155 and 
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photostability156 determine the efficiency of PSs in most applications. Addressing the 

molecular basis of PS performance may help to overcome these limitations. PSs selected 

in this work are the ones described in Chapter 2: TPPF20, TPPF16(SGlc)4, TPPF17(SGlc)3, 

ZnPcF16 and ZnPcF8(SGlc)8. Polyfluorinated PSs decorated with thioglucose units as 

hydrophilic agents present improved resistance to both photobleaching157 and 

aggregation.158 In Por and Pc macrocyclic aromatic systems, fluorine substituents bear 

substantial negative charges, removing electron density from the aromatic system, and 

therefore providing an increased photostability. Both Pors and Pcs present high absorption 

coefficients in the spectral region of blue light, which penetrates more efficiently in aqueous 

media. In addition, the high absorption coefficient of Pcs in the red region of the spectrum 

makes them also potential candidates for other applications. 

The attachment of the PS to a magnetic nanostructured support may be a useful 

strategy,159 thus obtaining a more sable PS which can be recovered in a fast, easy and 

inexpensive way.160 Previous results of our group have demonstrated the efficient PDI of a 

Gram-negative bacterium (Allivibrio fischeri) using cationic nanomagnet-porphyrin hybrids 

with a Fe3O4 or a CoFe2O4 core.94 The recycling and reuse capabilities of these hybrid 

materials were also proven. 

This work describes the cationization of nanomagnet-PS hybrids described in 

Chapter 2: NP-TPPF20, NP-TPPF16(SGlc)4, NP-TPPF17(SGlc)3, NP-ZnPcF16 and NP-

ZnPcF8(SGlc)8; and their evaluation as PDI agents. With the introduction of positive 

charges in the outer shell of the NPs, an improvement on both water stability and PDI 

efficacy is expected. 

3.2 Results and discussion 

3.2.1 Preparation of NP+-PS 

Pors and Pcs immobilized onto NPs constituted by a nucleus of Fe3O4 and coated 

with silica described in Chapter 2, NP-TPPF20, NP-TPPF16(SGlc)4, NP-TPPF17(SGlc)3, NP-

ZnPcF16 and NP-ZnPcF8(SGlc)8, were cationized using a large excess of methyl iodide in 

DMF at 40 ºC for 16 h. NP+-PS (NP+-TPPF20, NP+-TPPF16(SGlc)4, NP+-TPPF17(SGlc)3, 

NP+-ZnPcF16 and NP+-ZnPcF8(SGlc)8) were obtained after filtration, and then were washed 
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and resuspended in water (Scheme 3.1). In this chapter, concentration of hybrid materials 

(in µM), NP-PS or NP+-PS, always refers to the amount of PS in the material. 

 

 

Por based PSs ZnPc based PSs 

R PS NP+-PS R PS NP+-PS 

R1=R2=R3=R4= F TPPF20 NP+-TPPF20 F ZnPcF16 NP+-ZnPcF16 

R1=R2=R3=R4= SGlc TPPF16(SGlc)4 NP+-TPPF16(SGlc)4 SGlc ZnPcF8(SGlc)8 NP+-ZnPcF8(SGlc)8 

R1=R2=R3= SGlc; R4= F TPPF17(SGlc)3 NP+-TPPF17(SGlc)3    

 

Scheme 3.1 

3.2.2 Characterization of NP+-PS 

XRD spectra of NP+-PS powders confirmed that magnetite is the main crystal phase 

in the hybrid materials, presenting peaks centred at 2Θ 18.4º, 29.7º, 35.4º, 37.1º, 43.1º, 

53.5º and 57.1º (Fig. 3.1). The hump between 2Θ 17º and 27º belongs to the amorphous 

silica shell. Peaks belonging to PS are not visible, maybe due to a minor containing in the 

final material. 

Due to their magnetic properties, Fe3O4 based NPs can be easily recovered from 

the aqueous medium after 2 minutes of applying an external magnetic field (Fig. 3.2a). This 

valuable feature is useful to recycle and reuse NP+-PS. However, these materials are also 

prone to form aggregates in solution, as typical TEM images show (Fig. 3.2b). Average 

particle size is below 10 nm, but aggregates of variable number of NPs are prevalent, which 

suggests that a good homogenization of NP+-PS before employing them will be relevant. 
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Fe3O4 NPs 

 

NP+-TPPF20 

 

NP+-TPPF16(SGlc)4 

 

NP+-TPPF17(SGlc)3 

 

NP+-ZnPcF16 

 

NP+-ZnPcF8(SGlc)8 

Figure 3.1. XRD powder spectra of the cationic hybrid materials. Patterns show that 
magnetite is the main crystal phase. 

a) 

        

b) NP+-TPPF17(SGlc)3

 

NP+-ZnPcF8(SGlc)8

 
 

Figure 3.2. a) Photographs of aqueous dispersions of NP+-TPPF17(SGlc)3 in vials without 
and in presence of a magnetic field for 2 minutes; b) TEM images of NP+-TPPF17(SGlc)3 
and NP+-ZnPcF8(SGlc)8, which show average particle sizes less than 10 nm. 

The successful immobilization of the PS onto the NPs was confirmed by UV-Vis 

spectroscopy of the suspensions in water (Fig. 3.3), by the presence of the characteristic 

Soret band at ca. 420 nm and weak Q bands ranging between 506-636 nm in case of Por 

based NPs, and typical intense Q bands between 600 and 850 nm in case of Pc based PS. 

Absorption spectrum of ZnPcF16 show the poor water solubility of this PS. Absorption curves 

of NP-PS and their corresponding NP+-PS did not show significant differences. 
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PS = TPPF20 

 

PS = TPPF16(SGlc)4 

 

PS = TPPF17(SGlc)3 

 

PS = ZnPcF16 

 

PS = ZnPcF8(SGlc)8 

 

 

 

PS 

 

NP-PS 

 

NP+-PS 

Figure 3.3. Normalized UV-Vis spectra of non-immobilized PS, NP-PS and NP+-PS in 
water. 

Water stability of NP-PS and NP+-PS dispersions was investigated by size 

distribution analysis obtained by dynamic light scattering (DLS). Size distribution curves of 

NP-PS aggregates are polydisperse and show high average hydrodynamic radius, ranging 

from 1115.8 nm (NP-TPPF20) to 295.1 nm (NP-TPPF17(SGlc)3) (Fig. 3.4). 
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Figure 3.4. Size distribution analysis of NP-PS using DLS experiments in water. Curves 
represent the relative population of the corresponding aggregate size given in a logarithmic 
scale in the x-axis. 
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Cationization of the amino groups in NP+-PSs promotes electrostatic repulsion 

between the surfaces of the NPs, which improves stabilization of the suspensions in water. 

However, NP+-TPPF20 and NP+-ZnPcF16 present broad size distributions with average 

hydrodynamic diameters of 1108.6 and 855.1 nm, respectively, due to aggregation of 

nanoparticles (Fig. 3.5). 
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Figure 3.5. Size distribution analysis of NP+-PS using DLS experiments in water. Bars 
represent the relative population of the corresponding aggregate size given in a logarithmic 
scale. 

NP+-TPPF16(SGlc)4, NP+-TPPF17(SGlc)3 and NP+-ZnPcF8(SGlc)8 present broad 

bimodal size distributions, with intense peaks centred at 215.0 nm (NP+-TPPF17(SGlc)3), 
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238.8 nm (NP+-TPPF16(SGlc)4) and 247.1 nm (NP+-ZnPcF8(SGlc)8). These values are in 

good agreement with other data obtained on magnetite NPs.161 A second peak, centred at 

21.0 nm (NP+-TPPF17(SGlc)3), 15.4 nm (NP+-TPPF16(SGlc)4) and 16.9 nm (NP+-

ZnPcF8(SGlc)8) can be attributed to single NPs, which did not suffer from aggregation (Fig. 

3.5). 

The different hydrodynamic diameter of aggregates in water can be explained 

attending to the multiple reactive positions for the nucleophilic attack in TPPF20 and 

ZnPcF16, which could have promoted the formation of polymeric materials based on several 

NPs linked by units of TPPF20 or ZnPcF16 (Fig. 3.6). Attachment of TPPF17(SGlc)3 onto NPs 

is certain to occur by substitution of its para fluorine atom, while available fluorine atoms of 

TPPF16(SGlc)4 and NP+-ZnPcF8(SGlc)8) are not so good leaving groups and nucleophilic 

attack is promoted in less extent. 

 

Figure 3.6. Schematic representation of NP+-PS according to the reactivity of the starting 
PS (represented by yellow stars) for covalent attachment onto NP by nucleophilic attack. 

3.2.3 Evaluation of photophysical properties of NP+-PS 

One of the characteristics that are expected from an efficient PS is the ability of 

generating high amounts of 1O2. 1O2 production for non-immobilized PS, NP-PS and NP+-

PS, was estimated by measuring the breakdown of diphenylisobenzofuran (DPBF), in 

absence or in presence of a PS, under artificial white light irradiation (4 mW·cm-2). Light 

control samples, containing just DPBF, were submitted to the same irradiation conditions 

for 20 minutes and showed low rates of direct photolysis (ca. 3.5%), consequently, a more 

relevant decay in the DPBF maximum of absorption in the samples containing a PS is 

attributed to the presence of 1O2 (Fig. 3.7). 

As described in Chapter 2, non-immobilized PS were the best 1O2 producers. Free 

glycosylated Pors are more efficient in the 1O2 generation than their related compound 
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TPPF20, having that TPPF16(SGlc)4 presents slightly better results in the degradation of 

DPBF than TPPF17(SGlc)3. NP-PS showed lower kinetics in 1O2 generation, which can be 

understood due to the difficulty of oxygen to diffuse into the aggregates. Charges in NP+-

PS improved their water stability, which improved their ability to generate 1O2. NP+-

TPPF17(SGlc)3 presents slightly better results in the degradation of DPBF than NP+-TPPF20 

and NP+-TPPF16(SGlc)4. Besides the potential as 1O2 generator of the non-immobilized 

TPPF17(SGlc)3, NP+-TPPF17(SGlc)3 could turn out to be the most ordered material, since 

para fluorine atoms in TPPF17(SGlc)3 determine the position for the nucleophilic substitution 

in the attachment to the NPs, which could retain better the photophysical properties of the 

PS. 
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Figure 3.7. Degradation of DPBF (50 µM) in DMF/H2O (9:1) upon irradiation with a red LED 
array at a fluence rate of 4.0 mW cm-2 and room temperature for 20 min of irradiation in 
absence of PS, or in presence of a Por-based PS (0.5 µM) for 20 min, or in presence of a 
Pc-based PS (0.5 µM) for 5 min. 

In this test, samples were irradiated with red light in order to prevent direct 

photodegradation of DPBF, which present its maximum of absorption in the blue region of 

the electromagnetic spectrum. Since in the red region of the spectrum is where Pc present 

higher intense absorption of their Q bands, only 5 min of irradiation was required to 

qualitatively determine the ability to generate 1O2 of Pc-based PS. Results showed a higher 

1O2 yield of the glycosylated derivative NP+-ZnPcF8(SGlc)8 when compared to its related 

NP+-ZnPcF16. 

Photostability studies were conducted in the same conditions of irradiation of the 

PDI studies. The intensity of the Soret and Q bands of NP+-PS showed that all the samples 

were stable upon 270 min of irradiation (Fig. 3.8). Previous studies (see Chapter 2) showed 

a slight decrease in intensity of the absorption bands of neutral NP-PS due to an uncertain 

stability of the aqueous suspensions. In view of the results, cationization improved the 
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stability of water suspensions of hybrid materials, which would also explain the better 

photophysical features in 1O2 generation. 

NPs+-TPPF20

 

NPs+-TPPF16(SGlc)4

 

NPs+-TPPF17(SGlc)3 

 

NPs+-ZnPcF16

 

NPs+-ZnPcF8(SGlc)8

 

 

 

0 min 
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60 min 

 

90 min 

 

120 min 

 

180 min 

 

240 min 

Figure 3.8. UV-Vis absorption spectra of aqueous suspensions of hybrid materials at 2 µM 
upon different times of artificial white light irradiation at 4 mW·cm-2. 

3.2.4 Bioluminescence versus viable counts of an overnight culture of E. 

coli 

To assess the correlation between colony counts and the bioluminescent signal of 

the indicator E. coli strain, an overnight culture of bioluminescent E. coli was serially diluted 

in phosphate buffer saline solution (PBS). Light emission of the non-diluted and diluted 

aliquots was read in a luminometer and simultaneously, and 1 mL of each dilution was pour 

plated in TSA medium for colony counting. Three independent experiments were conducted 

and the results were averaged and represented as displays Fig. 3.9, showing that, 

bioluminescence and viable counts of a growing culture of recombinant E. coli presented a 

linear relationship. 
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Figure 3.9. Relation between bioluminescence and viable counts in overnight cultures of 
recombinant E. coli (≈ 108 CFU·mL-1); R2 = 0.9964. Values represent the mean of three 
independent experiments; error bars indicate the standard deviation. 

3.2.5 Photosensitization of E. coli 

Waterborne Gram-negative bacteria, such as Vibrio cholera, Vibrio 

parahaemolyticus, Salmonella enterica, Shigella dysenteriae and Escherichia coli, are 

responsible for many life-threating infections in humans.145 While Gram-positive bacteria 

have a thick and porous cell wall of interconnected peptidoglycan layers that surround a 

cytoplasmic membrane, Gram-negative bacteria present an outer membrane, a thinner 

peptidoglycan layer and a cytoplasmic membrane.162 To perform antimicrobial 

photodynamic therapy, the accumulation of the PS in the bacteria is a prerequisite for cell 

death.163 A positively charged PS can achieve an efficient interaction with the Gram-

negative bacterial cell wall, which is negatively charged due to, for instance, teichoic acid 

residues, thus circumventing the difficulty to interact with the complex cell wall. Positive 

charges bind to the surface and displace cations, thereby changing the arrangement of the 

lipopolysaccharide external coat, which results in an alteration of the barrier properties of 

cell wall. This allows the penetration of the PS and enables the further photosensitization 

process of Gram-negative bacteria (Fig. 3.10).164 Herein, we tested hybrid materials 

consisting in an effective PS (as 1O2 generator), which does not possess any intrinsic 

cationic charges, attached to polycationic NPs, favouring the synergistic combination of the 

final photoactive materials. 
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Figure 3.10. Schematic illustration of PDI mechanism of NP+-PS on E. Coli as a model 
Gram-negative bacteria. 

The photocytotoxicity action of PS, NP-PS or NP+-PS against a recombinant 

bioluminescent E. coli was assessed by exposing the cells with the photosensitizers at 10 

or 20 µM to artificial white light (4 mW·cm-2) during different irradiation periods (15, 30, 60, 

90, 120, 150, 180, 240 and 270 min). Results of control experiments (data not shown) 

showed that viability of E. coli was affected neither by irradiation itself (light control) nor by 

any of the photosensitizer tested (dark control). This fact indicates that cell viability reduction 

observed after irradiation of the treated samples is due to the photosensitization effect of 

PS, NP-PS or NP+-PS. Among non-immobilized PS (20 µM), no considerable decrease in 

cell survival was observed in the presence of TPPF20 and ZnPcF16 (Fig. 3.11a). The 

corresponding glycosylated derivatives showed evidence of a photosensitizing effect with a 

decrease of 2.3 log (TPPF16(SGlc)4), 2.8 log (TPPF17(SGlc)3) and 2.6 log (ZnPcF8(SGlc)8) 

on bioluminescence signal after 270 min of irradiation. Results suggest a positive effect of 

the PS glycosylation over the PDI efficiency, which could be explained due to a higher 

efficiency as 1O2 generators, a better solubilisation in water, and/or certain interactions 

between glucose units and the outer cell membrane. However, several non-immobilized 

cationic PS have been already documented as more promising PDI agents against E. coli 

at lower concentrations and irradiation times of exposure.44, 155, 165 The five neutral hybrid 

materials were tested under the same conditions in PDI experiments and all showed to be 

even less efficient against E. coli (Fig. 3.11b). 

In previous studies, Carvalho et. al showed that positive charges in the PS of a NP+-

PS were essential to achieve a significant photoinactivation of E. coli, concluding that 

positive charges in the nanomaterial play other important roles, such as the stabilization in 

water suspensions.93 However, the neutral TPPF16(SGlc)4, TPPF17(SGlc)3 and 

ZnPcF8(SGlc)8, which were not particularly efficient per se as PDI agents, could efficiently 

inactivate E. coli after conjugation to NPs which were further cationized. Their 
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corresponding NP+-PS at 10 µM showed already better biocide activity against E. coli during 

270 min of irradiation than their related precursors at 20 µM, being able to induce a decrease 

of 2.6 log (NP+-TPPF16SGlc)4), 3.8 log (NP+-TPPF17(SGlc)3) and 3.3 log (NP+-

ZnPcF8(SGlc)8) on the bioluminescence signal (Fig. 3.12a). On the other hand, the slight 

decrease of the bioluminescence signal in tests with NP+-TPPF20 and NP+-ZnPcF16 was 

only due to the adsorption capacity of the silica shell of the materials to host bacterial cells, 

since these values coincided well with the ones obtained in dark control tests. These results 

indicate that not only a positively charged support carrying a PS is needed for the PDI effect. 

 

a) 

 

 TPPF20 

 TPPF16(SGlc)4 

 TPPF17(SGlc)3 

 ZnPcF16 

 ZnPcF8(SGlc)8 

b) 

 

 NP-TPPF20 
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 NP-ZnPcF8(SGlc)8 

Figure 3.11. Photodynamic inactivation of E. coli with a) 20 µM of non-immobilized PS or 
b) neutral nanomagnet-photosensitizer hybrid (NP-PS). Tests were performed under 
permanent magnetic stirring (mean ± standard deviation of three PDI experiments of 270 
min with a fluence rate of 4 mW·m-2). 

Previous studies have demonstrated the efficiency as PDI agents of neutral 

porphyrins conjugated to cationic moieties. Reddi et. al described the preparation of 5-(4-

carboxyphenyl)-10,15,20-triphenylporphyrin anchored to cationic peptides, which exhibited 
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strong interaction capability as well as photoactivity towards E. coli and eukaryotic cells, 

namely, human fibroblasts.166 The glycosylation derivatization of a PS could have beneficial 

effects on the photodynamic performance. Sugars in culture media are easily used for cell 

growth. Because of the ubiquitous metabolic requirements for sugar, microorganisms 

frequently possess a variety of transport pathways (sometimes called carriers, porters or 

permeases) to cope with sugar availability under different environmental conditions.167 

Group translocation systems, more commonly known as the phosphotransferase system in 

E. coli, are used primarily for the transport of sugars. An interaction between PS-thioglucose 

and these carriers could promote the accumulation in the membrane, essential for PDI 

efficient processes. This assumption can also explain the data obtained in PDI tests with 

non-immobilized PS. 

Figure 3.12. Photodynamic inactivation of E. coli with a) 10 or b) 20 µM of cationic 
nanomagnet photosensitizer hybrid (NP+-PS). Tests were performed under a permanent 
magnetic stirring (mean ± standard deviation of three PDI experiments of 270 min with a 
fluence rate of 4 mW·m-2). 
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Additionally, NP+-TPPF16(SGlc)4, NP+-TPPF17(SGlc)3 and NP+-ZnPcF8(SGlc)8 

present a bimodal size distribution of the aggregates in water, with small NPs of 

hydrodynamic diameters between 7.5 and 38 nm, which could better diffuse among the cell 

membrane. Evidences of the influence of scaffold size of NPs on bactericidal activity have 

been reported.168 

Biological results using NP+-PS at 20 µM (Fig. 3.12b) confirmed that NP+-

ZnPcF8(SGlc)8 was the most effective material against E. coli, where only 240 min were 

necessary to achieve the complete photoinactivation. NP+-TPPF16(SGlc)4 was the second 

material more effective, causing total cell death after 270 min of irradiation. NP+-

TPPF17(SGlc)3 induced a decrease of ≈8 log on the bioluminescence signal, which was 

almost a total inactivation of cells. 

3.2.6 Recycling of NP+-PS in successive PDI cycles 

Previous studies of PDI recycling tests with NP+-PS showed that PDI efficiency 

suffered a decrease of ≈1.5 log units on the bioluminescence signal in the second cycle, 

and that this loss of photosensitizention capacity was even more pronounced in the third 

cycle. This effect was thought to be related with the loss of small active particles 

disaggregated from the large hybrid clusters, caused by the sonication of the recycled NP+-

PS stock suspensions before each PDI cycle.94 To overcome this, NP+-PS were 

magnetically recovered and washed with ethanol and water by manually shaking after each 

run, and then were tested under the same PDI test conditions, avoiding always the use of 

sonication treatment. Starting bacterial suspension contained log (RLU)= 7.9 ± 0.3. The 

three materials presented a similar behaviour among 5 recycling runs, in which 

photosensitization activity was retained and the loss of PDI efficiency was not so 

pronounced as previous studies (Fig. 3.13). After 5 runs, efficiency suffered a decrease of 

1.9 log (TPPF16(SGlc)4), 1.8 log (TPPF17(SGlc)3) and 2.2 log (ZnPcF8(SGlc)8) on the 

bioluminescence signal. This drop in photosensitization efficiency can be attributed to the 

loss of NP+-PS during recycling treatments. 
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Figure 3.13. Photodynamic inactivation of E. coli (starting bacterial suspension contained 
log (RLU)= 7.9 ± 0.3) with recycling of materials, conducted at a concentration of 20 µM of 
NP+-TPPF16(SGlc)4, NP+-TPPF17(SGlc)3, or NP+-ZnPcF8(SGlc)8, under a permanent 
magnetic field (mean ± standard deviation of three PDI cycles of 270 min with a fluence rate 
of 4 mW·m-2). 
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Conclusions 

The novel cationic nanomagnet-photosensitizer hybrids based on glycosylated 

porphyrins or phthalocyanines, NP+-TPPF16(SGlc)4, NP+-TPPF17(SGlc)3 and NP+-

ZnPcF8(SGlc)8, can be considered as high efficient materials for the photodynamic 

inactivation of E. coli. Aggregates of the three materials in water presented a bimodal size 

distribution, formed by large clusters of agglomerated NPs and small NPs with 

hydrodynamic diameters between 7.5 and 38 nm, which could better diffuse among the cell 

membrane. Glycosylation of the PS showed a beneficial effect on the photosensitizing 

performance, which can be understood as a result of the interaction between thioglucose 

units and the outer cell membrane of E. coli, which would induce a better accumulation of 

NP+-PS. NP+-ZnPcF8(SGlc)8 was the most effective material, causing complete inactivation 

(to the limit of detection) at 20 µM upon 240 min of white light irradiation at 4mW·cm-2. In 

addition, the recovery and recycling of NP+-PS indicated the viability of these materials, as 

the drop of PDI efficiency was not very pronounced after 5 cycles. 
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3.3 Experimental section 

3.3.1 Apparatus and characterization 

Absorption spectra of liquid samples were recorded using a Shimadzu UV-2501-PC. 

Absorption spectra of solid samples were recorded using a Jasco V-560 with an integrating 

sphere ISV-469. Powder XRD spectra were performed in the range 10-90° 2θ on a Philips 

X’pert MPD diffractometer using Cu Kα radiation. Transmission electron microscopy (TEM) 

images were obtained on a Zeiss Libra 200 MC TEM/STEM electron microscope operating 

at 200 kV from Bruker (Berlin, Germany). DLS measurements were done in a Marvel 

ZetaSizer Nano equipment. The irradiation system used to determine the production of 1O2 

was a LED array composed of a matrix of 6 × 8 LEDs, thus making a total of 48 light sources, 

with an emission peak at 640 nm and a bandwidth at half maximum of ±20 nm. The 

irradiation system used in the PDI tests was a PAR radiation, 13 fluorescent lamps OSRAM 

21 of 18 W each, 380-700 nm. The radiation power was measured with a potentiometer 

bright Spectra Physics, model 407A and the sensor of the same brand, model 407A-2. 

3.3.2 Materials and reagents 

All reagents were obtained from commercial sources and were used without further 

purification steps. Reverse phase column chromatography was carried out over Waters 

Sep-Pak C18 35 cm3 cartridges. Analytical TLC was carried out on pre-coated silica gel 

sheets (Merck, 60, 0.2 mm). 

3.3.3 Synthesis of the cationic nanomagnet-PS hybrids (NP+-PS) 

NP-PS (NP-TPPF20, NP-TPPF16(SGlc)4, NP-TPPF17(SGlc)3, NP-ZnPcF16 NP-

ZnPc(SGlc)8) suspended in ethanol (11.5 mL, corresponding to 190 mg) were filtered 

through a polyamide membrane, washed and resuspended in DMF (6 mL), and 

subsequently treated with a large excess of methyl iodide (2 mL). The reaction mixture was 

kept under stirring at 40 ºC for 16 h. Then, suspensions were cooled down in an ice bath 

and the corresponding cationic nanomagnet materials (NP+-PS) were filtered, washed with 
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methanol and water, and resuspended in water (50 mL), obtaining NP+-TPPF20, NP+-

TPPF17(SGlc)3, NP+-ZnPcF16, NP+-TPPF16(SGlc)4 and NP+-ZnPcF8(SGlc)8. These stock 

suspensions correspond to approximately 18 mg·mL-1. 

3.3.4 Photostability and aqueous stability tests 

Photostability of the cationic hybrid materials was evaluated by exposing aqueous 

suspensions of NP+-PSs at 2 µM, under white light irradiation (4 mW·cm-2), at room 

temperature, with vigorous magnetic stirring, for 270 min. At fixed intervals of time, visible 

absorption spectra of the samples were recorded. To evaluate the stability of the 

suspensions of the hybrid compounds in water, a procedure similar to that described above 

was followed but in dark conditions (samples contained in glass cells were covered with 

aluminium foil). 

3.3.5 Determination of sensitized 1O2 generation 

Ability of PS, NP-PS and NP+-PS to generate 1O2 was qualitatively determined by a 

chemical method using 1,3-diphenylisobenzofuran (DPBF) as 1O2 trapping agent. The 

yellow-coloured DPBF reacts specifically with 1O2 in a [4+2] cycloaddition Diels-Alder 

reaction, being oxidized to the colorless o-dibenzoylbenzene. For the determination of the 

1O2 generation, samples in DMF/water (9:1) containing 0.5 µM of PS, NP-PS or NP+-PS, 

and 50 µM of DPBF were irradiated with a red LED array, at a fluence rate of 4.0 mW·cm−2. 

Another sample in DMF/water (9:1) containing just DPBF 50 µM was submitted to the same 

irradiation conditions as light control of direct photolysis. The LED array used as irradiation 

system was composed of 6 × 8 LEDs, with an emission peak at 640 nm and a bandwidth 

at half maximum of ±20 nm. During the irradiation, samples were kept under vigorous 

stirring at room temperature. The generation of singlet oxygen was followed by its reaction 

with DPBF. The breakdown of DPBF was monitored by measuring the decreasing of the 

absorbance at 413 nm at irradiation intervals of 2 min for 20 min for Por-based PS, and at 

intervals of 0.5 min for 5 min for Pc-based PS. 
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3.3.6 Bacteria growth conditions 

A recombinant bioluminescent Escherichia coli strain was selected as model of 

Gram-negative bacteria for PDI studies due to the possibility of real-time monitoring of the 

photosensitization process.169 Cells were grown on tryptic soy agar (TSA), supplemented 

with 50 mg·mL-1 of ampicillin (Amp) and 34 mg·mL-1 of chloramphenicol (Cm). One isolated 

colony was aseptically inoculated in 30 mL of tryptic soy broth (TSB), supplemented with 

both antibiotics (150 µL Amp/100 mL TSB, 60 µL Cm/100 mL TSB) and grown for one day, 

at room temperature, at 100 rpm stirring. Before each experiment, an aliquot (140 µL) of 

this culture was sub-cultured in 30 mL of fresh TSB containing Amp and Cm (same 

concentrations as before in TSB), and was grown for 16 h, at 26 ºC, at 130 rpm stirring, until 

reaching stationary phase. 

3.3.7 Screening assays with a bioluminescent E. coli strain 

To assess the correlation between colony counts and the bioluminescent signal of 

the indicator E. coli strain, an overnight culture of bioluminescent E. coli (≈108 CFU·mL-1) 

was serially diluted in phosphate buffer saline solution (PBS; 1.80 g·L-1 of Na2HPO4, 0.30 

g·L-1 of KH2PO4, 0.25 g·L-1 of KCl, 10.00 g·L-1 of NaCl; prepared in MilliQ water; pH 7.4). 

Light emission of the non-diluted and diluted aliquots was read in a luminometer and 

simultaneously, 1 mL of each dilution was pour plated in TSA medium for colony counting. 

Three independent experiments were conducted and the results were averaged. 

3.3.8 Assays of photodynamic inactivation with a bioluminescent strain 

An aliquot of a fresh culture of the bioluminescent E. coli strain (≈108 CFU·mL−1) 

centrifuged for 5 min at 13000g. The bacterial pellet was washed twice and resuspended in 

PBS. Cell suspensions were transferred to polystyrene Petri dishes and PS, NP-PS or NP+-

PS were added at the selected concentration (10 or 20 µM). To each Petri dish, a sterile 

magnetic bar was added. Samples were incubated for 30 min in dark conditions at 26 ºC. 

Then, the bottom of Petri dishes was immersed in a water bath at 26 ºC and this was placed 

on a magnetic plate, under the light irradiation system. Aliquots of treated samples were 
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collected at time 0 and after 15, 30, 60, 90, 120, 180, 240 and 270 min of irradiation for 

bioluminescence measurement in a luminometer (Turner Designs – 20 ⁄ 20). Three 

independent experiments were conducted and the results were averaged. A light control 

(bacteria exposed to irradiation without PS, NP-PS or NP+-PS) and a dark control (bacteria 

exposed to PS, NP-PS or NP+-PS, in dark conditions) were included in each experiment to 

check potential hybrid toxicity to the bacterial model or direct effects of light on cell viability. 

3.3.9 Recycling studies of NP+-PS 

Herein, the term recycling involves processing an already used material after its 

recovery by removal of the treated liquid and an aqueous rinsing, for its reuse by adding a 

new volume of bacterial suspension. 

After one PDI experiment (1 cycle), samples containing NP+-PS were transferred 

into polystyrene tubes and the materials were collected at the bottom with a strong 

permanent magnetic field, using a neodymium magnet. Supernatant in each tube was 

removed and NP+-PS systems were washed with ethanol and water. Then, a new bacterial 

suspension was added to each tube and these suspensions were transferred again to Petri 

dishes. After the incubation period in dark conditions, irradiation of the samples was 

restarted. For each NP+-PS, five PDI cycles were performed. Three independent 

experiments, of five cycles each, were done and the results were averaged. Light control 

(bacteria exposed to irradiation without hybrid) and dark control (bacteria exposed to NP+-

PS without irradiation) samples were included in each of the experiments. 
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Summary 

Eleven bacteria isolated from different natural environments, such as compost, Ria 

de Aveiro (Portugal) and enrichment cultures of sediments of mud volcanoes of the Gulf of 

Cadiz (Moroccan-Iberian margin), were identified as aerobic E2 biodegraders, producing 

estrone (E1) as main metabolite, which could be also degraded by the tested strains. 

Bacterial strains presenting higher efficiency in E2 removal were investigated under 

different conditions, including the ability of the strains to clear E2 in presence of other 

available carbon sources in the medium, the behaviour of isolated strains in presence of 

different concentrations of E2, the ability of the strains to simultaneously degrade different 

estrogens, the evaluation of the rate of E2 clearance in real wastewaters, the determination 

of the E2 transformation products, and the anaerobic biodegradation of E2. 
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4.1. Introduction 

In the last years, despite the observed reduction in the estrogenicity of wastewater 

effluents, some estrogenic effects still persist in streams discharged to surface waters.170 

The impact of preliminary treatments in a classic urban WWTP, consisting on the elimination 

of large solids, seems to be insignificant in the removal of estrogens. During primary 

treatments, sorption techniques are used for the removal of pollutants, through that it is 

expected that free estrogens, which present relatively high logarithmic values of octanol-

water partition coefficient (Kow), can be removed (see section 1.1). However, only negligible 

amounts of estrogens are eliminated during this stage,171 and conjugated estrogens, such 

as sulfate, glucuronide or sulfoglucuronide forms, which present lower levels of estrogenic 

activity, may undergo deconjugation to be transformed into more active free hormones.171b, 

171c, 172 After this stage, the liquid phase is subjected to a secondary treatment under aerobic, 

anoxic, and/or anaerobic conditions, allowing the removal of carbon, nitrogen, and 

phosphorous, among other elements, by microbial activity. Then, treated sewage is directed 

to a secondary clarifier where water is separated from biomass and residual organic matter 

or sludge. Here, in addition, free estrogens can be removed by sorption to organic material 

or be biologically transformed.18 

According to Wu et al., removal of estrogens in a WWTP has shown to be mainly 

via biodegradation, observing different elimination degrees ranging from 19 to 94% for E1, 

76- 92% for E2, and 83-87% for EE2.105 Consequently, natural and synthetic estrogens 

reach the aquatic environment through discharges of urban and industrial wastewaters. Due 

to their high estrogenic potency, the natural hormone E2 and the synthetic estrogen EE2 

are the most closely monitored.173 

Estrogens E1, E2, E3 and EE2, the target organic pollutants to be removed in the 

present research work, have been previously reported in WWTPs effluents (Table 4.1) and 

in river waters (Table 4.2), at concentrations which are already considered (or close to be 

considered) as sufficient to induce estrogenic effects in aquatic organisms (1-10 ng·L-1). 
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Table 4.1. Concentration of estrogens in treated effluents. 

Sample site by 
country 

Concentration (ng·L-1) 
Ref. 

E1 E2 E3 EE2 

France 4.3-7.2 1 5.0-7.3 2.7-4.5 174 

Canada 3 6 n.a.* 9 175 

Germany 9 n.d. (1.0)* n.a. 1 175 

Netherlands n.d. (0.4)-47 n.d. (0.6)-12 n.a. n.d. (0.2)-7.5 176 

England 6.4-29 1.6-7.4 2.0-4.0 n.d. (0.3) 177 

Italy 2.5-82.1 0.35-3.5 0.43-18.0 n.d. (0.3)-1.7 178 

Spain n.d. (2.5)-8.1 n.d. (5.0)-14.5 0.25-21.5 n.d. (5.0) 179 

Portugal n.d. (0.2)-85.3 n.d. (0.2)-9.2 n.a. n.d.(0.2) 180 

*n.d. (LOD): not detected (limit of detection) 

*n.a.: not analysed 

 

Table 4.2. Concentration of estrogens in river waters. 

Sample site by 
country 

Concentration (ng·L-1) 
Ref. 

E1 E2 E3 EE2 

France 1.1-3.0 1.4-3.2 1.0-2.5 1.1-2.9 174 

Netherlands n.d. (0.1)*-3.4 n.d. (0.3)-5.5 n.a.* n.d. (0.1)-4.3 176 

England 0.2-17.0 n.d. (0.5)-7.1 n.d. (0.5)-3.1 n.d. (0.5)* 177 

Italy 1.5 0.11 0.33 0.04 178 

Spain 4.3 6.3 8.0 n.d. (5.0) 179 

Portugal n.d. (0.2)-0.5 n.d. (0.2)-0.8 n.a. n.d.(0.2) 180 

*n.d. (LOD): not detected (limit of detection) 

*n.a.: not analysed 

 

The use of microorganisms capable of degrading organic pollutants is considered 

an interesting strategy for water treatment applications because of its reduced 

environmental impact and its efficiency in the removal of dispersed organics, even at low 

concentrations,181 which benefits the efficient removal of pollutants in the nanoscale range. 

It has the disadvantage of being a slow process when compared to physical methods and 

advanced oxidation processes (AOPs).182 In spite of the fact that by using AOPs some 
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persistent photodegradation products may retain estrogenic activity in water,183 in general 

physicochemical techniques are considered as efficient. On the other hand, bioremediation 

is an advantageous technology for pollutant removal due to low costs and modest energetic 

requirements, qualities which are not always fulfilled by AOPs. 

Different types of estrogen-degrading bacteria have been isolated and 

characterized, such as Novosphingobium,184 Sphingomonas,185 Ralstonia,109 

Rhodococcus108 and Nitrosomonas26 species (see section 1.4.2). Previous studies have 

reported the formation of E1 as the major metabolite in the biotransformation of E2 in batch 

tests with either activated sludge or pure cultures.26, 31, 109, 114, 117 This fact suggests that the 

biotransformation of E2 by bacteria may start through the most accessible functional group, 

the 17-hydroxyl group (Scheme 4.1). As a result, E1 is produced, but detailed 

transformation pathways of E2 by biodegradation are still unclear in most cases. E1 displays 

approximately one quarter of the estrogenic activity of E2, therefore, E1 is considered an 

undesired degradation product. 

 

Scheme 4.1 

In this work, eleven bacterial strains isolated from compost, estuarine water (Ria de 

Aveiro, Portugal) and deep sea sediments (mud volcanoes of the Gulf of Cadiz, Moroccan-

Iberian margin), were tested in the aerobic and anaerobic biodegradation of estrogens. The 

motivation of this study lies within the frame of alternative E2 biodegradation routes in which 

the formation of E1 is reduced or this can be also degraded during the treatment by selected 

bacterial strains. The versatility of the more efficient bacterial strains to metabolize 

estrogens was evaluated under different conditions, such as the influence of the presence 

of other carbon sources, or the ability to degrade other estrogens. Finally, transformation 

products arising from the biodegradation of E2 were studied using mass spectrometry 

methods. 
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4.2. Bacterial strain selected for estrogen removal 

Eleven bacterial strains isolated from different environmental matrices were tested 

in biodegradation studies of estrogens. Codes given for the isolates are displayed in 

parentheses next to the bacterial strain name. 

▪ Five unidentified bacteria, previously isolated from sediments of mud volcanoes of 

the Gulf of Cadiz (Moroccan-Iberian margin, Fig 4.1), located at ~4500 m water 

depth;186 were kindly provided by The Laboratory of Molecular Ecology of Marine 

Environments, of University of Aveiro (LF1-LF5). These isolates were selected since 

biodegradation of a wide range of hydrocarbons, including aliphatic, aromatic, 

halogenated and nitrated compounds, has been shown to occur in different extreme 

habitats. In particular, cold-adapted hydrocarbon degraders have been described as 

suitable for wastewater treatment applications.187 

a) 

 

b) 

 

Figure 4.1. a) Map of the SW Iberia-Gulf of Cadiz and b) enlargement of tectonic map of 
mud volcanoes of this region were LF1-LF5 were isolated.188 

The deep sea environment is influenced by extreme conditions, broadly 

characterized by high hydrostatic pressures up to 1100 atm (110 MPa), low 

temperatures of approximately 2-3 °C, salinity levels of 3.4-3.5%, a pH between 7.5 

and 8.0, absence of light and generally oligotrophy.189 Bacteria isolated from 

extreme environments able to degrade organic pollutants can be ideal candidates 

for the biological treatment of wastewaters under certain extreme conditions of 

pressure, temperature, pH, salinity, etc. 
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▪ Pseudomonas aeruginosa strain JB2 (LF6) and Acinetobacter sp. ADP1 

(LF7), both isolated from compost, were kindly provided by Prof. Dr. Nico Boon, from 

Laboratory of Microbial Ecology and Technology, of Ghent University. These 

isolates were selected as positive controls in the biodegradation tests, since they 

were already reported as estrogen degraders in 2008 by Pauwels et al.29b 

▪ Pseudomonas aeruginosa GIM 32 (LF8), Pseudomonas sp. JPPB B25 (LF9), 

Pseudomonas sp. ANT-2400 S10 (LF10) and Pseudomonas segetis FR1439 

(LF11), all of them isolated from Ria de Aveiro (North-West of Portugal), were kindly 

provided by Antonio Louvado, from the Laboratory of Applied and Environmental 

Microbiology, Department of Biology, University of Aveiro.190 These isolates were 

selected because they were already described as polycyclic aromatic hydrocarbons 

(PAHs) degraders,191 and it was though that they could present potential for the 

removal of other organic pollutants. 

4.3. Results and discussion 

4.3.1. Identification of isolates from deep sea sediments (LF1-LF5) 

For the molecular identification of isolates LF1-LF5, extraction of total 

deoxyribonucleic acid (DNA) of bacterial isolates was carried out following the 

phenol/chloroform extraction procedure,192 using fresh bacterial cultures grown in Luria-

Bertani broth (LB) for 5 days at 26 °C on a rotary shaker. DNA was suspended 50 µL of TE 

buffer and stored at -20 °C. To evaluate the extraction procedure, 5 µL-aliquots of each 

sample were subjected to electrophoresis on agarose gel 1.5% with GelRed at 80 V for 30 

min in TAE buffer. The gel was then visualized on an imaging system. 

The 16S ribosomal DNA (rDNA) gene was amplified by polymerase chain reaction 

(PCR) using universal bacterial primers U27 and 1492R.193 A negative control containing 

all reagents but the biological sample was included for detecting possible contaminations. 

The DNA amplification product was externally sequenced (Stabvida) using the Sanger 

method.194 The sequences obtained were classified and compared to existing sequences 

in GenBank using the software BLAST (Basic Local Alignment Search Tool) 

(http://www.ncbi.nlm.nih.gov/). 
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Positive amplification of PCR reactions with selected primers was only obtained for 

isolates LF1, LF3 and LF5. Consequently, LF2 and LF4 remained unidentified. The 

sequences were identified as closely related (more than 99% sequence similarity) to 

sequences designed as Virgibacillus halotolerans (LF1), Bacillus flexus (LF3) and Bacillus 

licheniformis (LF5) (Table 4.3). 

 

Table 4.3. BLAST results obtained for the 16S rDNA gene sequence alignments. 

Isolate Similarity BLAST 
Accession 
number 

Query Ref. 

LF1 99% Virgibacillus halotolerans strain WS 4627 NR108860.1 99% 195 

LF3 99% Bacillus flexus strain MSBC2 KJ452460.1 99% 196 

LF5 99% Bacillus licheniformis strain 3 KP119810.1 99% 197 

 

The five isolates were positive to the Gram staining method.198 In general, Gram-

positive bacteria are more resistant to extreme conditions of pressure than Gram-negative, 

due to the rigidity of teichoic acids in their peptidoglycan layer cell wall.199 Attending to the 

high hydrostatic pressure levels of deep sea environment, results of staining method can 

be considered as expectable. The two Bacillus isolates identified in this study are commonly 

occurring in various aquatic habitats. Bacillus flexus has been isolated from a Saudi lake (in 

this study, Bacillus flexus was used to degrade microcystin-RR, a potent toxin for humans 

and animals produced by some cyanobacteria)200 and from green seaweed Ulva lactuca of 

Indian Ocean.201 Bacillus licheniformis has been isolated from coastal environment in 

Cochin, in India.202 In the literature, the presence of Virgibacillus halotolerans has only been 

reported from a dairy product.195 However, a number of Virgibacillus species have been 

isolated from different marine environments.203 

▪ Description of Virgibacillus halotolerans WS 4627 (LF1)195 

Current classification. Domain: Bacteria. Phylum: Firmicutes. Class: Bacilli. Order: 

Bacillales. Family: Bacillaceae. Genus: Virgibacillus. Species: Virgibacillus 

halotolerans. Type strain: WS 4627.202 

Cells are Gram-stain-positive, slightly motile and strictly aerobic rods (0.7–0.8 x 3.0–

5.0 mm) that produce ellipsoidal endospores that lie centrally or subterminally in 

sometimes slightly swollen sporangia. Colonies are cream, flat to low-convex and 

translucent with regular margins. Growth at pH 6.5-8.5 and in 0.5-16.5% NaCl. 

Growth temperature 8 to 35 ºC (optimum 30 ºC). 
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▪ Description of Bacillus flexus strain MSBC2 (LF3)196 

Current classification. Domain: Bacteria. Phylum: Firmicutes. Class: Bacilli. Order: 

Bacillales. Family: Bacillaceae. Genus: Bacillus. Species: Bacillus flexus. Type 

strain: MSBC2. 

Cells are Gram-stain-positive, motile, aerobic cocci (0.9 µm mean cell width), that 

produce centrally/paracentrally ellipsoidal endospore in unswollen sporangia. 

Colonies are cream-colored, opaque and smooth. Growth at pH 4.5-9.5 and in 2-

10% NaCl. Growth temperature 17 to 37 ºC (optimum 30 ºC). 

▪ Description of Bacillus licheniformis strain 3 (LF5)197 

Current classification. Domain: Bacteria. Phylum: Firmicutes. Class: Bacilli. Order: 

Bacillales. Family: Bacillaceae. Genus: Bacillus. Species: Bacillus licheniformis. 

Type strain: 3. 

Cells are Gram-stain-positive, motile, rod-shaped (1.5-3.0 x 0.6-0.8 µm), facultative 

anaerobes (unlike other bacilli that are typically aerobic), that produce ellipsoidal or 

cylindrical, central, paracentral or subterminal spore, not deforming the vegetative 

cell. Colonies are whitish or brownish, round to irregular in shape (2-4 mm diameter), 

with margins varying from undulate to fimbriate. Growth at pH 5.7-6.8 and in NaCl 

2-7%. Growth temperature 30 to 68 ºC. 

4.3.2. E2 degradation under aerobic conditions 

Initial experiments were conducted to identify those bacterial strains capable of 

degrading E2 as selected estrogen. Among the initially tested isolates, only those bacteria 

which showed positive results in E2 removal are further described in this chapter, since 

other isolates from deep sea sediments which did not show capability to degrade or 

transform E2 were not identified by 16S rDNA. All the four strains isolated from Ria de 

Aveiro showed ability to degrade E2. 

The first degradation experiment, described as abiotic control, was conducted to 

assess the stability of the estrogens E2 and E1 in the test medium under aerobic conditions. 

Although starting tests included only biodegradation of E2, in abiotic control samples E1 

was included due to expectations of obtaining it during E2 transformation, per the literature. 
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Samples were prepared in a minimal medium based on a modified phosphate buffer 

saline, obtained by adding to PBS a nitrogen source arising from NH4Cl, ammonium ferric 

citrate and 5 mL·L-1 of a micronutrient solution (see section 4.4.3). In addition, a higher 

content of NaCl (35.00 g·L-1) was added in biodegradation tests with strains LF1-LF5, to 

simulate salinity levels of deep sea areas. This modified PBS (PBSmod) was designed to 

provide nutritional requirements for bacterial growth. 

Experiments with abiotic control samples were carried out in triplicate, in 30 mL of 

PBSmod medium containing E2 and E1 at 5 mg·L-1. Samples were kept in dark conditions 

(to avoid direct photolysis of E1 and E2), under permanent orbital stirring, for 5 days, at 26 

ºC. Aliquots (500 μL) of the aqueous samples, which were collected each 12 h during the 

tests, were taken and estrogens in the supernatant were extracted with ethyl acetate and 

then quantified by high performance liquid chromatography with UV detector (HPLC-UV). 

Abiotic samples containing E2 and E1 did not show significant differences in the starting 

concentrations during 5 days of incubation (ANOVA, p > 0.05), thus indicating that any 

variation in the concentration of E2 and the hypothetically E1 bioproduced in further biotic 

samples would be related with bacterial activity (Fig. 4.2). 

 
Figure 4.2. Abiotic control samples in absence of bacteria, under dark conditions. Data 
shown represent the average values of E2 (blue bars) and E1 (red bars), and errors of three 
independent experiments. 

Initial biodegradation experiments were conducted to examine if isolates were 

capable of degrading E2 in aerobic conditions. Biodegradation tests were carried out in 

triplicate using each of the eleven bacteria individually. For this purpose, each isolate was 

grown in its corresponding solid medium (see section 4.4.4) containing 5 mg·L-1 of E2 by 

adding the appropriate volume of a stock solution of E2 in dimethyl sulfoxide (DMSO) at 1 

g·L-1. Then, one isolated colony was inoculated in liquid medium (see section 4.4.4) and 
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grown at 26 ºC. Cells were harvested during the exponential phase of growth (OD600 = 0.7) 

from aliquots (2 mL) by centrifugation at 6000 g for 7 min. Each cell pellet was washed with 

PBSmod and then transferred into in 30 mL of PBSmod with 5 mg·L-1 of E2, contained in a 100 

mL glass Erlenmeyer flask. Samples were kept in a dark incubator shaker (5 days, at 26 

ºC, 150 rpm). 

During these biodegradation studies, aliquots (500 µL) of the aqueous samples were 

collected each 12 h, and bacterial cells were separated from the culture medium by 

centrifugation at 6000 g. Estrogens in the supernatant were extracted with ethyl acetate, 

and attenuation of E2 and formation and attenuation of E1 were monitored using HPLC-UV, 

using the same chromatographic conditions as previously with abiotic samples. In addition, 

measurements of optical density at 600 nm (OD600) were done for monitoring of cell culture 

growth, by collecting aliquots (100 µL) of the aqueous samples each 12 h. OD600 

measurements were done without any sample treatment. 

First tests to be analysed were those with strains LF6 and LF7, which were already 

described as estrogen-degraders in the literature and therefore were considered as positive 

biotic controls.29b Both strains presented ability to remove 5 mg·L-1 of E2 from the samples 

within the incubation period, and to form and remove E1 to some extent. The main 

mechanism of E2 degradation by LF6 seems to be the formation of E1. Other metabolites 

could not be detected with the given HPLC-UV method, which may suggest that cleavage 

of the aromatic ring could have occurred. E1 was not consumed until reaching the maximal 

concentration (1.94 mg·L-1), once that E2 was not detected anymore in the samples (LOD: 

0.15 mg·L-1) (Fig. 4.3). 

OD600 measurements were used to determine bacterial growth during 

biodegradation tests. Growth curves of LF6 and LF7 had an apparent pattern of adaptation, 

logarithmic growth and stability stages. Results showed that bacterial growth occurred 

efficiently with the presence of greater levels of E2 in the samples, and decreased when 

the concentration of E2 was scarce. This can be understood as a preference of LF6 to grow 

on E2 rather than on E1. 
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Figure 4.3. E2 degradation (5 mg·L-1) profiles by strains strains isolated from compost, LF6 
and LF7, under aerobic conditions. Data shown represent the average values of E2 (blue 
bars), E1 (red bars) and bacterial OD measured at 600 nm (green triangles), and errors of 
three independent experiments. 

On the other hand, LF7 achieved the complete removal of E2 within 5 days of 

incubation, or at least below LOD, with low amounts of bioproduced E1. A maximum of 0.37 

mg·L-1 of E1 was accumulated after 4 days of incubation, and was not detected anymore 

(LOD: 0.09 mg·L-1) within one more day of incubation. These results suggest that other 

main metabolic routes of E2 biotransformation were here involved. OD600 measurements 

showed an efficient bacterial cell growth of LF7 of in presence of E2. 

Conclusions herein attained are comparable to previous results obtained by 

Pauwels et al., who reported the ability of these strains to degrade both the natural 

estrogens, E1 and E2, and also E3. In addition, EE2 could also be co-metabolized by LF6 

and LF7 in presence of the natural estrogens E1, E2 and E3.29b 

Strains LF8-LF11 were isolated from the estuarine system of Ria de Aveiro, located 

in the North-West of Portugal, where most likely microorganisms have been exposed to 

organic pollutants, such as estrogens. In 2010, Sousa and co-workers reported the levels 

of E1, E2, EE2, and other non-estrogenic EDCs, in effluents from WWTPs located in Ria 

de Aveiro. E1 levels varied from 0.5 to 85 ng·L-1 in the summer survey and between LOD 

(0.2 ng·L-1) and 43 ng·L-1 in winter; E2 levels ranged from LOD (0.2 ng·L-1) to 9.2 ng·L-1 in 

summer and were always below LOD in the winter survey; and EE2 levels were always 

below LOD (0.2 ng·L-1) for both surveys.180 

LF8-LF11 were described by Louvado et al. as phenanthrene-degrading bacteria.190 

Phenanthrene is a polycyclic aromatic hydrocarbon composed by three fused benzene 
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rings, thus relating the chemical skeleton of estrogens, which are composed by three 

hexagonal and one pentagonal fused rings. However, it is necessary to remark that the 

chemical structure of phenanthrene is planar and estrogens present non-planar geometry. 

In addition, the tendency of microbial degradation of E2 suggests that the main mechanism 

may start in the 17-hydroxyl group, which phenanthrene does not contain in its structure. 

For these reasons, potential ability of LF8-LF11 to degrade estrogens was uncertain. 

On the other hand, LF8-LF11 (and LF6) are biosurfactant producers. Molecular 

structures of biosurfactants comprise a hydrophilic portion, typically composed by mono-, 

oligo- or polysaccharides, amino acids or peptides, or phosphate groups, and a hydrophobic 

portion, which is constituted by fatty acids or fatty alcohols.204 The fact of that these bacteria 

produce biosurfactants may be useful for the necessary contact between hydrophobic 

substances, such as estrogens, and the external bacterial cell wall, for an effective uptake 

of these substances and their further biotransformation. In addition, for a successful 

bioremediation, it is necessary that target pollutants are solubilized in the media. 

Biosurfactants can help releasing estrogens sorbed to soil organic matter by solubilization 

and emulsification, thus increasing their aqueous concentration, resulting may result again 

in a higher mass transfer ratio.205 

Results of E2 degradation in presence of LF8-LF11 are presented in Fig. 4.4. As 

general conclusion, OD600 growth curves of LF8-LF11 showed apparent patterns of 

adaptation, logarithmic growth and stability stages. 

According to their classification, LF8 (Pseudomonas aeruginosa GIM 32) and LF6 

(Pseudomonas aeruginosa strain JB2) are very similar. However, experiments of E2 

biodegradation in presence of LF8 showed slower kinetics of E2 removal, and after 5 days 

of incubation with LF8, 0.33 mg·L-1 of E2 remained in the sample (< LOD in presence of 

LF6, under the same conditions). Interestingly, E1 formed with LF8 was in lower 

concentrations, reaching its maximum at 0.86 mg·L-1 in the fourth day of incubation (1.98 

mg·L-1 of accumulated E1 at maximum in presence of LF6, under the same conditions). 

Moreover, levels of E1 produced by LF8 increased and decreased in samples collected 

consecutively, such as in days 0.5 (0.20 mg·L-1) and 1 (0.14 mg·L-1), 2.5 (0.68 mg·L-1) and 

3.0 (0.47 mg·L-1), and 4.0 (0.86 mg·L-1) and 5.0 (0.77 mg·L-1). These results show evidences 

that LF8 can, to some extent, metabolize E1. OD600 measurements were similar to those 

obtained with LF6, which show a preference of LF8 to grow on E2, where grows efficiently 

until reaching its maximum at OD600= 0.53 after three days of incubation, rather than on E1. 
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Figure 4.4. E2 degradation profiles by strains isolated from Ria de Aveiro, LF8-LF11, under 
aerobic conditions. Data shown represent the average values of E2 (blue bars), E1 (red 
bars) and bacterial OD measured at 600 nm (green triangles), and errors of three 
independent experiments. 

Comparatively, LF9 showed better performance in the removal of E2. Within five 

days of incubation of LF9 with E2 at 5 mg·L-1, E2 no longer detected. Levels of formed E1 

reached their maximum at 1.63 mg·L-1 after two days of incubation. E1 could be degraded 

to certain extent by LF9 (0.28 mg·L-1 remained in the samples after five days of incubation). 

OD600 measurements show an efficient growth of LF9 under the test conditions. 

LF10 was led efficient in E2 biodegradation (1.08 mg·L-1 of E2 remained in the 

samples after the tests). OD600 measurements support these results by indicating a slow 

growth of LF10. However, levels of E1 formed were low, achieving its maximum of 

accumulated E1 at 0.59 mg·L-1. In addition, LF10 presented to degrade E1. 
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The removal of E2 by LF11 was directly accompanied by the formation of E1 during 

the first 2.5 days of incubation, where the sum of equivalents of E1 and E2 remains constant 

(18.5 µmol·L-1). Then, levels of E1 started to decrease. In the end of the study, 2.13 mg·L-1 

of E2 remained and 1.97 mg·L-1 of E1 accumulated in the samples. 

Bacterial strains LF1-LF5 were isolated from sediments of mud volcanoes of the 

Gulf of Cadiz, located at ~4500 m water depth,188 in selective cultures containing 

phenanthrene as sole carbon source. As LF8-LF11, these bacteria had also been identified 

as phenanthrene-degrading bacteria by Louvado et al. Prokaryotic organisms isolated from 

deep sea habitats are known to harbour unique adaptations in response to local abiotic 

conditions. A particular adaptation is the maintenance of a high enzymatic diversity, 

particularly those related to xenobiotic compounds degradation.206 Sediments are 

considered as sinks for contaminants in environmental waters, particularly for organic 

pollutants with little to no water solubility. This organic matter in deep sea areas may serve 

as carbon sources which otherwise would be scarce for heterotrophic bacterial growth. Fig. 

4.5 displays an image taken by the NASA; showing the sediment plume along Gulf of Cádiz 

due to a large load of thick sediment delivered by the Guadalquivir River in 2012. Hazards 

to water quality and wildlife health have been assessed here through different areas of 

research.207 However, levels of estrogens in this area are still not reported. 

 

Figure 4.5. Sediment plume along Gulf of Cádiz. Image taken on 12th November 2012 by 
NASA’s Aqua satellite.208 

Microorganisms responsible for organic pollutants degradation in deep sea areas 

are mostly unknown.209 However, environmental disasters, such as the oil spill into the Gulf 

of Mexico caused by the Deepwater Horizon in 2010, have stimulated the search for 

bacteria involved in organics degradation (especially long-chain hydrocarbons and PAHs) 

in deep waters.210 
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Preliminary studies of E2 degradation with LF1-LF5 under aerobic conditions were 

conducted by varying NaCl content of the suspension medium from 1% to 3.5% (see section 

4.2.4). These results evidenced that an increased NaCl concentration benefited the E2 

removal in presence of LF1-LF5. Samples containing NaCl at 3.5% resulted in faster 

degradation and higher values of OD600 measurements. Therefore, the following studies of 

estrogen degradation with deep sea isolates were performed using PBSmod containing 5 

mg·L-1 of E2, with 3.5 % NaCl. 

In general, the five strains isolated from deep sea sediments, LF1-LF5, could 

degrade E2 with production of E1 (Fig. 4.6), which suggests again that at least one 

degradation pathway starts oxidizing the 17-hydroxylgroup of E2. Further transformation of 

E1 and, in some cases, complete removal of E1 was also observed. OD600 measurements 

showed bacterial viability under the test conditions. 

LF1 could use E2 as sole carbon source and completely degrade it within 2.5 days. 

The concentration of E1, produced by biotransformation of E2, reached a maximum 

concentration of 1.37 mg·L-1 after 12 h of incubation. E1 was also degraded and completely 

removed from the solution after 5 days. E1 was consumed at a later stage in relation to E2, 

indicating that it was used as an alternative carbon source. OD600 measurements show an 

efficient growth of LF1 under the test conditions, consistent with rates of organics removal. 

LF2 exhausted E2 within 2.5 days of incubation. In this case, concentrations of 

produced E1 followed a different trend, reaching a first maximum at 1.89 mg·L-1 after 12 h 

of incubation, and a second maximum at 1.15 mg·L-1 after 2.5 days, once E2 was completely 

cleared. E1 was not detected on the 5th day of the study. 

LF3 showed slower kinetics in E2 removal and after 5 days of incubation, 0.19 mg·L-

1 of E2 accumulated in the samples. E1 was produced in low amounts, having a maximum 

concentration at 0.62 mg·L-1 on the second day of the studies. E1 was not completely 

removed by LF3 and finally accumulated 0.39 mg·L-1 in the samples. OD600 measurements 

show an efficient viability of LF3 to grow on E2 and E1. 

LF4 displayed a phase of fast E2 biodegradation after 12 h of incubation, and E2 

was completely removed after 5 days. However, on the last day of the tests, 0.76 mg·L-1 of 

E1 accumulated in the samples. LF4 did not show special preference to degrade E1, and 

when E2 was removed, OD600 measurements showed a slowdown in bacterial growth. 

LF5 was slower in the degradation of E2, but complete degradation was achieved 

after 5 days of incubation. LF5 showed low levels of E1 formation (0.61 mg·L-1 on 4th day), 
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which additionally could be removed from the samples. OD600 measurements showed a 

consistent trend of LF5 growth under the test conditions. 

 

Figure 4.6. E2 degradation profiles by strains isolated from deep sea sediments, LF1-LF5, 
under aerobic conditions. Data shown represent the average values of E2 (blue bars), E1 
(red bars) and bacterial OD measured at 600 nm (green triangles), and errors of three 
independent experiments. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

O
D

600n
m

C
o

n
ce

n
tr

at
io

n
 (

m
g·

L-1
)

Incubation time (day)

LF1 (Virgibacillus halotolerans strain WS 4627)

E2 E1 OD600nm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

O
D

600n
m

C
o

n
ce

n
tr

at
io

n
 (

m
g·

L-1
)

Incubation time (day)

LF2 (unidentifed)

E2 E1 OD600nm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

O
D

600n
m

C
o

n
ce

n
tr

at
io

n
 (

m
g·

L-1
)

Incubation time (day)

LF3 (Bacillus flexus strain MSBC2)

E2 E1 OD600nm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

O
D

600n
m

C
o

n
ce

n
tr

at
io

n
 (

m
g·

L-1
)

Incubation time (day)

LF4 (unidentifed)

E2 E1 OD600nm

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 5.0

O
D

600n
m

C
o

n
ce

n
tr

at
io

n
 (

m
g·

L-1
)

Incubation time (day)

LF5 (Bacillus licheniformis strain 3)

E2 E1 OD600nm



Lucía Fernández 
Universidade de Aveiro, 2017 

 

130 

Some bacteria capable of degrading E2 fast, completely and without producing toxic 

products (as E1), have been already reported, such as Novosphingobium tardaugens,107 

Rhodococcus equi and Rhodococcus zopfii.108 LF1, LF2 and LF5 exhibited the ability to 

degrade E2, form E1 as metabolite during E2 transformation, and further degrade E1 

completely within the incubation time of these studies. A similar activity was found 

previously in Achromobacter xylosoxidans and Ralstonia picketii,109 Sphingomonas sp.211 

and Novosphingobium tardaugens.105 LF3 and LF4 could partially degrade the E1 formed 

during E2 transformation, as found in studies with Aminobacter sp.,105 Bacillus sp.29a and 

Brevundimonas diminuta.212 E2 removal rates herein obtain can be compared with results 

already reported, as the biodegradation of 1 mg·L-1 of E2 in 9 h, by Novosphingobium sp. 

JEM-1;184 the biodegradation of 180 mg·L-1 of E2 in 120 h, by Rhodococcus sp. ED7;116 or 

the biodegradation of 3.3 mg·L-1 of E2 in 100 h by Stenotrophomonas maltophilia ZL1.213 

To the best of our knowledge, neither deep sea bacteria have been previously 

reported as estrogen degraders, nor any of the identified strains (Virgibacillus halotolerans 

strain WS 4627 (LF1), Bacillus flexus strain MSBC2 (LF3) and Bacillus licheniformis strain 

3 (LF5) have been earlier described as estrogen-degrading microorganisms. In contrast to 

the bacteria isolated from more common environmental conditions, LF1-LF5 may have 

advantageous properties for utilization in bioremediation of water bodies subjected to 

ordinary or extreme conditions, thus making the exploration of these microorganisms more 

meaningful. 

The following sections will focus on estrogen biodegradation with deep sea bacteria 

so far studied, in particular with LF1, LF3 and LF5, since LF2 and LF4 remained 

unidentified. The effects of different sample conditions on the E2 degradation efficiency and 

cell growth of LF1, LF3 and LF5 have been studied, as well as the potential to degrade E2 

at lower and more environmental significant levels, as well as other estrogens apart from 

E1 and E2, such as E3 and EE2, and the influence of the presence of other carbon source 

in the samples in E2 degradation experiments. All the following studies were performed at 

Bundesanstalt für Materialforschung und -prüfung (BAM), in Berlin (except for section 

4.2.10). 
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4.3.3. Influence of NaCl content and temperature on E2 degradation by 

LF1, LF3 and LF5 

After selection of LF1, LF3 and LF5 as biodegraders for a more in depth study of 

E2 biodegradation, the influence of temperature (20-37 ºC) and content of NaCl (1-4%) in 

these studies was evaluated in samples of 30 mL of PBSmod containing 5 mg·L-1 of E2 (Fig. 

4.7). Samples were incubated for 5 days. Abiotic control samples were included and 

showed a stable concentration of E2 within the incubation period (data non-shown). 

 

LF1 - Virgibacillus halotolerans 

strain WS4627 

LF3 - Bacillus flexus strain 

MSBC2 

LF5 - Bacillus licheniformis strain 

3 

   

   

Figure 4.7. Effects of temperature and NaCl content on E2 (5 mg·L-1) removal in PBSmod by 
LF1, LF3 and LF5 after 5 days of incubation. Data shown represent the average values of 
E2 (blue bars) and bacterial OD measured at 600 nm (green triangles), and errors of three 
independent experiments. 

To study the influence of NaCl concentration in PBSmod, samples were incubated at 

26 ºC, as in the previous tests of E2 degradation. Samples to test the effect of temperature 

were done in PBSmod containing NaCl at 3.5%.  
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As an overall conclusion, a temperature of 30 ºC and a content of 3.5% of NaCl were 

the most suitable conditions to yield more efficient degradation rates with LF1 and LF3, 

obtaining E2 removal efficiencies yielding 96.2-100% after 5 days of incubation. A 

temperature of 37 ºC and a content of 3.5% of NaCl yielded complete removal of E2 in 

presence of LF5. OD600 measurements were correlated with the degradation efficiency of 

E2. Data herein optimized were used in following studies to promote E2 degradation 

efficiency. 

4.3.4. Influence of initial concentration of E2 in biodegradation tests with 

LF1, LF3 and LF5 

Previous studies of biodegradation of estrogens with LF1-LF11 were performed 

using a starting concentration of E2 (5 mg·L-1) far higher than those found in WWTPs and 

natural waters. This allowed an initial screening to identify and make a collection of bacteria 

able to transform E2 in batch experiments. The ability of LF1, LF3 and LF5 to degrade E2 

under more environmentally relevant concentrations of this compound in water, is an 

important aspect to investigate in the context of their application for bioremediation 

purposes. Usually, biodegradation rates of organic compounds increase when rising the 

initial concentration of the substrate.214 Therefore, small scale data obtained in batch 

experiments may not reflect biodegradation rates when bacteria are transferred to practical 

applications, with lower concentrations of substrates.181 

Occasionally, with toxic substrates for bacteria, removal rates decrease with 

increasing concentrations of the target compound. That is the case of chlorinated 

hydrocarbons.215 Other consequence of the low concentration of substrate is the change of 

the biodegradation mechanisms themselves, or even the insufficient amount of carbon 

source to sustain bacterial growth. In this case, degradation can only occur by co-

metabolism.216 

Tests in this study were performed with initial concentrations of E2 of 5 mg·L-1, 1 

mg·L-1, 100 µg·L-1 and 2 µg·L-1 and results are displayed in Fig 4.8. 
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a)

 

b)

 

c)

 

d)

 

Figure 4.8. E2 degradation profiles by strains LF1, LF3 and LF5, under aerobic conditions, 
with initial E2 concentrations of a) 5 mg·L-1, b) 1 mg·L-1, c) 100 µg·L-1 and d) 2 µg·L-1. Data 
shown represent the average values (red diamonds represent LF1, blue diamonds 
represent LF3, green diamonds represent LF5,) and errors of three independent 
experiments. 

Incubation temperature was set up as previously optimized for each strain. Samples 

containing 5 mg·L-1, 1 mg·L-1and 100 µg·L-1 of E2 were prepared in 30 mL of PBSmod. 

Estrogen quantification in aliquots of samples with 5 mg·L-1and 1 mg·L-1 of E2 was done 

using HPLC-UV. Samples with starting 100 µg·L-1 of E2 were monitored by using LC-MS. 

Samples containing 2 µg·L-1 of E2 were prepared in 500 mL of PBSmod. Aliquots (100 mL) 

were concentrated (x100) by solid phase extraction (SPE) and eluted with 10 mL MeOH. 

Next, eluates were concentrated to dryness and re-dissolved in 1 mL of MeOH. Aliquots 

were then analysed by LC-MS for estrogen determination. 

OD600 measurements done during the tests (data non-shown) were correlated with 

E2 degradation efficiency, as well as with the initial concentration of E2 as sole carbon 

source in the samples. 
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Table 4.4 summarizes the incubation times required by each isolate to completely 

remove E2 at different initial concentrations. Results of degradation studies of 5 mg·L-1 of 

E2 in presence of LF1, LF3 and LF5, with optimized incubation temperatures, showed 

improved efficiencies than previous tests performed at 26 ºC. LF1 achieved complete 

removal of E2 within 48 h of incubation, while LF3 required 96 h and LF5, 120 h. This 

hierarchy of biodegradation efficiency among strains is maintained with degradation of 1 

mg·L-1, 100 µg·L-1 and 2 µg·L-1 of E2. To completely remove 1 mg·L-1 of E2, LF1 required 

48 h, while LF3 needed 48-60 h and LF5 60 h. To degrade 100 µg·L-1 of E2, LF1 needed 

24 h, LF3 between 36 and 48 h and LF5 48 h. To remove 2 µg·L-1 of E2, LF1 took 24 h, 

LF3 between 24 and 36 h and LF5 36 h. 

The indicate that the degradation efficiency is not linearly dependent on the initial 

concentration of E2. Degradation rate exhibited by LF1, LF3 and LF5 decreased with lower 

concentrations of E2. However, the results can be considered as encouraging, since the 

strains still preserve their ability to degrade E2 at low concentrations.  

During these tests, the formation and removal of E1 as transformation product of E2 

was observed by LC-MS (data non-shown), as previously detected in E2 degradation 

studies with the three strains. 

 

Table 4.4. Incubation time (h) required by LF1, LF3 and LF5 to eliminate 5 mg·L-1, 1 mg·L-

1, 100 µg·L-1 and 2 µg·L-1 of E2. 

Incubation time (h) required to eliminate E2 

E2 
concentration 

(LF1 Virgibacillus 
halotolerans strain WS 4627) 

LF3 (Bacillus flexus 
strain MSBC2) 

LF5 (Bacillus 
licheniformis strain 3) 

5 mg·L-1 48 96 120 

1 mg·L-1 48 48-60 60 

100 µg·L-1 24 36-48 48 

2 µg·L-1 24 24-36 36 

4.3.5. Simultaneous biodegradation of E1, E2, E3 and EE2 with LF1, LF3 

and LF5 

Once LF1, LF3 and LF5 were identified as efficient E2 degraders even at low 

concentrations, experiments to examine the simultaneous degradation of other relevant 



CHAPTER 4 

Biodegradation of estrogens by bacteria isolated from natural environments 

135 

EDCs were performed. For this purpose, LF1, LF3 and LF5 were individually cultured in 30 

mL of  

PBSmod contained 100 µg·L-1 of each of the natural estrogens, E1, E2 and E3, along 

with 100 µg·L-1 of the artificial estrogen EE2, as sole carbon sources. Samples were 

incubated for 4 days at 30 ºC (LF1 and LF3) or 37 ºC (LF5). Aliquots (500 µL) of samples 

were taken at different treatment times and were injected in LC-MS for quantification of 

estrogens. OD measurements at 600 nm were used as descriptor of bacterial growth. 

Abiotic control samples were also included, and showed insignificant removal of E1, E2, E3 

or EE2 (Fig. 4.9), so that any change in the estrogens concentration will be attributed to the 

ability of the strains to transform them. 

 

  

 

Figure 4.9. E1, E2, E3, EE2 co-degradation (100 µg·L-1 each) profiles by strains LF1, LF3 
and LF5, under aerobic conditions. Data shown represent the average values (blue bars 
represent E2, red bars represent E1, orange bars represent E3, purple bars represent EE2) 
and errors of three independent experiments, and bacterial OD measured at 600 nm (green 
triangles). 
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Within the first hours of the tests, the three strains accumulated higher amounts of 

E1 than the initial concentration (100 µg·L-1), which can be attributed to the oxidation of E2. 

LF1 reached a maximal concentration of E1 (140.33 µg·L-1) after 24 h of incubation. Next 

E1 measurement, after 36 h of incubation, showed an average concentration of 94.32 µg·L-

1. At this stage, levels of E2 were already low (5.34 µg·L-1). LF3 accumulated 133.55 µg·L-

1of E1 after the initial 24 h of incubation. However, E1 was not effectively removed from the 

sample during the biological treatment, and after 96 h, 63.26 µg·L-1 of E1 remained in the 

samples. In contrast, low amounts of E1 were produced in presence of LF5 (a maximum of 

119.12 µg·L-1 after 24 h of incubation), which in addition were removed during the treatment. 

The three strains degraded 100 µg·L-1 of E3 efficiently: complete degradation 

occurred after 96 h with LF1 and LF3, and 72 h with LF5. Additionally, LF1 and LF5 

completely degraded 100 µg·L-1 of EE2 in 96 h. On the other hand, LF3 did not show 

evidence of EE2 metabolization. 

In comparison with E2 sole degradation (see Table 4.4), in co-degradation, E2 was 

removed at slower rates by LF1 (48 h) and LF3 (72 h). This can be understood as a 

differential preference of the strains for particular estrogens. However, LF5 degraded faster 

100 µg·L-1 of E2 in presence of other estrogens/carbon sources, needing only 36 h to 

completely remove it from the samples. 

OD600 measurements done during the tests were correlated with estrogen 

consumption and bacterial growth, displaying for LF3 and LF5 patterns of adaptation, 

logarithmic growth and stability stages. 

4.3.6. Biodegradation of E2 by LF1, LF3 and LF5 in presence of other 

carbon sources  

Before testing LF1, LF3 and LF5 in real wastewaters for remediation purposes, 

biodegradation studies with 100 µg·L-1 of E2 were repeated by adding 10 mg·L-1 of D-(+) 

glucose as additional carbon source for bacteria. D-(+) glucose was proposed as alternative 

substrate for the strains, to assess their preference to grow on E2. From these preliminary 

results, it can be evaluated if LF1, LF3 and LF5 would have potential as estrogen degraders 

in wastewaters, with more complex composition of organic matter, and therefore alternative 

metabolic pathways for cell growth and sustainment. 



CHAPTER 4 

Biodegradation of estrogens by bacteria isolated from natural environments 

137 

Concentration of D-(+) glucose was determined by the phenol/sulfuric acid method, 

which is an expedite colorimetric assay to quantify total carbohydrates in aqueous samples 

(Scheme 4.1).217 D-(+) glucose reacts in the presence of concentrated sulfuric acid to 

generate 5-hydroxymethylfurfural, which condenses with phenol to form a stable yellow-

gold compound that can be measured spectrophotometrically (λmax= 490 nm). This colour 

can last several hours, and the accuracy of the method is within ±2%. 

 

Scheme 4.1 

First, standards were prepared in triplicate, in PBSmod solutions containing 0.2, 0.4, 

0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0 and 12.2 mg·L-1 of D-(+) glucose. Then, standards were 

treated with sulfuric acid and phenol (see section 4.4.13) and absorbance was measured 

at 490 nm. Results were averaged and displayed in Fig. 4.10. Measurements of absorbance 

at 490 nm and concentration of D-(+) glucose presented a linear relation, with LOQ= 0.40 

mg·L-1 and LOD= 0.20 mg·L-1. 

 

Figure 4.10. D-(+) Glucose calibration curve. Data shown represent the average values 
and errors of three independent experiments. R2 = 0.9986. 
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Results of biodegradation of 100 µg·L-1 of E2 by strains LF1, LF3 and LF5 are 

presented in Fig. 4.11. Abiotic controls showed stable concentrations of D-(+) glucose, E2 

and E1 upon three days of incubation in PBSmod. Strains LF3 and LF5 were more efficient 

in E2 removal in samples containing D-(+) glucose, than in samples with E2 as sole carbon 

source (Table 4.4). LF3 and LF5 degraded 100 µg·L-1 of E2 within 36 h of incubation time, 

and growth (data non-shown) was significantly enhanced by the addition of D-(+) glucose. 

In this study, LF1 equally metabolized 100 µg·L-1 of E2 either in presence or the absence 

of D-(+) glucose. LF1 was also able to degrade D-(+) glucose and could grow efficiently, 

according to OD600nm measurements (data non-shown). 

 

Figure 4.11. E2 degradation (100 µg·L-1) profiles by strains LF1, LF3 and LF5, under 
aerobic conditions, in presence of D-(+) glucose (10 mg·L-1). Data shown represent the 
average values (blue bars represent E2, red bars represent E1, green triangles represent 
D-(+) glucose) and errors of three independent experiments. 
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Once again, production of E1 was detected during the consumption of E2 by the 

three strains in this study. Maximal concentrations of E1 produced within the tests (23.41 

µg·L-1 by LF1, 14.28 µg·L-1 by LF3, 15.63 µg·L-1 by LF5) were fully removed after 3 days of 

incubation. 

Effect of carbon supplementation (biosolids) on biodegradation rates of 

hydrocarbons was described by Sarkar et. al in 2005.218 Later, enhancement of 

biodegradation activity of petroleum hydrocarbons in presence of D-(+) glucose was 

explored by X. Li et al.219 In this study, consumption of petroleum hydrocarbons was 

accelerated by 200% in presence of D-(+) glucose in saline soil samples, as co-substrate. 

4.3.7. Biodegradation of estrogens in real water samples from a WWTP 

Wastewater samples were collected from the influent and effluent streams of the 

Ruhleben sewage treatment plant (STP) (Fig. 4.12), in Berlin, which handles the flows from 

1.6 million inhabitants and has a plant capacity of 240000 m3 per day. In this STP, the water 

treatment involves screening (removal of large non-biodegradable and floating solids), 

primary sedimentation, biological phosphorous removal (anaerobic tank), denitrification 

(anoxic tank), nitrification (aerobic tank) and a clarification process.220 Samples (3L each 

sampling from the influent stream, 200 mL each sampling from the effluent stream) were 

provided by the operating company, Berliner Wasserbetriebe. Then, samples were stored 

in brown glass bottles at 4 °C and analysed within five days. Sampling was carried out by a 

flow-proportional automatic sampler over a period of 24 h, on 13/07/2016, 18/07/2016 and 

25/07/2016. 

a) 

 

b) 

 

Figure 4.12. a) Map of the Berlin waterways: clear water discharge (Klarwassereinleitung), 
water bodies (Gewässer) and the locations of the STPs (Klärwerk), and b) picture of the 
Ruhleben STP. 
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Fig. 4.13 represents the procedure of the pre-treatment, biological treatment and 

analysis of the samples used in this study. 

 

Figure 4.13. Schematic representation of the biodegradation procedure with real water 
samples collected from WWTP in Ruhleben, Berlin. 

First, to simulate the primary treatment of the STP, consisting on the initial screening 

and sedimentation of solids, water samples from the influent stream were filtrated twice with 

glass fibre filters of 0.70 µm (Fig. 4.14). Influent aliquots of the filtrated fractions, along with 

aliquots from the effluent stream (15 mL), were taken to analyse total organic carbon (TOC) 

after settlement. Results are displayed in Table 4.5, which also shows values of total carbon 

(TC) and inorganic carbon (IC). Influent samples of the three days presented a TC content 

between 1889.5 and 2131.0 mg·L-1. TC content of effluent samples was between 120.1 and 

204.0 mg·L-1. These analyses were kindly performed by Dr. Ute Kalbe, from BAM, in Berlin. 

 

Figure 4.14. Water sample of the influent stream of Ruhleben STP before (left) and after 
(right) filtration. 
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Table 4.5. Values of TOC, TC and IC of water samples taken from the influent and effluent 
streams of Ruhleben STP. 

Sampling date TOC TC IC Unit 

13/07/2016 Inf. 1790.5 1889.5 99.0 mg·L-1 

13/07/2016 Eff. 42.3 120.1 77.8 mg·L-1 

18/07/2016 Inf. 1906.0 1987.9 81.9 mg·L-1 

18/07/2016 Eff. 97.3 204.2 106.9 mg·L-1 

25/07/2016 Inf. 2054.5 2131.0 76.5 mg·L-1 

25/07/2016 Eff. 78.2 144.4 66.2 mg·L-1 

 

The LC-ESI-MS method used in this study was previously developed and validated 

at the Division 1.8 of Environmental Analysis at BAM (Berlin). For more details, see Section 

4.4.11. Due to LOQ values of the LC-MS/MS instrument method used to analyse estrogens 

with this matrix complexity, and since these biodegradation studies were performed to 

evaluate the potential of LF1, LF3 and LF5 to remove estrogens in real water samples, 

each estrogen (E1, E2, E3 and EE2) was spiked at a concentration of 100 ng·L-1, which 

facilitated the monitoring of removal rates of estrogens. 

Secondary treatment of wastewaters consists on the removal of dissolved and 

suspended organic matter, which usually is derived from human and food waste, soaps and 

detergent. Secondary treatment is typically performed by microorganisms. Samples (500 

mL) of real wastewaters were inoculated with LF1, LF3 and LF5, and incubated in dark 

conditions for 4 days, adjusting pH to 7.0 every day. Aliquots (100 mL) were taken at 

incubation times 0, 1, 2, 3 and 4 day, and were submitted to a solid phase extraction (SPE) 

procedure, along with non-treated aliquots from the effluent stream (100 mL). SPE was 

performed automatically with an AutoTrace™ SPE workstation, with Strata™-X cartridges. 

First, cartridges were washed with 10 mL of MeOH, equilibrated with 10 mL of ultrapure 

water and followed by loading the respective samples, which previously were diluted to a 

volume of 1000 mL with 900 mL of ultrapure water. Afterwards, the cartridges were dried 

and the adsorbates were eluted with 10 mL of MeOH. Eluates were concentrated to dryness 

and re-dissolved in 1 mL of MeOH. Aliquots (100-fold concentrated) were then analysed by 

LC-MS/MS for estrogens determination. 

By subtracting the previously spiked amount of estrogens (100 ng·L-1 of each 

estrogen), real concentrations in the influent stream were calculated and, with calculated 

concentrations of estrogens in the effluent stream, removal rates were determined (Table 

4.6). The average removal rates of E1 (91%), E2 (87%) and EE2 (82%) are comparable to 

those already reported by Heberer et al. for Ruhleben STP in 2005 (average removal rates: 
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93% for E1, 93% for E2 and 80% for EE2; E3 was not monitored).221 The average removal 

rate of E3 was 93%. 

 

Table 4.6. Concentrations (ng·L-1) of E1, E2, E3 and EE2 and removal rates (%) determined 
in water samples taken from the influent and effluent streams of Ruhleben STP during July, 
2016. 

Sample E1 E2 E3 EE2 

Influent (ng·L-1) 96.2-108.2 32.8-42.7 79.4-94.5 13.3-11.0 

Effluent (ng·L-1) 4.2-15.6 <LOQ (1.8)-9.1 1.0-11.5 1.0-3.1 

Removal rate (%) 86-96 79-94 88-99 72-93 

 

Results of simultaneous biodegradation of E1, E2, E3 and EE2 by LF1, LF3 and 

LF5 are summarized in Table 4.7. Due to the turbidity of the samples, OD600 could not be 

monitored in this study. Abiotic samples maintained the initial concentrations of estrogens 

throughout the study. All tested strains degraded E3 from real wastewaters, being LF5 the 

more efficient isolate (49%), followed by LF1 (47%) and LF3 (20%). LF1 and LF3 presented 

low degradation rates of E2 (5% and 4%, respectively), and did not show evidence of 

degrading E1, or EE2. On the other hand, LF5 also displayed efficient degradation of E1 

(22%) and E2 (27%), and a modest degradation of EE2 (10%). 

 

Table 4.7. Concentrations (ng·L-1) of E1, E2, E3 and EE2 and removal rates (%) determined 
simultaneous estrogens degradation by LF1, LF3 and LF5, in water samples taken from 
the influent stream of Ruhleben STP during July, 2016. 

Sample 

E1 E2 E3 EE2 

Conc. 
(ng·L-1) 

removal 
rate (% 

Conc. 
(ng·L-1) 

removal 
rate (%) 

Conc. 
(ng·L-1) 

removal 
rate (%) 

Conc. 
(ng·L-1) 

removal 
rate (%) 

Abiotic sample 
208.5 
207.1 

0 
137.0 
133.2 

3 
188.4 
183.3 

3 
112.3 
112.1 

0 

LF1 
230.0 
227.1 

1 
136.6 
129.4 

5 
188.4 
100.7 

47 
112.3 
111.3 

1 

LF3 
224.6 
225.7 

0 
133.8 
128.4 

4 
195.5 
155.6 

20 
112.3 
112.6 

0 

LF5 
230.0 
178.7 

22 
136.6 
100.2 

27 
188.0 
95.4 

49 
112.8 
102.0 

10 

 

These results demonstrate the potential of LF5 to be used as estrogen degrader in 

wastewater for biorremediation applications, being able to simultaneously remove E1, E2, 

E3 and EE2. The augmentation of an activated sludge with LF5 could enhance the 
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efficiency of removal of EDCs in the effluent streams that discharges into superficial natural 

waters. 

4.3.8. Transformation products in E2 biodegradation with LF5 

Studies aimed at looking for transformation products arising from the biodegradation 

of E2 were performed with samples of PBSmod containing 5 mg·L-1 of E2, which were 

incubated with LF5. Fig. 4.15 shows HPLC chromatograms of E2 removal (retention time 

10.46 min) in presence of LF5 within one and four days of incubation. During this period, 

E1 (retention time 10.98 min) was produced as major metabolite. 

Chromatograms indicate the formation of unknown intermediate products eluting 

faster than E1 and E2 (retention times between 3.08 and 5.05 min). Due to the elution 

characteristics of the methodology, these products are more polar than related estrogens. 

The peak areas of these products decreased, thus suggesting to be cleaved during 

degradation by LF5. According to previous research, different patterns of E2 biodegradation 

form products with additional hydroxyl groups in the phenol of E2 and E1.106-108, 222 Kurisu 

et al. described consistent evidences of the transformation of E2 to 4-OH-E2 in presence of 

Sphingomonas sp., where 4-OH-E2 was further degraded via meta cleavage.223 However, 

the difference in retention times with related E1 and E2 suggest that these products could 

be smaller molecules arising from the cleavage of E2 and/or E1. Chromatograms also 

indicate low concentrations of an unknown intermediate product at 13.36 min, which 

accumulated during the incubation period. 

After examination of unknown transformation products in HPLC chromatograms, 

according to the elution characteristics of the method, and considering some E2 metabolites 

already reported, six E2 aerobic-degradation pathways in presence of LF5 were proposed 

(Fig. 4.16). 

 

 

 

 

. 
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Figure 4.15. Selected HPLC chromatograms corresponding to samples collected from 
incubation of LF5 with 5 mg·L-1 of E2 after 0, 1 and 4 days. Retention time of E2 is 10.46 
min. Retention time of E1 is 10.98 min. 
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Figure 4.16. Proposed pathways for E2 degradation by LF5, under aerobic conditions. 

To obtain more detailed information on the structural characteristics of the unknown 

compounds, samples were re-injected in a LC-MS equipment. It is important to note that 

retention times in MS chromatograms are slightly shifted: E2 is detected at 10.92 min, E1 

is detected at 11.30 min. First, MS spectrum of E2 was identified in the samples. The 

electrospray ionization of E2 in the negative ion mode resulted in the molecular anion [M - 

H]– m/z 271.1. The collisional activation of this [M - H]– resulted in numerous product ions, 

including m/z 143.0, m/z 183.0 and m/z 239.1 (Fig. 4.17).224 

 

Proposed pathway for E2 degradation (i): Dehydrogenation of ring D of E2 at C-17, 

and formation of E1. This mechanism agrees with observations of biodegradation tests 

performed in these studies. A typical MRM LC-MS chromatogram of E1 was obtained from 

the samples at retention time 11.30 min (Fig. 4.18). ESI of E1 in negative mode resulted in 

the molecular anion [M - H]– m/z 269.1, and its collision resulted in intense peaks 

corresponding to fragment ions as m/z 142.8, m/z 144.9 and m/z 182.9. Results are in 

agreement with data already reported.178 
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a) 

 
 
b) 

 
 

Figure 4.17. a) LC-ESI-MS extracted chromatogram for m/z 271,1; b) Product-ion spectra 
from collisionally activated decompositions of the ESI produced [M-H]– ion m/z 271.17. 

a) 

 
 
b) 

 
 

Figure 4.18. a) LC-ESI-MS extracted chromatogram for m/z 269,1 and proposed structure; 

b) Product-ion spectra from collisionally activated decompositions of the ESI produced [M-

H]– ion m/z 269.1. 
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Proposed pathway for E2 degradation (ii): Dehydrogenation of E2 at C-9 and C-11, 

and formation of Δ9(11)-E2. MS extracted chromatogram for m/z 269,1 shows a peak eluted 

at the same retention time of E2 (10.92 min) (Fig 4.19). Collisional activation of this 

molecular anion [M - H]– m/z 269.15, resulted in intense fragment ions as m/z 142.8, m/z 

157.0, m/z 171.0, m/z 197.0 and m/z 251.3. This unknown product could have been formed 

from a dehydrogenation of E2 at C-9 and C-11, which may present a similar polarity to E2. 

Assuming Δ9(11)-E2 as transformation product of E2, m/z of fragment ions would coincide 

well with the fragmentation pathways of Δ9(11)-E2, when compared to its parent, E2. Δ9(11)-

E2 was already proposed as intermediate product of E2 by Havlíková et al.225 

 

a) 

 
 

b) 
 
 
 
 

 

Figure 4. 19. a) LC-ESI-MS extracted chromatogram for m/z 269,1 and proposed structure; 
b) Product-ion spectra from collisionally activated decompositions of the ESI produced [M-
H]– ion m/z 269.1. 

Proposed pathway for E2 degradation (iii): Hydroxylation of E2 at C-2 or C-4, and 

formation of 2-OH-E2 or 4-OH-E2. Enlargement of HPLC chromatograms showed the 

formation and disappearance of two peaks centred at 9.98 and 10.06 min, at low 

concentrations, which could be compounds derived from E2 and E1 (Fig. 4.20a). The more 



Lucía Fernández 
Universidade de Aveiro, 2017 

 

148 

polar compound, eluted at 9.98 min, could be formed as result of E2 hydroxylation in 

position C-2 or C-4, according to a previous study by Debrauwer et al.226 LC-ESI-MS 

extracted chromatogram for m/z 287,1, which would correspond to the molecular anion [M 

- H]– of 2-OH-E2 or 4-OH-E2, coincides well in terms of retention time in MS spectrum (note 

that from HPLC to LC-MS there is a difference of around 0.5 min in retention time) (Fig. 

4.20b). Its collision resulted in intense peaks corresponding to fragment ions as m/z 161.0, 

m/z 255.0 and m/z 269.0, coinciding with the analogous fragmentation pattern of its parent 

E2 (Fig. 4.20c). 

a) 

 

b) 

 

c)  

 

Figure 4.20. a) Enlargement of a HPLC chromatogram corresponding to a sample collected 
from incubation of LF5 with 5 mg·L-1 of E2 after 4 days; b) LC-ESI-MS extracted 
chromatogram for m/z 287,1 and proposed structure; c) Product-ion spectra from 
collisionally activated decompositions of the ESI produced [M-H]– ion m/z 287.1. 
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Proposed pathway for E2 degradation (iv): Hydroxylation of E1 at C-2 or C-4, and 

formation of 2-OH-E1 or 4-OH-E1. The peak found at 10.06 min at low concentrations (Fig. 

4.21) could be formed due to the hydroxylation of E1 at C-2 or C-4. Retention time in LC-

ESI-MS extracted chromatogram for m/z 285,1, which would correspond to the molecular 

anion [M - H]– of 2-OH-E1 or 4-OH-E1, coincides well (Fig. 4.21a). Its collision resulted in 

intense peaks corresponding to fragment ions as m/z 161.0, m/z 205.0, m/z 254.6 and m/z 

269.0, coinciding with an analogous fragmentation pattern of its parent E2 and the 

previously proposed structures, 2-OH-E2 or 4-OH-E2 (Fig. 4.20c). 

 

a) 

 
 

b) 
 

 
 

Figure 4.21. a) LC-ESI-MS extracted chromatogram for m/z 285,1 and proposed structure; 
b) Product-ion spectra from collisionally activated decompositions of the ESI produced [M-
H]– ion m/z 285.1. 

 

Proposed pathway for E2 degradation (v): Hydroxylation of E2 at C-16, and 

formation of 16-OH-E2. Enlargements of HPLC chromatograms (Fig. 4.15) showed the 

formation of unknown intermediate products eluting at retention times between 3.08 and 

5.05 min. Polarity characteristics of these unknown products suggested the formation of 16-

OH-E2, or E3, if stereochemistry is not considered in the proposed structure. E3 was 
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confirmed after injection of the commercially available estrogen, and product-ion-scan mass 

spectrum coincide well with reported data (Fig. 4.22).227 The electrospray ionization of E3 

in the negative ion mode resulted in the molecular anion [M - H]– m/z 287.2. The collisional 

activation of this [M – H]– resulted in two main product ions: m/z 253.0 and m/z 269.0. 

 

a) 

 
 
b) 
 

 
 

Figure 4.22. a) LC-ESI-MS extracted chromatogram for m/z 287.2 and proposed structure; 
b) Product-ion spectra from collisionally activated decompositions of the ESI produced [M-
H]– ion m/z 287.2. 

 

Proposed pathway for E2 degradation (vi): Dehydration of ring D of E2 at C-17, and 

formation of estra-1,3,5(10),16-tetraen-3-ol (E0). Previous HPLC chromatograms (Fig. 

4.15) showed the formation in low concentrations of an unknown intermediate product at 

13.36 min, which accumulated during the incubation period. The low polarity of this product 

intermediate product at 13.36 min suggested the dehydration of E2 at C-17, forming E0, as 

previously reported by Nakai et al.222 However, in the LC-ESI-MS extracted chromatogram 

for the corresponding molecular anion [M - H]– of E0, m/z 253 was not detected. 

As general conclusion, E1 was the main transformation product of E2 by LF5, under 

aerobic conditions. LF5 is also able to degrade E1. Metabolites detected by LC-MS, Δ9(11)-
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E2, 2-OH-E2 or 4-OH-E2, 2-OH-E1 or 4-OH-E1, and E3 (all of them are proposed 

structures), were detected in low concentrations and were removed from the aqueous 

samples by LF5. The intermediate product detected at 13.36 min in the HPLC 

chromatogram was not identified and accumulated during the biodegradation test. 

4.3.9. E2 degradation under anaerobic conditions with LF1, LF3 and LF5 

In aerobic water treatments, organic matter in wastewater is highly converted to 

sludge, a bulky waste product which represents up to 50% of the operating costs of a 

WWTP. In contrast, organics in wastewater from anaerobic processes are highly converted 

to methane, which moreover is a valuable fuel, and very little sludge is produced.228 

Therefore, anaerobic water treatment may make environmental and economic sense. 

The aim of this study was to test the capacity for anaerobic degradation of E2 in 

isolates LF1-LF5. Oxygen depletion occurs when organic matter is degraded through 

microbial activity, under limited oxygenation conditions.229 The biodegradation of E2 has 

been found in the denitrifying step of WWTPs and in anoxic river sediments, but responsible 

bacteria and further oxidation products of E1 are in most cases still unknown.230 In anoxic 

environments, estrogens may accumulate as recalcitrant compounds. Czajka and Londry 

tested the anaerobic biodegradation of E2 using cultures of lake water and sediment, having 

that, under some reducing conditions, reversible interconversion of E2 and E1 was 

produced.231 

Due to the slow and long incubation times required in anaerobic biodegradation 

experiments, oxygen can diffuse through stoppers. Even small amounts of O2 may allow 

hydrocarbon activation, thus leading to partly oxygenated products that can be degraded 

further. Therefore, maintenance of strictly anoxic conditions must be ensured. In this study, 

resazurin was used as a redox indicator for the presence of oxygen in the media. The abiotic 

control sample showed that after 90 days of incubation, the analysed content of E2 had 

diminished in ~0.5 mg·L-1 (data not shown). 

Bacillus are facultative anaerobes, thus may survive on facultative anaerobic 

metabolic pathways.232 In contrast, Virgibacillus halotolerans is a strict aerobe. Among the 

tested isolates, only Bacillus LF5 showed estrogen-degrading anaerobic activity in 

presence of E2 for 90 days (Fig. 4.23). The degradative capacity was much lower than in 

aerobic conditions. The lag phase for LF5 corresponded to ca. 25 days of incubation. 
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Between days 25 and 90, LF5 could degrade 68% of the starting 5 mg·L-1 of E2. As in 

aerobic E2 biodegradation studies, E1 was produced as major metabolite detected in the 

samples. However, during 90 days of incubation, consumption of the formed E1 was not 

observed. 

 

Figure 4.23. Profile of E2 degradation by LF5 under anaerobic conditions. Values represent 
the average (squares represent E2, triangles represent E1) and errors bars represent the 
standard error of duplicates of one experiment. 

Usually, anaerobic enrichment cultures show long lag phases of bacterial inactivity 

which may last months before significant biodegradation of the substrates is initiated.233 In 

some cases, many years may be required to optimize conditions in order to achieve 

significantly rapid rates of biodegradation and those may or may not ever approach the 

rates of comparable aerobic biodegradation processes.234 Consequently, anaerobic 

processes are considered to be more difficult to optimize than aerobic ones. As general 

conclusion, LF5 demonstrated its ability to metabolize E2 under anaerobic conditions. 

However, it is important to note that this study could have not presented the best conditions 

for the enrichment of all the strains, due to, for instance, lack of specific micronutrients or 

an optimized incubation temperature, which would improve the anaerobic digestion of E2. 
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4.4. Conclusions 

A set of five Gram-positive bacterial strains isolated from deep sea sediments (LF1-

LF5) were identified as E2 biodegraders. Analysis of 16S rDNA gene sequences identified 

three of them as Virgibacillus halotolerans (LF1), Bacillus flexus (LF3) and Bacillus 

licheniformis (LF5). In addition, four Pseudomonas bacterial strains isolated from Ria de 

Aveiro (LF9-LF11) were also recognized as E2-degraders. In this study, E2 did not behave 

as a persistent compound and could be degraded by all the tested strains under aerobic 

conditions, resulting in low concentrations of E1 during E2 biotransformation. 

LF5 was the most versatile strain, being able to simultaneously remove different 

estrogens (E1, E2, E3 and EE2) in wastewater from the STP of Ruhleben, in Berlin, with 

the following removal rates during 4-day experiments: 22.30% for E1 (230.02 ng·L-1), 

26.63% for E2 (136.61 ng·L-1), 49.26 % for E3 (188.02 ng·L-1) and 9.56% for EE2 (112.84 

ng·L-1). In addition, LF5 showed anaerobic estrogen-degrading activity in presence of E2, 

and presented E2 removal rates of 68% (5 mg·L-1 of E2, 90 days). 

Transformation products of E2 in presence of LF5 under aerobic conditions, were 

studied using LC-MS, and structures proposed were: E1, Δ9(11)-E2, 2-OH-E2 or 4-OH-E2, 

2-OH-E1 or 4-OH-E1, and E3. All of them were removed from the aqueous samples by LF5, 

being E1 the main metabolite. 

Within the frame of the Ph.D. objectives, LF5 has demonstrated to be an appropriate 

candidate for a future water treatment approach based on the combination of photocatalytic 

and biodegradation processes. Moreover, for a bioaugmentation approach of water 

treatment, these results suggest that the incorporation of LF5 into the bacterial community 

of an activated sludge of a WWTP could significantly decrease the effects of EDCs in the 

effluent streams that discharges into superficial natural waters. 
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4.5. Materials and methods 

4.5.1. Materials and equipment 

All chemicals and solvents were obtained from commercial sources and were used 

without further purification steps. Primers U27 and 1492R were purchased from Stabvida. 

PCR amplifications were performed in a T ProfessionalTrio thermocycler from Analytik-

Jena. Visualization of electrophoresis gels was performed in a Chemidrop XRS+ imaging 

system from Biorad. 

4.5.2. Bacterial growth conditions 

Strains LF1 to LF5 were grown in Luria-Bertani broth (LB) with 0.1 mg·L-1 of 

phenanthrene, for 5 days, at 26 ºC, under orbital stirring, and then streak-plated in a solid 

M9M medium adapted from Notomista et al.: 0.1 g·L-1 peptone, 0.1 g·L-1 yeast extract, 0.1 

g·L-1 phenanthrene, 10 g·L-1 NaCl, 1 g·L-1 NH4Cl, 150 mg·L-1 MgSO4·7H2O, 180 mg·L-1 

ammonium ferric citrate, 0.05 mg·L-1 KH2PO4, 0.05 mg·L-1 NaH2PO4, 15 ·L-1 agar, and 5 

mL·L-1 of a micronutrient solution (1 g·L-1 CaCl2, 700 mg·L-1 ZnSO4·7H2O, 560 mg·L-1 

MnSO4ˑH2O, 125 mg·L-1 Cu SO4, 196 mg·L-1 Cu SO4ˑ5H2O, 140 mg·L-1 Co(NO3)2·6H2O, 114 

mg·L-1 CoCl2·6H2O, 4 mg·L-1 H3BO3, 6 mg·L-1 NiSO4·6H2O, 12 mg·L-1 Na2MoO4·2H2O). 

Cultures in solid medium were incubated for 5 days, at 26 ºC.235 

According to the procedure described by Boon and co-workers, strains LF6 and LF7 

were grown on tryptic soy broth (TSB), for 16 h, under orbital agitation (130 rpm), at 26ºC, 

and streak-plated in tryptic soy agar (TSA). Cultures in solid medium were incubated for 4 

days, at 26 ºC.29b 

According to the procedure described by Louvado and co-workers, strains LF8 to 

LF11 were grown for 5 days, under orbital stirring (150 rpm), at 26 ºC in a liquid medium 

containing 0.1% yeast extract, 0.01% peptone, and either 0.36 g L-1 of cetyl 

trimethylammonium bromide (CTAB), in case of LF8, or 20 g·L-1 of sodium dodecyl sulfate 

(SDS), in case of LF9, LF10 and LF11. Cultures were then streak-plated in a solid medium 

with the same composition, with 1.5% agar added. Cultures in solid medium were incubated 

for 5 days at 26 ºC.190 
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4.5.3. Identification of strains LF1 to LF5 

DNA extraction: Extraction of total DNA of bacterial isolates was carried out following 

the phenol/chloroform extraction procedure192 using fresh bacterial culture grown in LB for 

5 days at 26 °C on a rotary shaker. DNA was placed in 50 µL of TE buffer (10 mM Tris-HCl, 

1 mM EDTA, pH 8.0) and stored at -20 °C. To evaluate the extraction procedure, 5 µL of 

each sample were subjected to electrophoresis on agarose gel 1.5% with GelRed at 80 V 

for 30 min in TAE buffer (0.04M Tris-acetate, 0.001M EDTA, pH 8.0). The gel was visualized 

on a ChemiDOC XRS+ imaging system (Biorad). 

Identification of isolates: The 16S rDNA gene was amplified by PCR using universal 

bacterial primers U27 and 1492R.193 PCR reactions were carried out in 25 µL reaction 

mixtures containing 1 µL of sample, 1x DreamTaq (ThermoScientific), 0.1 µM of each primer 

(Stabvida), 0.25 mg of BSA and ultrapure water (ThermoScientific). A negative control 

containing everything but the sample was included for detecting possible contaminations. 

PCR conditions were as follows: one initial denaturation step at 94 °C for 5min, followed by 

30 cycles of denaturation at 94 for 45 secs, annealing at 56 °C for 45 secs, and extension 

at 72 °C for 90 sec. The PCR reaction was completed with a step final extension of 72 °C 

for 10 min. The DNA amplification product was externally sequenced (Stabvida) using the 

Sanger method.194 The sequences obtained were classified with the program Naive 

Bayessian rRNA Classifier (Version 2.0) of RDP (Ribossomal Database Project 

http://rdp.cme.msu.edu) and compared to existing sequences in GenBank using the 

software BLAST (Basic Local Alignment Search Tool) (http://www.ncbi.nlm.nih.gov/). 

4.5.4. Estrogen degradation tests under aerobic conditions 

Degradation experiments were conducted to examine whether isolates were 

capable of degrading E2 in aerobic conditions. Isolates (LF1-LF11) were grown in their 

corresponding solid medium (see section 4.4.4) containing 5 mg·L-1 of E2 by adding the 

appropriate volume of a stock solution of E2 in dimethyl sulfoxide (DMSO) at 1 g·L-1. One 

isolated colony was inoculated in liquid medium (see section 4.4.4) and grown at 26 ºC. 

Cells were harvested during the exponential phase of growth (OD600 =0.7) from 

aliquots (2 mL) by centrifugation at 6000 g for 7 min. Each cell pellet was washed with 

PBSmod (1.80 g·L-1 NaH2PO4, 0.30 g·L-1 KH2PO4, 0.25 g·L-1 KCl, 0.20 g·L-1 NH4Cl, 0.18 g·L-

http://www.ncbi.nlm.nih.gov/
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1 ammonium ferric citrate, 5 mL of micronutrient solution described in section 4.4.4; a higher 

content of NaCl (35.00 g·L-1) was only included in biodegradation tests with strains LF1-

LF5; prepared in MilliQ water; pH 7.4) and then transferred into in 30 mL of PBSmod 

containing E2 at 5 mg·L-1. Samples were incubated in a dark incubator shaker (5 days, at 

26 ºC, 150 rpm). An abiotic control sample of 30 mL of PBSmod containing 5 mg·L-1 of E2 

and 5 mg·L-1 of E1, was submitted to the same experimental conditions. Aliquots of the 

aqueous samples were collected for estrogens determination by HPLC-UV (500 µL) and 

OD600 measurements (100 µL). Three independent experiments were performed and results 

were averaged. 

In order to optimize biodegradation conditions, tests with LF1, LF3 and LF5 were 

repeated varying NaCl content in PBSmod (1-4%) and incubation temperature (20-37ºC). All 

other biodegradation conditions remained the same, as previously described. 

4.5.5. Estrogen degradation tests at lower concentrations 

Degradation assays with strains LF1, LF3 and LF5 and E2 concentration of 5 mg·L-

1 (5 days of incubation), 1 mg·L-1 (2.5 days of incubation), 100 µg·L-1 (2 days of incubation) 

or 2 µg·L-1 (1.5 day of incubation) were individually set up. Incubation temperature of tests 

with LF1 and LF3 was 30 ºC, and with LF5 was 37 ºC. 

Samples with starting E2 at 5 mg·L-1, 1 mg·L-1 and 100 µg·L-1 were prepared in 30 

mL of PBSmod. Sample preparation and biodegradation procedure were done as previously 

described in section 4.4.6. Abiotic control samples of 30 mL of PBSmod containing 5 mg·L-1, 

1 mg·L-1 or 100 µg·L-1 of E2 were submitted to the same experimental conditions. Aliquots 

of the aqueous samples with starting E2 at 5 mg·L-1 and 1 mg·L-1 were collected for 

estrogens determination by HPLC-UV (500 µL). Aliquots of the aqueous samples with 

starting E2 at 100 µg·L-1 were collected for estrogen determination by LC-MS (500 µL). 

Aliquots were also taken for OD600 measurements (100 µL). Three independent 

experiments were performed and results were averaged. 

Samples with starting E2 at 2 µg·L-1 were performed for 1 day in 500 mL of PBSmod. 

Samples preparation and biodegradation procedure were done as previously described in 

section 4.4.6, but with adapted volume. Abiotic control samples of 500 mL of PBSmod 

containing 2 µg·L-1 of E2 were submitted to the same experimental conditions. 
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Aliquots (100 mL) were collected in brown glass bottles and pre-concentrated by 

solid-phase extraction (SPE). 

SPE was performed automatically with an AutoTrace™ SPE workstation (Dionex, 

Idstein, Germany). First, Strata™-X cartridges were washed with 10 mL MeOH, equilibrated 

with 10 mL ultrapure water and followed by loading the respective sample, which previously 

was diluted to a volume of 1000 mL with 900 mL of ultrapure water. The flow rate for each 

step was 10 mL·min-1. Afterwards, the cartridges were dried by flushing N2 (20 psi) for 15 

min and the adsorbates were eluted with 10 mL MeOH. The eluate was concentrated to 

dryness and re-dissolved in 1 mL of MeOH. Aliquots were then analysed by LC-MS for 

estrogens determination. 

4.5.6. E1, E2, E3 and EE2 degradation tests 

Degradation experiments with LF1, LF3 and LF5 were individually set up with 30 

mL of PBSmod containing E1, E2, E3 and EE2, each at 100 µg·L-1. Samples were incubated 

in a dark incubator shaker for 4 days, at 150 rpm, at 30 ºC (LF1 and LF3) or at 37 ºC (LF5). 

Abiotic control samples of 30 mL of PBSmod containing E1, E2, E3 and EE2, each at 100 

µg·L-1, were submitted to the same experimental conditions. Aliquots of the aqueous 

samples were collected for estrogens determination (500 µL) using LC-MS and OD600 

measurements (100 µL). Three independent experiments were performed and results were 

averaged. 

4.5.7. Estrogen degradation tests in presence of D-(+) glucose 

Degradation experiments with LF1, LF3 and LF5 were individually set up with 30 

mL of PBSmod containing E2 at 100 µg·L-1 and D-(+) glucose at 100 mg·L-1. Samples were 

incubated in a dark incubator shaker for 3 days, at 150 rpm, at 30 ºC (LF1 and LF3) or at 

37 ºC (LF5). Abiotic control samples of 30 mL of PBSmod containing E2 and E1 at 100 µg·L-

1 and D-(+) glucose at 100 mg·L-1, were submitted to the same experimental conditions. 

Aliquots of the aqueous samples were collected for estrogens determination (500 µL) using 

LC-MS, for D-(+) glucose using the phenol/sulfuric acid method (see section 4.4.13) and for 

bacterial growth monitoring by OD600 measurements (100 µL). Three independent 

experiments were performed and results were averaged. 
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4.5.8. Estrogen degradation in wastewater 

Samples (3L each sampling from the influent stream, 200 mL each sampling from 

the effluent stream) were provided by the operating company, Berliner Wasserbetriebe. 

Then, samples were stored in brown glass bottles at 4 °C and analysed within five days. 

Sampling was carried out by a flow-proportional automatic sampler over a period of 24 h, 

on the 13/07/2016, 18/07/2016 and 25/07/2016. Water samples from the influent stream 

were filtrated twice with glass fibre filters of 0.70 µm. Influent aliquots of the filtrated 

fractions, along with aliquots from the effluent stream (15 mL), were taken to analyse TOC. 

Each estrogen (E1, E2, E3 and EE2) was spiked at a concentration of 100 ng·L-1 in 

samples (500 mL) of the influent stream, which were then individually inoculated with LF1, 

LF3 and LF5, and incubated in dark conditions for 4 days, adjusting pH to 7.0 every day. 

Aliquots (100 mL) were taken at incubation times 0, 1, 2, 3 and 4 day, and were submitted 

to a solid phase extraction (SPE) procedure, along with non-treated aliquots from the 

effluent stream (100 mL). SPE was performed automatically with an AutoTrace™ SPE 

workstation, with Strata™-X cartridges. First, cartridges were washed with 10 mL of MeOH, 

equilibrated with 10 mL of ultrapure water and followed by loading the respective samples, 

which previously were diluted to a volume of 1000 mL with 900 mL of ultrapure water. 

Afterwards, the cartridges were dried and the adsorbates were eluted with 10 mL of MeOH. 

Eluates were concentrated to dryness and re-dissolved in 1 mL of MeOH. Aliquots (100-

fold concentrated) were then analysed by LC-MS/MS for estrogens determination. 

4.5.9. Estrogen degradation tests under anaerobic conditions 

The bicarbonate buffered mineral salts medium for the E2 degradation tests under 

anaerobic conditions was prepared as described by Plugge,236 with minor modifications. 

The liquid medium contained 0.5 mg·L-1 of resazurin (redox indicator), 400 mg·L-1 KH2PO4, 

530 mg·L-1 Na2HPO4, 300 mg·L-1 NH4Cl, 300 mg·L-1 NaCl, 100 mg·L-1 MgCl2·6H2O, and 1 

mL of each of the trace elements stock solutions I and II and distilled water up to 1 L. The 

acid trace elements stock solution I contained 50 mM HCl, 1mM H3BO3, 63 mg·L-1 MnCl2, 

951 mg·L-1 FeCl2, 65 mg·L-1 CoCl2, 13 mg·L-1 NiCl2, and 68 mg·L-1 ZnCl2. The alkaline trace 

elements stock solution II contained 400 mg·L-1 NaOH, 17 mg·L-1 Na2SeO3, 29 mg·L-1 

Na2WO4, and 21 mg·L-1 Na2MoO4. 
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To reduce the medium completely, 50 mL of a sterilized reducing solution containing 

800 mg·L-1 NaHCO3, 4.8 g·L-1 Na2S·9 H2O solution, and 500 mg·L-1 of cystein·HCl were 

added to 500 mL of medium. Then, 10 mL of a 500 mg·L-1 stock solution of E2 in DMSO 

was added (5 mg·L-1 of E2). Finally, the volume of the medium was made up to 1000 mL 

with distilled H2O. After homogenization, the medium was distributed into 50 mL flasks and 

brought to a full boil for 20 seconds to remove O2, cooled down under N2 atmosphere, and 

autoclaved. The flasks were kept under N2 atmosphere. 

Isolates were previously grown in modified M9M medium containing 5 mg·L-1 of E2. 

One colony of each isolate was then transferred to LB medium and grown aerobically at 26 

ºC. Cells were harvested from aliquots (2 mL) by centrifugation at 6000 g for 7 min. The 

pellet was then washed in PBS, resuspended in 500 µL of PBS and purged under N2. The 

cell suspension was taken with a syringe and transferred to the flasks containing the E2 at 

5 mg·L-1, prepared from a stock solution of E2 in DMSO at 1 g·L-1. The cultures were 

incubated at room temperature (20-25 ºC) for 90 days in dark conditions. An abiotic control 

sample of 30 mL of PBS containing 5 mg·L-1 of E2 was submitted to the same experimental 

conditions. Aliquots (500 µL) of the aqueous samples were collected for estrogens 

determination. One independent experiment was performed. 

4.5.10. Quantification of estrogens with HPLC-UV 

Aliquots (500 μL) of the aqueous samples collected at different times during the 

biodegradation processes were taken and bacterial cells were separated from the culture 

medium by centrifugation at 6000 g. Estrogens in the supernatant were extracted with ethyl 

acetate and then quantified by high performance liquid chromatography with UV detector 

(HPLC-UV). Aliquots (20 μL) were injected without any more sample preparation, into a 

HPLC column with UV detection at 200 nm. Separation was achieved on a Kinetex XB-C18 

core/shell column (150 mm x 3 mm, 2.6 µm). A binary gradient consisting of (A) water and 

(B) methanol, was used under the following conditions: 20% B, isocratic for 3 min, linear 

increase to 95% B within 5 min, kept at 95% B for 4 min, return to the initial conditions 20% 

B within 2 min, and kept for 8 min. Samples were analysed in duplicate to ensure their 

values. 

To optimize the HPLC conditions in order to determine the efficiency of the method, 

standards of mixtures of the estrogens E1 and E2 were analysed. The elution conditions 



Lucía Fernández 
Universidade de Aveiro, 2017 

 

160 

used to separate the compounds gave a good resolution. The limits of detection (LOD) for 

each estrogen were determined according with the equations bellow: 

y = a + b x 

LOD = YB + 3SB 

YB = a; SB = Sy/x 

Where LOD is the value of y at the limit of detection, and Sy/x is the standard deviation 

in the y-direction. The instrumental LOD obtained were 0.15 mg L-1 for E2, 0.09 mg L-1 for 

E1. The correlation coefficients of the calibration lines were higher than 0.999. 

4.5.11. Quantification of estrogens and evaluation of metabolites with LC-

MS 

Bacterial cells were separated from the culture medium by centrifugation at 6000 g. 

Estrogens and metabolites in the supernatant were extracted with ethyl acetate and then 

analysed by using LC-MS using an Agilent 1260 Infinity LC system (Agilent Technologies 

Waldbronn, Germany) with a binary pump, degasser, autosampler, column heater and UV-

detector coupled to a Triple Quad™ 6500 MS (AB Sciex, Darmstadt, Germany). A Kinetex 

C18 precolumn (Phenomenex, Aschaffenburg, Germany) and a Kinetex XB-C18 core/shell 

column (150 mm x 3 mm, 2.6 µm) were used. 10 µL of the samples were injected. The 

column oven temperature was set to 40 °C, the flow rate was kept at 300 µL/min. A binary 

gradient consisting of (A) water and (B) acetonitrile containing 0.00025% (v/v) ammonia, 

was used under the following conditions: 30% B, isocratic for 2 min, linear increase to 95% 

B within 5 min, kept at 95% B for 4 min, return to the initial conditions 30% B within 2 min, 

and kept for 8 min. The mass spectrometer was operated with an electrospray ionization 

source in negative ion mode. Parameters used to produce fragment ions in selected 

reaction monitoring mode (SRM) are given in Table 4.8. 

For quantification of estrogens in water samples, calibrators with standard 

concentrations of 0, 0.01, 0.05, 0.1, 1, 5, 10, 25, 50, 100 and 120 µg·L-1 of E1 (LOQ: 4.3 

ng·L-1), or E2 (LOQ: 5.4 ng·L-1), or E3 (LOQ: 4.8 ng·L-1) or EE2 (LOQ: 5.63 ng·L-1) were 

used. 
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Table 4. 8. Retention times, precursor ions, product ions, and MRM conditions used in LC-
ESI-MS measurement. 

Substance E1 E2 E3 EE2 

Retention time [min] 11.51 11.02 5.39 10.70 

Precursor ion [m/z] 269.2 271.2 287.2 295.2 

Cone voltage 55 63 55 55 

Collision energy 48 48 50 48 

Product ion 1 [m/z] 145.1 145.1 183.1 145.1 

Collision energy 70 50 48 70 

Product ion 2 [m/z] 143.1 183.1 145.1 143.1 

 

4.5.12. Quantification of D-(+) glucose 

Consumption of D-(+) glucose was estimated colorimetrically by using the phenol-

sulfuric acid method for determination of sugars and related substances of Dubois (1956).237 

▪ Preparation of standards and calibration 

Standards of D-(+) glucose were prepared as solutions of PBSmod containing 0.2, 

0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0 and 12.0 mg·L-1 of D-(+) glucose. Then, 150 µl of 

a 5% (w/v) phenol solution were added to each tube. Tubes were briefly mixed in vortex 

and rapidly, 750 µL of concentrated sulfuric acid were added to each tube. After 10 minutes, 

tubes were mixed again in vortex and then were left 30 min at room temperature while the 

colour developed. Solutions from each tube were transferred to 1.0-ml (1-cm path length) 

glass cuvette. Using the spectrophotometer, measurements of the absorbance of each tube 

at 490 nm were done. Results were averaged and plotted in a standard curve of calibration. 

▪ Determination of D-(+) glucose in samples 

Three aliquots (150 μL) of each aqueous sample were collected at different times 

during the biodegradation process. Bacterial cells were separated from the culture medium 

by centrifugation at 6000 g. Then, liquid fractions were transferred into new Pyrex test tubes, 

and 150 µl of a 5% (w/v) phenol solution were added to each tube. Tubes were briefly mixed 

in vortex and, rapidly, 750 µL of concentrated sulfuric acid were added to each tube. After 

10 minutes, tubes were mixed again in vortex and then were left 30 min at room temperature 



Lucía Fernández 
Universidade de Aveiro, 2017 

 

162 

while the colour developed. Absorbance of each was read and the amount of D-(+) glucose 

was determined by reference the standard curve. 

4.5.13. Growth related degradation 

To monitor cell growth related to estrogen biodegradation, aliquots (100 µL) of the 

aqueous samples collected at different times during the biodegradation process were taken 

and bacterial growth was determined photometrically (Thermo Genesys 10S) at 600 nm 

against medium as a reference (OD600). 

4.5.14. Statistical analysis 

Statistical analysis was performed by using SPSS 15.0 for Windows (SPSS Inc, 

USA). The significance of E2 degradation was assessed by two-way univariate analysis of 

variance (ANOVA) model with Bonferroni post-hoc test. A value of p < 0.05 was considered 

significant. 
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Summary 

With focus on sustainable applications of photocatalysis in wastewater treatment, 

some factors to be considered are the use of sunlight as energy source, the recovery and 

recyclability of the catalyst and the possibility of combining the photo-treatment with a 

biodegradation process. Typically, photocatalysis represent an efficient way to 

simultaneously remove different types compounds present in water. However, full 

mineralization of organic pollutants using photocatalysis under sunlight may imply high 

costs associated with the amount of photocatalyst needed and extended treatment times. 

To reduce its use to some extent, a second step of biodegradation treatment can be added. 

For a successful approach, the biodegradability of the organic compounds present in the 

partially treated water must be evaluated. 

The present study explores the potential of the previously described hybrid 

photomaterial, NP+-TPPF17(SGlc)3, in more practical applications, and its use in 

combination with the bacterial strain Bacillus licheniformis (LF5) to degrade 17β-estradiol 

and its intermediate products in water. 
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5.1 Introduction 

Photocatalysis is an efficient treatment for the removal of a wide range of organic 

pollutants in wastewaters, including hydrocarbons, chlorinated aromatic hydrocarbons, 

chlorinated phenols, and many pesticides.118 However, operating costs related to energy 

consumption (especially in typical advanced oxidation process (AOP) treatments, when UV 

light is applied) and/or high concentrations of photocatalyst are important drawbacks. In 

addition, when the oxidation intermediates formed during the photo-treatment are more 

resistant to their complete chemical degradation, their mineralization is usually 

expensive.120 

Combination of AOPs and biological systems may offer advantages in effectiveness 

of pollutant removal rates and operating costs for wastewater treatment. When AOPs are 

used as pre-treatments, a complete mineralization of the organic pollutants is not 

necessary, being more relevant to transform them into biodegradable intermediate 

compounds, subsequently to be followed by a biological process. Most studies of AOPs as 

pre-treatment of wastewaters for their biological processing consider the oxidant dose used. 

The issue of using high concentrations of photocatalyst is not only related to increased 

operating costs, but also to serious damages to microorganisms.238 However, low 

concentrations of photocatalyst could result in an inadequate pre-treatment of wastewaters. 

The effectiveness of AOPs has been proved for the pre-treatment of different types 

of wastewaters, including industrial ones.239 Wastewaters that usually are successfully 

treated by combination of AOPs and biological processes are the ones containing bio- or 

photo-resistant compounds, as well as those containing toxic pollutants, which affect cell 

viability of microorganisms.240 

This work studies the use of a heterogeneous photocatalyst, which can be easily 

recovered after its use, in the pre-treatment of organic pollutants in wastewaters, with focus 

on 17β-estradiol (E2). In this way, the dose of photocatalyst used will not affect the bacterial 

viability in the next step and the photocatalyst will be reused in further treatments. The 

photocatalyst used during the pre-treatment in this study is NP+-TPPF17(SGlc)3, since its 

ability to generate 1O2 and radicals at high rates, as well as its photostability and efficiency 

under white light (see Chapter 3), make it an ideal candidate. Biodegradability of 

intermediate products arising from E2 photodegradation will be studied for its biological 

processing by Bacillus licheniformis (LF5). In this study, LF5 was selected due to its 
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great versatility to simultaneously remove different estrogens (E1, E2, E3 and EE2) in 

relevant concentrations found in wastewaters (see Chapter 4). 

5.2 Results and discussion 

NP+-TPPF17(SGlc)3 was selected as photocatalyst, or photosensitizer (PS), as 

oxidizing agent in the pre-treatment of wastewaters (Fig. 5.1). The preparation, 

characterization and properties of this PS can be consulted in Chapters 2 and 3. Prior to its 

use in the pre-treatment, to explore the potential of NP+-TPPF17(SGlc)3 in real applications, 

some additional features were studied, such as its pore size distribution, photostability 

under UVA radiation, performance and stability during recycling tests, and ability to degrade 

different organic pollutants in wastewaters. 

 

Figure 5. 1. Structural representation of NP+-TPPF17(SGlc)3. 

5.2.1 Nitrogen adsorption-desorption isotherm and pore size 

distribution of NP+-TPPF17(SGlc)3 

Previous studies demonstrated the capability of these type of hybrid materials to 

adsorb E2 onto its silica outer shell. Water samples containing 5 mg·L-1 of E2 and 10 µM of 

a NP-PS showed adsorption capacities of 12.4-24.2% of E2 onto the NPs after 60 min (see 

Chapter 2). In this work, concentration of hybrid materials, NP-PS or NP+-PS, always refers 

to the amount of PS in the material. Adsorption is a surface-based process and refers to 

the spontaneous concentration of a dissolved substance from a gas, liquid, or dissolved 
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solid onto a solid surface, by a finite time.241 Adsorption rate of a substance depends on its 

chemical properties, such as its solubility in water, and medium conditions, such as pH. 

Upon completion of the photodegradation treatment, the rinse solvent of washing processes 

of the photocatalysts showed that the E2 adsorbed had been degraded during the tests. 

Considering these results, pore size distribution of NP+-TPPF17(SGlc)3 surface was studied. 

These measurements were kindly performed by Carsten Prinst and Annett 

Zimathies, from the Division 1.3 of Structure Analysis of BAM, in Berlin. According to IUPAC, 

the nitrogen adsorption/desorption isotherms of NP+-TPPF17(SGlc)3, which are displayed in 

Fig. 5.2a, are of type IV and therefore, NP+-TPPF17(SGlc)3 is a mesoporous material.242 

Curves show an apparent hysteresis loop at a relative pressure (P/P0) between 0.5 and 1.0. 

a) 

 

b) 

 

Figure 5. 2. a) N2 isothermal adsorption-desorption curves with NP+-TPPF17(SGlc)3; b) pore 
size distribution of NP+-TPPF17(SGlc)3 (BJH adsorption cumulative pore volume). 

The Barrett, Joyner, and Halenda (BJH) method is a pore size distribution 

determination method based on the N2 adsorption/desorption isotherm data measured at 

77 K on mesoporous materials. It uses the modified Kelvin equation to relate the amount of 

adsorbate removed from the pores of the material, as the relative pressure (P/P0) is 

decreased from a high to low value, to the size of the pores.243 The plot of pore size 

distribution determined by the BJH method shows a pore size distribution between 1.8 and 

24.2 nm, with predominant pore widths of 5-8 nm (Fig. 5.2b). 

The Brunauer-Emmett-Teller equation (BET) determines the specific surface area 

of solids, and is based on the isothermal formation of adsorbed multilayers as a function of 

relative pressure (P/P0). This equation is mostly widely applied to N2 adsorption at 77 K, 

measured in manometric sorption instruments.244 According to BET theory, specific surface 

area of NP+-TPPF17(SGlc)3 is above 300 m2·g-1, which is in agreement with previous results 
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of Fe3O4@SiO2 NPs (272.5 m2·g−1).245 The theoretical specific surface area of non-coated 

magnetite NPs is 77–96 m2·g−1, under the assumption that the primary particles are 

spherical, contain no internal porosity, have a mean diameter of 12–15 nm (according to 

TEM images) and have a density of 5.2 g cm−3. The increased specific surface of NP+-

TPPF17(SGlc)3 is therefore attributed to the silica shell, which may provide a favourable 

space for the adsorption of pollutants onto the nanomaterial. 

5.2.2 Photostability studies of NP+-TPPF17(SGlc)3 under UVA radiation 

UV radiation is divided into wavelength ranges identified as: UVA (315-400 nm), 

UVB (280-315 nm) and UVC (100-280 nm). UV constitutes about 10% of the total light 

output of the Sun. However, UVC radiation and around 90% of UVB is absorbed by ozone, 

water vapour, oxygen and carbon dioxide, when sunlight passes through the atmosphere. 

UV radiation reaching the surface of the Earth is basically formed by UVA, with a small 

component of UVB (around 5% in the equator).246 

With focus on future applications of NP+-TPPF17(SGlc)3 in sunlight-assisted water 

treatment, photostability studies of the material in water suspensions were conducted under 

UVA light (Fig. 5.3a and b). Photostability studies were performed by exposing aqueous 

suspensions of NP+-TPPF17(SGlc)3 at 1 µM, under UVA light, at room temperature, with 

vigorous magnetic stirring, for 6 h. At fixed intervals of time, visible absorption spectra of 

the samples were recorded. The intensity of the Soret and Q bands of NP+-TPPF17(SGlc)3 

showed that suspensions were stable upon 6 h of radiation (Fig. 5.3c). Absorption spectra 

of control samples kept in dark conditions showed the same behaviour (data non-shown). 

These results, along with the ones of photostability studies under white light (see Chapter 

3), suggest the viability of NP+-TPPF17(SGlc)3 to be used under sunlight. 

a) 

 

b) 

 

c) 

 

Figure 5. 3. a) Set-up of the photostability studies of NP+-TPPF17(SGlc)3 under UVA 
radiation; b) emission spectrum of the UVA lamp used; c) absorption spectra of NP+-
TPPF17(SGlc)3 suspensions in water upon different times of irradiation with UVA light. 
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Additionally, samples of NP+-TPPF17(SGlc)3 in suspension were taken upon 

different irradiation times with UVA light, dried and submitted to XRD analysis (Fig. 5.4). 

Powder XRD pattern of NP+-TPPF17(SGlc)3 after 6 h of irradiation contained peaks of 

magnetite, centred at ca. 30.1, 35.5, 43.1, 57.1 and 62.7º 2θ. Hump between 17 and 26º 

belongs to the amorphous silica shell, and apparently preserves the same shape and 

intensity among samples of different irradiation times. In the view of these results, it can be 

concluded that neither the outer silica shell, or the magnetite nucleus of NP+-TPPF17(SGlc)3, 

were affected by the phototreatment. 

 

Figure 5. 4. XRD spectra of magnetite (light blue line) and NP+-TPPF17(SGlc)3 before (black 
line) and after different exposure times of UVA irradiation (red, blue, pink, green and dark 
blue lines, corresponding to 1-6 h). 

5.2.3 Photocatalytic performance of NP+-TPPF17(SGlc)3 in recycling 

studies of E2 photodegradation 

As previously explored with neutral hybrid materials (Chapter 2), photodegradation 

studies of 5 mg·L-1 of E2 in presence of NP+-TPPF17(SGlc)3 at 10 µM, under white light 

irradiation (4 mW·cm-2) were performed. Isotherms of adsorption/desorption of E2 onto the 

cationic nanomaterial, NP+-TPPF17(SGlc)3, showed increased amounts of E2 (25.3% of 

starting E2) compared to its neutral precursor, NP-TPPF17(SGlc)3 (12.4% of starting E2). 

The reduction of the average aggregate size of NP+-TPPF17(SGlc)3 increases the ratio 

between area and volume, which may benefit the adsorption of E2 onto the surface of the 

NPs. 

Code UVA irradiation time 

LF2_6 6 h 

LF2_5 4 h 

LF2_4 3 h 

LF2_3 2 h 

LF2_2 1 h 

LF2_1 0 h 
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Prior results with NP-TPPF17(SGlc)3 showed a removal activity of around 85% of the 

starting E2 after 8 h of irradiation. As expected, NP+-TPPF17(SGlc)3 presented more 

efficient removal activities of E2, since it has already demonstrated to generate 1O2 at higher 

rates than its corresponding neutral hybrid material. NP+-TPPF17(SGlc)3 degrades 5 mg·L-

1 of E2 (100% of the starting E2) after 6 h of irradiation. 

Catalyst recovery and reuse are important features for sustainable processes. NP+-

TPPF17(SGlc)3 was separated and reused without significant loss of catalytic activity for 

additional five cycles (Fig. 5.5). For subsequent uses in E2 photodegradation, NP+-

TPPF17(SGlc)3 was recovered by centrifugation and the supernatant was removed. Then, 

NP+-TPPF17(SGlc)3 was cleaned by rinsing in ethanol and water and reused in further 

experiments under the same conditions. After six runs, efficiency of photocatalytic activity 

of NP+-TPPF17(SGlc)3 decreased an average percentage of 3.58%. HPLC analysis of rinse 

solvent of washing processes did not detect E2, thus revealing that E2 adsorbed onto NP+-

TPPF17(SGlc)3 was degraded. 

 

Figure 5. 5. Reuse of NP+-TPPF17(SGlc)3 after recovering and washing processes, in the 
photodegradation of 5 mg·L-1 of E2 for 6 h, under white light (4 mW·cm-2). Results represent 
the average values of three independent studies, bars represent standard deviations. 

5.2.4 Photodegradation of pharmaceuticals in real water samples of a 

WWTP influent in presence of NP+-TPPF17(SGlc)3 

To evaluate a more realistic potential of NP+-TPPF17(SGlc)3 as photocatalyst in 

water treatment applications, studies of the simultaneous photodegradation of different 

organic pollutants in real wastewater samples were performed. Environmentally relevant 

analytes chosen were E1, E2, E3, EE2, carbamazepine (CBZ), cetirizine dihydrochloride 

(CET) and sulfamethoxazole (SMX). Chemical structures of CBZ, CET and SMX are 
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represented in Table 5.1. For additional information of estrogenic compounds, see Chapter 

1. 

Table 5. 1. Chemical structures of the environmentally relevant analytes: CBZ, CET, SMX. 

Compound Formula M.W. CAS Molecular structure 

Carbamezepine 
(CBZ) 

C15H12N2O 236.27 298-46-4 

 

Cetirizine 
dihydrochloride 

(CET) 
C21H25ClN2O3·2HCl 461.81 

83881-52-
1 

 

Sulfamethoxazole 
(SMX) 

C10H11N3O3S 253.28 723-46-6 

 

 

Pharmaceuticals and their metabolites are usually released into environmental 

waters at trace levels (from ng L−1 to μg·L−1) through conventional wastewater treatment 

plants (WWTPs).247 CBZ is an antiepileptic drug widely used in the treatment of trigeminal 

neuralgia, grand mal seizures and psychiatric disorders, such as bipolar disorder or 

borderline personality disorder.248 Due to its extensive use and persistence in WWTPs (up 

to 1.20 μg L−1 in effluent streams),249 CBZ usually enters surface waters, causing negative 

effects on the health status of aquatic organisms.249-250 CBZ is often used as a marker for 

wastewater input into surface and groundwater.251 

SMX is a bacteriostatic antibiotic, mostly prescribed to treat urinary infections, 

bronchitis, and prostatitis. Removal rates of SMX in WWTPs depends on the type of 

wastewater treatment and varies from 7.5% to 88%.252 Levels of SMX in different WWTPs 

range from 8 to 3180 ng·L-1 in influent streams,252 and from 243 to 2000 ng·L-1 in effluent 

streams.252b, 253 SMX has been also detected in surface waters (8 ng L−1).254 The prevalence 

of substances as SMX in the water cycle supports the antibiotic resistance development.255 

CET is an antihistamine drug used for the treatment of allergic reactions.256 CET is 

usually detected in effluents of WWTPs and environmental waters: in concentrations of up 

to 510 ng L−1 in wastewater effluents in Germany,257 up to 9 ng L−1 in river water in 
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Finland,258 and up to 6 and 13 ng L−1 in the San Francisco Bay and the Baltic Sea (German 

coast line), respectively.259 

Studies of visible-light assisted photodegradation of target organic pollutants (E1, 

E2, E3, EE2, CBZ, CET, SMX) with NP+-TPPF17(SGlc)3 were performed in wastewaters 

from the influent stream of the Ruhleben sewage treatment plant (STP). The reason of 

sampling in the influent stream and not after an intermediate treatment was just due to the 

availability of samples provided by the operating company, Berliner Wasserbetriebe. Then, 

samples were stored in brown glass bottles at 4 °C and analysed within three days. 

Sampling was carried out by a flow-proportional automatic sampler over a period of 24 h, 

and were taken on the dates 01/08/2016, 08/08/2016 and 15/08/2016. 

Prior to photocatalysis procedure, samples were analysed to determine the level of 

each analyte (Table 5.2), and then each compound was spiked to achieve a final 

concentration of 1.9 - 2.2 µg·L-1. TOC values were also determined for the samples after 

settlement, which ranged from 1902.3 to 2136.2 mg·L-1. (Table 5.3). 

 

Table 5. 2. Concentrations (ng·L-1) of E1, E2, E3, EE2, CBZ, CET and SMX determined in 
water samples taken from the influent stream of Ruhleben STP during August, 2016. 

Sampling date E1 E2 E3 EE2 CBZ CET SMX 

01/08/2016 99.6 20.1 78.7 9.6 256.9 110.1 1125.6 

08/08/2016 123.2 41.2 93.8 16.9 312.6 156.8 2156.3 

15/08/2016 106.5 23.6 75.4 15.0 115.2 94.0 1987.5 

 

Table 5. 3. Values of TOC, TC and IC of water samples taken from the influent stream of 
Ruhleben STP. 

Sampling date TOC TC IC Unit 

01/08/2016 1922.4 2001.0 78.6 mg·L-1 

08/08/2016 2136.2 2217.9 81.7 mg·L-1 

15/08/2016 1902.3 1994.6 92.3 mg·L-1 

 

The photocatalytic activity of NP+-TPPF17(SGlc)3 (20 µM) in 500 mL of wastewater 

samples from the influent of the Ruhleben STP, was evaluated in the photodegradation of 

E1, E2, E3, EE2, CBZ, CET, SMX under white light irradiation (4 mW·cm-2), in batch mode, 

using cylindrical glasses of 1000 mL. Light control samples were included in each irradiation 

experiment, containing the analytes at the same concentration, without NP+-TPPF17(SGlc)3, 

and submitted to the same irradiation conditions as the samples. Aliquots (100 mL) were 
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taken at irradiation times 0, 8, 24 and 48 h, and submitted to a solid phase extraction (SPE) 

procedure. Aliquots (100-fold concentrated) were then analysed by LC-MS/MS for analytes 

determination. 

Light control samples showed that concentrations of all the analytes remained rather 

stable after 48 h of irradiation: E1 at 98%, E2 at 94%, E3 at 92%, EE2 at 89%, CET at 93%, 

SMX at 93%, CBZ at 91% (Fig. 5.6). After 48 h of irradiation, NP+-TPPF17(SGlc)3 at 20 µM 

could degrade all the starting estrogen compounds and CET. However, CBZ and SMX 

remained at 0.2 and 0.5 µg·L-1. 

 

Figure 5. 6. Photodegradation of pharmaceuticals in real water samples of a WWTP influent 
in presence of NP+-TPPF17(SGlc)3 at 20 µM. 

Previous studies reported that direct photolysis is an important mechanism to 

eliminate SMX from natural surface waters, although degradation rates are lower than in 

distilled water. However, indirect photolysis does not contribute to its overall photolytic fate. 

In contrast, it was found that indirect photodegradation is relevant for the removal of CBZ, 

although at low rates, being more persistent than other pharmaceuticals.260 

Aliquots of the treated samples were taken to analyse their TOC content. Compared 

to non-treated samples, these measurements did not show great changes of TOC, most 

probably due to TOC values, which are in the range of mg·L-1, and/or the complete 

mineralization of the degraded compounds did not occur. 

As a general conclusion. these results show the efficiency of 1O2 and radicals in situ 

generated to degrade different types of compounds, and enhance the versatility of NP+-

TPPF17(SGlc)3 in practical applications for water treatment purposes. 
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5.2.5 17β-Estradiol removal by combination of photocatalytic and 

biological processes with NP+-TPPF17(SGl)3 and Bacillus 

licheniformis (LF5) 

Samples were prepared in 30 mL of PBSmod containing 10 mg·L-1 of E2 (by adding 

the adequate volume from a stock solution in DMSO at 500 mg·L-1) and NP+-TPPF17(SGlc)3 

at 10 µM, and were submitted to a partial photodegradation treatment using white light 

irradiation (4mW·cm-2) for 4 h. Then, NP+-TPPF17(SGlc)3 was removed from the samples 

by centrifugation. Afterwards, samples were treated by a biodegradation process with the 

addition of LF5. 

During the photo-treatment, aliquots were taken to quantify E2 and study 

intermediate products using LC-ESI-MS. After 1 h of irradiation, ca. 5.3 mg·L-1 of E2 (53 %) 

remained in solution, along with the adsorbed fraction onto the NPs (undetermined) and the 

photoproducts. E2 was not detected in the samples after 4 h of irradiation. HPLC 

chromatograms recorded at different irradiation times showed the appearance of two major 

transformation products at 6.51 and 7.26 min, which were removed from the samples after 

4 h of treatment, and two peaks of lower intensity, at 5.34 and 9.71 min, which accumulated 

in the samples (Fig. 5.7). Due to the elution characteristics of the method, these products 

are more polar than related estrogens, and it is expected that they had been formed from 

the oxidation with ROS, in situ generated by the presence of NP+-TPPF17(SGlc)3, under 

irradiation. The two persistent intermediates were studied by LC-ESI-MS (Fig. 5.8). 

MS spectrum of E2 was previously presented (Fig. 4.18). The electrospray ionization 

of E2 in the negative ion mode resulted in the molecular anion [M - H]– m/z 271.1, and the 

collisional activation of this [M - H]– resulted in numerous product ions, including m/z 143.0, 

m/z 183.0 and m/z 239.1. 

MS extracted chromatogram for m/z 287.17 corresponds to the peak eluted at 5.34 

min (Fig. 5.8a). Collisional activation of this molecular anion, [M - H]– m/z 287.17, resulted 

in intense fragment ions as m/z 121.0, m/z 135.0 and m/z 269.0. This unknown product, 

designated as 6-OH-E2, could have been formed from the oxidation of E2 at C-6 with 

hydroxyl radicals, which would agree with previous findings.261 

MS extracted chromatogram for m/z 253.10 corresponds to the peak eluted at 9.71 

min (Fig. 5.8b). Collisional activation of this molecular anion resulted in intense fragment 

ions as m/z 121.0, m/z 135.0 and m/z 269.0. Those photodegradation products of E2 
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already described in the literature do not fit the structural characteristics found in the MS 

spectrum of this unknown intermediate, whose proposed structure would match the 

fragment ions presented and is also included in Fig. 5.8b. 

a) 

 
b) 

 
c) 

 
 

Figure 5. 7. Selected HPLC chromatograms corresponding to samples collected from 
photodegradation of 10 mg·L-1 of E2 with NP+-TPPF17(SGlc)3 at 10 µM after 0, 1 and 4 
hours under white light (4 mW·cm-2). Retention time of E2 is 10.93 min. 

After 4 h of phototreatment and removal by centrifugation of NP+-TPPF17(SGlc)3, 

LF5 was added and the samples were incubated in dark conditions for 3 days, at 30 ºC. 

Within this incubation time, aliquots were taken and analysed by LC-ESI-MS to study the 

persistence of the intermediate products. By the end of the study, the proposed product, 6-

OH-E2, was fully removed from the samples. This proposed chemical structure remains to 

some E2 metabolites, such as 2-OH-E2 or 4-OH-E2, which have been already reported as 

intermediate products of microbial degradation, and which are also typically metabolized by 

the strains.226 2-OH-E2 and 4-OH-E2 were also detected during E2 degradation by LF5 

(see Chapter 4), and were further removed from the samples. In contrast, intermediate 

eluted at 9.71 min remained in the samples after incubation period, suggesting that LF5 

does not provide adequate metabolic routes for its uptake and conversion. 
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a) 

 
 

b) 
 
 
 
 

 

Figure 5. 8. Product-ion spectra from collisionally activated decompositions of the ESI 
produced [M-H]– ions: a) m/z 287.17, extracted at 5.34 min; and b) m/z 253.10, extracted at 
9.71 min. 
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5.3 Conclusions 

This study has explored the potential of NP+-TPPF17(SGlc)3 to be applied in more 

realistic conditions, for a sustainable water treatment approach. To reduce energetic 

consumption to certain extent, sunlight can be applied as light source in photo-treatment for 

the removal of organic pollutants. NP+-TPPF17(SGlc)3 has shown to be photostable under 

white and UVA light, the larger component of UV light present in solar radiation that reaches 

Earth’s surface. Both absorption and XRD spectra of NP+-TPPF17(SGlc)3 presented stable 

patterns after its irradiation. 

In relation to NP-TPPF17(SGlc)3, NP+-TPPF17(SGlc)3 presented an increased 

adsorption capability of E2 onto its mesoporous surface, which may benefit the degradation 

of organic pollutants, and higher removal rates of E2 in water samples. In addition, recovery 

and recyclability of NP+-TPPF17(SGlc)3 showed that the photocatalyst can be used for at 

least six cycles without suffering an important decay in its efficiency. 

The use of NP+-TPPF17(SGlc)3 in real wastewaters demonstrated its ability to 

simultaneously degrade different organic pollutants of great concern in environmental 

waters, such as E1, E2, E3, EE2, CBZ, CET and SMX. 

Two persistent photoproducts arising from the degradation of E2 with NP+-

TPPF17(SGlc)3 were proposed, obtaining that one of them, 6-OH-E2, could be degraded in 

a second step of the water treatment, by the addition of the bacterial strain Bacillus 

licheniformis (LF5). This fact suggests that the combination of photo- and biodegradation 

treatments with NP+-TPPF17(SGlc)3 and LF5 could be feasible, thus benefiting from the 

efficiency of the photocatalyst, but reducing the costs with the addition of the bioremediation 

step. 
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5.4 Materials and methods 

5.4.1 Materials and equipment 

X-ray diffraction (XRD) patterns were obtained on a Shimadzu LabX XRD-6000 X-

ray diffractometer with Cu Kα radiation (λ = 1.54178 Å). A scan speed of 3.00 min−1was 

applied to record the pattern in the 2θ range of 20º–70º. 

The nitrogen adsorption and desorption isotherms and the Brunauer–Emmett–Teller 

(BET) tests were performed with a Micromeritics ASAP 2020TM Physisorption system 

(Norcross, USA) at 77 K. Interparticle space distribution was determined by the Barrett–

Joyner–Halenda (BJH) method. Before analysis, the samples were degassed for 4 h at 105 

ºC under vacuum. 

Homemade UVA lamp used in photostability tests was built at the Division of 

Environmental Analysis, in BAM. Its emission spectrum is in Fig. 5.3b. 

5.4.2 Photostability studies of NP+-TPPF17(SGlc)3 under UVA radiation 

Photostability of NP+-TPPF17(SGlc)3 was evaluated by exposing aqueous 

suspensions at 1 µM, under UVA irradiation, at room temperature, with vigorous magnetic 

stirring, for 6 h. At fixed intervals of time, visible absorption spectra of the samples were 

recorded. To evaluate the stability of NP+-TPPF17(SGlc)3 in water, a procedure similar to 

that described above but in dark conditions was performed. 

5.4.3 Photocatalytic performance of NP+-TPPF17(SGlc)3 in recycling 

studies of E2 photodegradation 

Photodegradation studies in batch were performed using 100 mL cylindrical glasses. 

The photocatalytic activity of NP+-TPPF17(SGlc)3 (10.0 µM) was evaluated in the 

degradation of 50 mL of aqueous samples containing 5 mg·L-1 of E2 under visible light 

irradiation (4 mW·cm-2). The stock solution of E2 was prepared at 1.84 mM (500 mg·L-1) in 

DMSO. Preparation of samples consisted in dispersing appropriate volumes of stock 
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solutions of NP+-TPPF17(SGlc)3 and E2 in water until the desired concentration. Two control 

samples were included in each irradiation experiment: a light control containing 5 mg·L-1 of 

E2, without PS, and submitted to the same irradiation conditions as the samples, and a dark 

control containing 5 mg·L-1 of E2 and NP+-TPPF17(SGlc)3 (10.0 µM), but kept in dark 

conditions. To estimate the reproducibility of the experimental results, photodegradation 

experiments were carried out in triplicate, showing in the graphs the average value 

corresponding for each experimental condition. 

After one photodegradation experiment (1 cycle), samples containing NP+-

TPPF17(SGlc)3 were transferred into polystyrene tubes and the materials were collected at 

the bottom by centrifugation. Supernatant in each tube was removed and NP+-

TPPF17(SGlc)3 was washed with ethanol and water and reused in further photocatalytic 

cycles. 

5.4.4 Photodegradation of pharmaceuticals in real water samples of a 

WWTP influent in presence of NP+-TPPF17(SGlc)3 

Influent samples from the Ruhleben WWTP were collected by Berliner 

Wasserbetriebe on the 01/08/2016, 07/08/2016 and 15/08/2016. The samples were 

collected in brown glass bottles, filtered through a folded filter (0.70 µm) on the day of 

sampling and stored at 4 °C. The filtered samples were treated within three days. Samples 

(500 mL) were analysed by LC-MS/MS to determine the level of each analyte (E1, E2, E3, 

EE2, CBZ, CET and SMX), and then each compound was spiked to achieve a final 

concentration of 1.9 - 2.2 µg·L-1. Samples were treated in batch mode, using cylindrical 

glasses of 1000 mL, with NP+-TPPF17(SGlc)3 (20 µM), under white light irradiation (4 

mW·cm-2) and kept under vigorous magnetic stirring for 48 h. Light control samples were 

included in each irradiation experiment, containing the analytes at the same concentration, 

without NP+-TPPF17(SGlc)3, and submitted to the same irradiation conditions as the 

samples. Aliquots (100 mL) were taken at irradiation times 0, 8, 24 and 48 h, and submitted 

to a solid phase extraction SPE procedure (see section 4.4.10). Aliquots (100-fold 

concentrated) were then analysed by LC-MS/MS for analytes determination. 

To estimate the reproducibility of the experimental results, photodegradation 

experiments were carried out twice, showing in the graphs the average value corresponding 

for each experimental condition. 
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3.3.1 Combined water treatment approach 

Samples were prepared in 30 mL of PBSmod (1.80 g·L-1 NaH2PO4, 0.30 g·L-1 KH2PO4, 

0.25 g·L-1 KCl, 35.00 g·L-1 NaCl, 0.20 g·L-1 NH4Cl, 0.18 g·L-1 ammonium ferric citrate, 5 mL 

of micronutrient solution described in section 4.4.4; prepared in MilliQ water; pH 7.4), 

containing 10 mg·L-1 of E2. NP+-TPPF17(SGlc)3 (10 µM) was added and samples were 

submitted to a partial photodegradation treatment for 4 h, under white light irradiation (4 

mW·cm-2). At the end of the treatment, NP+-TPPF17(SGlc)3 was separated by centrifugation. 

Biodegradation of the transformation photoproducts with LF5 was carried out by the 

addition of the bacteria to the samples already treated with NP+-TPPF17(SGlc)3. For this, 

LF5 was harvested during the exponential phase of growth (OD600 =0.7) from aliquots (2 

mL) by centrifugation at 6000 g for 7 min. The cell pellet was washed with PBSmod and then 

transferred into the samples already treated with NP+-TPPF17(SGlc)3. Samples were 

incubated in a dark incubator shaker (3 days, at 30 ºC, 150 rpm). An abiotic control sample 

was submitted to the same experimental conditions. Aliquots of the aqueous samples were 

collected for intermediates evaluation by LC-ESI-MS (500 µL). 

For additional details about the PS used, NP+-TPPF17(SGlc)3, see Chapters 2 and 

3. For additional details about LF5, see Chapter 4. 

5.4.5 Quantification of organic pollutants and evaluation of metabolites 

with LC-MS 

An Agilent 1260 Infinity LC system with a binary pump, degasser, autosampler, 

column heater and UV-detector was used. Chromatographic separation was achieved on a 

Kinetex XB-C18, 2.6 mm, 150 mm x 3 mm (Phenomenex, Aschaffenburg, Germany) 

analytical LC column with a UHPLC C18, 3 mm (Phenomenex) column guard. The 

quantification was performed by an ABSciex 6500 Triple™ mass spectrometer. 

▪ Determination of E1, E2, E3, EE2 

See section 4.4.13. 

▪ Determination of CBZ, CET, SMX 

The mobile phases were ultrapure water with 10 mM NH4Ac and 0.1% (v/v) acetic 

acid (A) and MeOH with 10 mM NH4Ac and 0.1% (v/v) acetic acid (B). The flow rate was 
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350 µL/min and the column heater temperature was 50 °C. An elution gradient was applied, 

starting with 80% A, held for 3 min. Afterwards A was decreased to 5% within 5 min and 

held constant for the next 4 min, increased back to 80% A within 2 min and held for the next 

8 min to re-equilibrate the column. The injection volume was 10 µL. Parameters used to 

produce fragment ions in selected reaction monitoring mode (SRM) like declustering 

potentials (DP), collision cell exit potentials (CXP) and collision energies (CE) are given in 

Table 5.4. 

Table 5. 4. Summary of the selected reaction monitoring (SRM) transitions for CBZ, CET, 
SMX and the deuterated internal standard and some useful tandem mass spectrometry 
parameters: declustering potential (DP), collision energy (CE), collision cell exit potential 
(CXP). 

Compound SRM transition DP (V) CE (V) CXP (V) 

SMX 

254 → 92 (quantifier) 11 35 12 

254 → 108 (1st qualifier) 11 31 14 

254 → 156 (2nd qualifier) 11 27 12 

SMX-d4 

258 → 96 (quantifier) 11 35 12 

258 → 112 (1st qualifier) 11 31 14 

258 → 160 (2nd qualifier) 11 27 12 

CBZ 
237 → 194 (quantifier) 11 30 14 

237 → 179 (qualifier) 11 50 12 

CBZ-d2 
239 → 196 (quantifier) 11 30 11 

239 → 181 (qualifier) 11 50 11 

CET 
389 → 201 (quantifier) 11 28 14 

389 → 166 (qualifier) 11 60 14 

CET-d8 397 → 201 (quantifier) 11 28 14 

 

The electrospray ionization source (ESI) was operated in the positive ionization 

mode. The parameters used for ionization were a temperature of 550 °C, 5000 V ion spray 

voltage, an entrance potential (EP) of 10 V, a curtain gas with 35 psi, a nebulizer gas (GS1) 

with 50 psi, a turbo gas (GS2) with 70 psi and a collision gas with 10 psi. Analysts version 

1.6.2 software was used to control the instrument, acquire data and evaluate the results. 

For quantification of CBZ, CET and SMX, water samples calibrators with standard 

concentrations of 0, 5, 10, 25, 50, 100, 200 and 300 µg·L-1 were used. Treated samples 

were measured with 100-fold pre-concentration. SPE procedure is described in Section 

4.5.8. 
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GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 

This Ph.D. thesis has focused on the development of sustainable alternatives for 

water treatment. Particular attention has been paid to prepare and evaluate versatile 

photocatalysts for the degradation of organic pollutants in water, with special interest in 17β-

estradiol (E2), which was selected as model of organic pollutant due to the hazardous 

effects of its presence in environmental waters. The design of heterogeneous hybrid 

materials, based on magnetite nanoparticles decorated with porphyrins or phthalocyanines, 

succeeded in taking advantage from the nanostructured magnetic support and the 

photosensitizing effect of the dyes. Photodegradation studies in continuous flow mode 

showed increased removal rates of E2. This mode benefits from the photocatalytic 

properties of the hybrid materials in water treatment applications, thus promoting 

homogeneous dispersions in the medium, which enhance their photophysical features. 

Future perspectives of this work could include the evaluation of photocatalysts in 

flow mode under improved and more realistic conditions, such as the effect of the addition 

of oxidants as H2O2, the temperature applied, fitting of the channels diameter in which water 

flows, or processing of real wastewaters. An especially relevant application of this approach 

would include the use of sunlight, thus minimizing the energetic requirements of the 

treatment. 

The aforementioned photocatalysts can be used for water remediation purposes 

against pathogenic microorganisms, after minor modifications of their structures. 

Cationization of the nanoparticles’ shell allows the interaction with Gram-positive and Gram-

negative bacterial cell wall. After the incubation of the photocatalyst with bacteria, the 

irradiation with light of appropriate wavelengths causes the photodynamic inactivation of the 

cells. In this work, it was highlighted the importance of the size distribution of the 

nanoparticles, as well as the nature of the dye used of the hybrid materials. A deeper 

understanding of these characteristics would improve the photosensitizing performance of 

the antimicrobial materials. 

Another matter to explore could be the use of these versatile photocatalysts in water 

treatment with simultaneous removal of organic pollutants and pathogen inactivation. 

The screening of bacterial strains able to metabolize target organic pollutants in 

water allows a future design of a water treatment approach with improved efficiency and 

reduced energetic needs, based on the coupling of a partial phototreament to produce 

biodegradable water, which can be treated by microorganisms. This combination benefits 
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from the efficiency of the photocatalyst and reduces the costs with the addition of the 

bioremediation step. This work has focused on the biodegradation of estrogens, with 

relevant results using the bacterial strain Bacillus licheniformis (LF5), previously isolated 

from deep sea sediments in the Gulf of Cádiz (Spain). LF5 displayed great versatility, being 

able to remove different estrogens in relevant concentrations (µg·L-1) in wastewaters. 

Future work could involve the incorporation of LF5 into the bacterial community of an 

activated sludge of a WWTP, to evaluate if its presence improves the estrogens removal 

and decreases the hazardous effects that imply their discharge into superficial natural 

waters. 

Finally, one photocatalyst prepared within the frame of this work, NP+-

TPPF17(SGlc)3, was evaluated under UVA light, the larger component of UV light present 

in solar radiation that reaches the Earth’s surface. NP+-TPPF17(SGlc)3 presented high 

photostability, which suggest its future use under natural sunlight. In addition, NP+-

TPPF17(SGlc)3 demonstrated ability to simultaneously degrade different types of organic 

pollutants present in wastewaters, as well as an efficient recyclability in six successive 

cycles. 

Two persistent intermediates of the degradation of E2 with NP+-TPPF17(SGlc)3 were 

detected by LC-ESI-MS. One of them, 6-OH-E2, could be degraded in a second step of the 

water treatment, by the addition of LF5. Forthcoming investigations could explore this 

combined approach in more realistic conditions of wastewater treatments, using sunlight as 

irradiation source. For this, photostability and photocatalytic performance of NP+-

TPPF17(SGlc)3 under typical fluence rates of irradiation during all seasons of the year must 

be evaluated. 
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